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1.1 General Introduction 

1.1.1 Electrochemical energy storage and conversion systems  

The rapid development of the global economy and growth in the world 

population demands more energy.  Presently,  fossil fuels are the main energy 

resources to fulfill this major energy demand. However, the consistently rising cost 

of fossil fuels has emerged as a global energy crisis. In addition, the rapid depletion 

of fossil fuels and the environmental issues caused by their combustion has 

received much research attention for exploring renewable energy sources which 

can generate clean and efficient energy with low production costs. 

In this context, many researchers are currently working in the field of solar 

cell to convert solar energy into electrical energy. Wind energy is also a potential 

renewable energy source. However, the seasonal occurrence of sunlight on the 

earth’s surface and uncertain wind flow at different places at different times 

fluctuate the overall output of these sources. Therefore, efficient energy storage 

devices need to be developed to store the generated electrical energy, allowing the 

user to utilize the stored energy as per requirement during any time and season. 

Also, these kinds of devices are highly essential for the applications like power 

tools, electric vehicles, smart appliances, portable electronics including mobile 

phones and laptops, advanced electrical appliances, and wherever stored energy is 

required. Many of these applications need special characteristics from energy 

storage devices. For example, electric vehicles require high power as well as high 

energy; smart phones require batteries with high energy to function for a longer 

time; power drilling tools require high power for their efficient function. Therefore, 

it is of utmost importance to develop an energy storage system capable of storing 

high energy density (ED) and delivering high power density (PD) [1-5]. 

Presently electrochemical energy storage (EES) devices like batteries, 

capacitors and supercapacitor (SC) systems are attracting more attention to store 

electrical energy. The energy storage and conversion mechanism of each EES 

device are different. Various EES devices are working on different principles. The 

ionic liquid electrolyte is necessary for charge storage through an electrochemical 

reaction in a fuel cell. A major limitation in the fuel cell is the requirement of a 

continuous supply of H2 as a fuel. Batteries are a type of galvanic cell that consists 

of two (either identical or dissimilar) charge-carrying electrodes kept in a 
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conducting electrolyte. Generally, the liquid electrolyte is used in traditional 

batteries, while recent development allows solid electrolyte. Different types of 

batteries have been developed for different applications over the last decades, such 

as lead-acid batteries, metal hydride batteries, Ni-metal batteries, and Li-ion 

batteries. Nowadays, Li-ion batteries are widely used in cell phones, laptops, auto 

vehicles, power backup, electronic gadgets etc. Though Li-batteries possesses high 

ED, it suffers from low PD and limited cycle life due to its high equivalent series 

resistance (ESR). Therefore, batteries are not useful in many applications where 

high power delivering systems are needed [6-7]. 

Capacitors are the devices that provide a mode of quick electrical energy 

storage and delivery, often complementary to batteries. When the capacitor is 

connected to direct current (DC) source, the potential difference developed 

between two plates is ‘V’, the charge stored at the conducting plates is ‘Q’ (Q = |Q+| 

+ |Q–|), then the capacitance is stated as 

𝐶 =
𝑄

𝑉
          (1.1) 

The capacitor's maximum power (Pmax) or the rate of energy delivery per unit time 

can be computed using the following relation 

𝑃𝑚𝑎𝑥  =
𝐸

𝑇
=  

𝑉2

4𝑅
         (1.2) 

Where, E is enegy, T is time, V is potential difference and R is expressed in terms of 

the resistance of the electrolyte in both the electrode material or in the separator .   

Traditional parallel plate capacitors possess low ED than batteries. Also the stored 

energy in capacitors depletes due to internal leakage current. This drawback does 

not make the capacitor a preferable choice for high energy storage. Consequently, 

SCs are receiving high research attention due to their large storage capacity 

(energy) than conventional capacitors. In addition, the higher PD and reasonable 

ED are advantageous for their application in diverse fields, including smart 

appliances, portable electronics, etc. Likewise, other fascinating features of SCs, 

including higher operating potential window, the flexibility of devices, and 

compactness, allow their use in hybrid vehicles, telecommunication devices 

(remote communication, cell phones, walkie-talkies, satellites, etc.), solar devices, 

memory backup system, pace- makers, etc [8, 9]. 
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The comparison of the fuel cells, batteries, capacitors, and SCs to ED and PD 

is illustrated using the Ragone plot in Fig.1.1. With the continuous advancement in 

research and development, the SC has achieved an intermediate position in the 

Ragone plot with higher ED than a conventional capacitor and higher PD than 

batteries [10]. As shown in Fig.1.1, SCs play a crucial role in applications where 

high ED and PD are required.  

 

Fig. 1.1: Ragone plot for comparing the fuel cells, batteries, capacitors, and SCs with 
respect to their ED and PD [11]. 
 

Table 1.1: Comparison of battery, capacitor, and SC. 
 

Parameters Batteries Conventional 

Capacitors 

SCs 

ED (Wh kg
–1

) 10 to 100 0.01 to 0.1 5 to 10 

PD (W kg
–1

) <100 <100000 <10000 

 Charging time (s) 1800 to 10800 10–6 to 10–3 0.3 to 30 

 Discharging time (s) 3600 to 1800 10–6 to 10–3 0.3 to 30 

Cycle life  500 to 2000 >500000 > 100000 

Coulombic efficiency (%) 70 - 85  >95  90 to 95 

 
 Moreover, SCs have a longer life cycle than batteries, high capacitance and 

low ESR than the ordinary conventional capacitors [11, 12]. SCs propose a viable 

solution for meeting the rising power demands of some applications that require 
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high ED and PD energy storage devices [13, 14]. The comparative characteristics of 

batteries, conventional capacitors and SCs are presented in Table 1.1. [15-19]. 

1.1.2 Historical background and current status of supercapacitors 

 The double-layer formation at the solid-electrolyte interface has been a 

known phenomenon since 1879, first predicted by Hermann von Helmholtz. Using 

this principle, Becker developed carbon-based electrolytic capacitors at the 

General Electric Corporation in1957. [20]. This device was not commercialized 

because of its impracticable design in which both the electrodes were needed to 

dip in an electrolyte container.  In 1966,  the Standard Oil Company of Ohio 

corporation developed energy storage devices by utilizing high surface area carbon 

electrodes in non-aqueous electrolytes [21]. This device also failed to 

commercialize. In 1978, the Nippon Electric Company (Japanese) marketed the 

double layer capacitor technology as SC for the memory back up in computers and 

later various consumer appliances under the license of SOHIO. 

B. E. Conway presented a new charge storage idea in 1975-1981, in which 

quick and reversible redox reactions occur on or near the electrode-electrolyte 

interface. Then, pseudocapacitor is the name given to this class of SC. The first 

pseudocapacitor was developed using ruthenium oxide (RuO2) as an electrode [22-

24]. At present, the capacitors available in the market contain high surface area 

carbonaceous (activated carbon) and highly redox-active RuO2 electrodes[25]. By 

the 1980‘s several companies were producing electrochemical capacitor (EC). In 

1978, Matsushita Electric Industrial Co. (often known as Panasonic in the West) 

developed the "gold capacitor" [26].  Under the brand name 'Dynacap,' ELNA began 

manufacturing its own double-layer capacitor in 1987 [27]. Pinnacle research 

institute (PRI) invented the first high-power double-layer capacitors. Metal oxide 

electrodes were used in the PRI ultracapacitor, which was invented in 1982 [28]. 

In 1990, the whole research field in SCs became more concerned with developing 

high-performance devices. Consequently, in 1992, the US department of energy 

started a study on hybrid electric vehicles and initiated the department of energy 

ultracapacitor development program at Maxwell laboratories [27]. Up to now, 

researchers have done substantial work on both electric double layer capacitor 

(EDLC) and pseudocapacitor electrode materials, using various types of metal 

oxides, composites and conducting polymers. 
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Table 1.2: Overview of world-wide commercially available SC [29]. 

Company Country Product Name Voltage 

Range (V) 

Capacitance 

Range (F) 

AVX US Bestcap 3.6-16 0.010-1 

Cooper  US Powerstor 2.5-5.5 0.07-100 

IOXUS US Ultracapacitor Cell 2.3-16 58-5000 

Maxwell US Boostcap 2.2-125 1-3000 

Evans US Capattery 5.5, 11 0.47-1.5 

IOXUS US Hybrid Capacitor 1-2.3 220-1000 

SAFT-ESMA France Saft Nickel 

Capacitor 

7-29 500-1200 

Cornell 

Dubilier 

UK CDE 

 

2.1-5.5 0.022-70 

Cap-XX Australia SC 2.3-5.5 0.09-120 

Tarvima Canada ESCap 14-300 2-160 

WIMA Germany Supercap 2.5-2.7 110-6500 

Cellergy Israel Cellery 2.1-12 0.01-0.12 

Nichicon Japan Evercap 2.5-2.7 0.47-4000 

NEC-Tokin Japan SC 2.7-12 0.01-100 

Panasonic Japan Gold Capacitor 2.1-5.5 0.015-70 

Elna Japan Dynacap 2.5-5.5 0.047-100 

VINATECH Korea HY-CAP 2.3-5.4 0.75-800 

Nesscap Korea EDLC 2.3-2.7 5-60 

Nesscap Korea Pseudocapacitor 2.3 50-300 

 

Currently, a number of different companies, such as Maxwell Technologies 

Boost-cap (U.S.A.), Nippon Chemi-Con Corporation (Japan), CAP-XX (Australia), 

ELTON SC (Russia), NessCap (Republic of Korea) have financed the development 

of SCs devices for commercial activity. Further, several vendors provided SCs as 

per global demand from 1999 to 2013, which was much higher than the market 

growth value. In 2013, forty companies were involved in the production of carbon-

based SCs worldwide [30]. The details of companies producing composite-based 
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hybrid SCs with their product name, voltage range and capacitance range are listed 

in table.1.2. 

Recently, Saft-ESMA and IOXUS are trying to commercialize hybrid 

(asymmetric) capacitors, demonstrating their capacity to compete with the 

presently available Li-ion hybrids and asymmetric nickel-carbon-based SCs [31]. 

  

1.1.3 Basic principle, classification and salient features of supercapacitors 

Basic principle of supercapacitor 

As shown in Fig.1.2, SCs store electric charge in an electric double layer 

(EDL) generated at the between electrolyte-electrode interface. ECs work on the 

same principles as conventional electrostatic capacitors, with the exception that an 

electrolyte is always present to form a double layer. In an EC, electrochemically 

active materials are coated onto metallic current collectors to act as cathode and 

anode separated by an electrolyte. 

 

Fig. 1.2: Schematic diagram of EC. 

The specific capacitance (Cs) of the SC device depends upon the size, specific 

surface area of respective electrode plates, and the spacing of the conducting 

plates. The capacitance of an EC is calculated as, 

𝐶𝑠 =
∈𝑟 ∈𝑜𝑠

𝐷
         (1.3) 

where, ‘Cs’ is the specific capacitance of the EC, ‘S’ is the specific surface area of the 

active electrodes, ‘∈𝑜′ is the dielectric constant of the vacuum, and ‘D’ is the 

distance between electrolyte ions and the electrode.  
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Classification of supercapacitors and electrode materials 

Based on the charge storage mechanism and electrode materials, SCs are 

classified into three major categories: EDLCs, pseudocapacitors, and hybrid type 

capacitors [34-36]. They utilize Faradaic, non-Faradaic and a combination of these 

two processes for the charge storage. The taxonomy of SCs is summarized in chart 

1.1. 

 

Chart 1.1: Taxonomy of SCs. 

 

1.1.3.1 Electrochemical double layer capacitors  

In EDLCs, charges can be stored electrostatically or through non-Faradic 

processes, in which no charge is transferred between the electrode-electrolyte 

interface. The EDLCs can constructed using two carbonaceous material electrodes 

separated by separator and electrodes [37].  

In EDLCs, there is no transfer of charge, means it stores a charge by 

reversible adsorption of ions between electrode and electrolyte interface. This 

process is pictorially presented in Fig.1.5. Von Helmholtz was the first to identify 

the concept of EDL in a SC in 1879. The formation of double-layer due to strong 

interactions between the ions or molecules at the electrode-electrolyte interface is 

depicted in Fig. 1.3(a). This system's differential capacitance is calculated by 

following equation [38], 

𝐶𝑐 =
𝜀

4𝜋𝛿 
                       (1.4) 
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Where, ε  is the permittivity of solution,  𝛿 is the separation of the electrode surface 

and the centre of the ion.  This model predicts a constant capacitance, but the 

Helmholtz theory failed to show the effect of surface potential or electrolyte 

concentration on the capacitance of EDLCs. Moreover, Gouy and Chapman modified 

the EDL principle and displayed the effect of electrolyte concentration and 

potential on the capacitance of the EDLCs (Fig. 1.3(b)). The charge is assumed to 

reside in a diffuse layer in the Gouy-Chapman model, resulting in a capacitance 

defined by equation. 

𝐶𝑑 =
𝜀 𝐾

4𝜋
 𝑐𝑜𝑠ℎ

𝑍

2
        (1.5) 

The valence of the ions is denoted by z, while the reciprocal Debye-Hückel length 

is denoted by ε. 

Further, Sterns model, which combines the Helmholtz and Gouy-Chapman 

models, clearly distinguishes two regions of ion distribution: the inner region, 

known as the Stern layer or compact layer, and the diffuse layer, as shown in Fig. 

1.3(c). The electrode is heavily adsorbed by electrolyte ions (usually hydrated), 

forming the compact inner Helmholtz plane (IHP) followed by diffused layer 

separated by the outer Helmholtz plane (OHP) [39]. The total capacitance (C) in the 

EDLC can be calculated as the sum of capacitances from two regions: diffusion 

region capacitance (Cd) and stern type compact double layer capacitance (Cc). As a 

result, the equation for 'C' can be rewritten as (38). 

1

𝐶
=

1

𝐶𝑐
+

1

𝐶𝑑
         (1.6) 

 

Fig. 1.3: EDL formation at a positively charged surface using the (a) Helmholtz, (b) 
Gouy Chapman, and (c) Stern models [38]. 
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The carbon-based electrodes are electrochemically inert at all working 

potentials, thus useful for the EDLC electrodes. The electrolyte decomposition 

potential determines the operating potential range of EDLCs. Accordingly, the ED 

of EDLC depends on the type of electrolytes (aqueous or non-aqueous) used. The 

ionic conductivity of the aqueous electrolyte is high as compared to a non-aqueous 

electrolyte that increases the PD of the EDLC. The carbon-based electrode 

materials like carbon nanotubes, activated carbon, carbon aerogel, graphene and 

reduced graphene oxides are typically used as electrodes in EDLCs [40]. 

 

1.1.3.2 Pseudocapacitors 

 In contrast to EDLC, pseudocapacitors store charges Faradaically via 

transferring charge between electrode-electrolyte. The typical current response 

for EDLC and pseudocapacitor with potential are displayed in Fig. 1.4. The Cs of 

pseudocapacitor is dependent on the characteristics of electrode materials (high 

surface area and conductivity).  .   

 

Fig. 1.4: Difference in (a) EDL capacitance and (b) pseudocapacitance.  

The charge storing mechanism of pseudocapacitors is indirect and similar 

to the charging and discharging principle in batteries to some extent. In Faradic 

process, the charge transformation occurs through the double layer instead of 

forming a static double layer. Pseudocapacitors may be able to reach higher 

capacitances and ED than EDLCs due to Faradaic processes. 

However, many factors influence the performance of pseudocapacitors e.g., 

the conductivity, porosity, surface area and particle sizes of electrode material, 

packing, type of electrolyte, and cell design. The metal oxides, metal phosphates, 
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conducting polymers, and sulphides are commonly employed as pseudocapacitor 

electrode materials [41-45]. However, the pseudocapacitors suffer from poor 

cycling stability due to phase transformation of electrode material or 

electrochemical leaching through redox reactions. Among the various materials, 

layered double hydroxides are attarated wide attention as a pseudocapacitive 

electrode material because of their special layered structure, tunable chemical 

composition, and ability to hybridize with other materials [46].  

1.1.3.3  Hybrid supercapacitors 

In order to achieve simultaneous improvement in ED and PD of SC devices, 

features of EDLC and pseudocapacitor electrodes are brought together to develop 

a new kind of hybrid supercapacitor (HSC) cell.  Thus, HSCs can store charges by 

Faradaic and non-Faradaic reactions. The high-surface-area carbon-based 

materials are useful as an EDLCs-type charge storage electrode. While expanded 

surface area metal oxide/hydroxide-based materials are useful as a 

pseudocapacitive charge storage electrode.  

Recently, the battery-type hybrid capacitor was developed, consisting of 

one battery type (energy source) and another is a capacitive type (power source) 

electrode. This device shows the features of the capacitor and a battery by 

delivering high ED and PD. However, the performnace of such HSC can not meet 

the desired demand of ED and PD. Also, the limited cycle life of pseudocapacitive 

electrodes hinders its long-term application. Fig.1.5. shows the schematic diagram 

of electric charge storage mechanisms of (a) EDLCs, (b) pseudocapacitor, and HSC  

 

Fig. 1.5: Schematic diagram of electric charge storage mechanisms: (a) EDLCs, (b) 

pseudocapacitor, and HSC [47]. 
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Salient features of supercapacitors 

The following describes the salient features of the SC. 

High PD:  

SC can deliver high PD due to its unique principle of charge storage. As non-

faradic or reversible faradic reactions are fast, the SC can deliver quick delivery 

charges, leading to high PD.  This feature makes them highly applicable in hybrid 

electric vehicles, transportation, cranes, and power tools.  

high coulombic efficiency: 

The coulombic efficiency is defined as the ratio of discharging and charging 

time at same current densities. This feature reflects the long-term application of SC 

as no chemical reaction occurs without any electrode phase transformation. 

Wide range of voltage (high ED): 

Wide range of voltage is a direct impact on energy storage capacity. The 

aqueous electrolytes can operate upto ~1.23 V, whereas organic electrolytes can 

operate up to 3V. SC cells can work with aqueous as well as organic electrolytes. 

Conscequently, SC can show wide operating potential leading to considerably high 

ED.     

Wide range of operating temperature: 

The working temperature range for military applications is -40 to 85 °C. 

Automotive applications have essentially the same temperature range. The 

working temperature range for a general-purpose consumer battery is ∼0-40 °C, 

with storage temperatures ranging from -20 to 85 °C. When utilising automobiles 

and hand-held gadgets in the winter in northern places, and in the scorching 

summer sun in southern areas, these temperatures range are encountered. 

Therefore, considering the above point, the SC operating temperature range is very 

important and beneficial for various appliances. Also, SC have wide range of 

operating temperature i.e. –40°C to +85C°.  

Easy integration: 

Every day brings new technological innovation, and the need for smaller, more 

compact, and more functional gadgets produce. This puts force on design and 

development of EES devices. The SC is one of them easily integrate and solve an 

aspect of above mentioned. 
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Long cycle life: 

SC stores charges via EDLC (non-Faradic)or pseudocapacitive (reversible redox 

reactions) mechanism. Ideally, these processes do not lead to any phase change or 

electrochemical corrosion. Thus, SCs can be charged and discharged almost an 

infinite number of times. The performance of the SCs changes little after prolonged 

cycling (500,000 to 1 million times), and the internal resistance and capacity are 

dropped by 10% to 20%.  

Ease of maintenance: 

The SC has excellent charge-discharge efficacy, has a definite tolerance for 

overcharging and discharging. Once fabricated, SCs do not require any 

maintenance, as electrode and electrolyte are remained intact during the SCs 

operation. 

Green and environmental protection: 

Electrodes and electrolytes comprising SCs do not use heavy metals and 

other toxic compounds. Moreover, SCs have e a long lifespan. Therefore, they are 

considered as a new type of green environmental protection power supply. All 

these features of SCs make them highly promising energy storage devices [1]. 

 

1.1.4  Electrode material for supercapacitor 

SC mainly composed of four elements i.e., electrolyte, separator, current 

collector, and electrodes. Each element has its own importance and characteristic 

for the efficient working of SC.  

Characteristics of electrolyte 

High conductivity: The electrolyte in all SCs requires high conductivity to gain fast 

ionic movements in the charging-discharging process and deliver optimum power. 

Solubility: Electrolytes for SCs should have high solubility of solute salt to enhance 

conductivity. 

Ion-pairing: Electrolyte for SCs should have minimum ion-pairing at given practical 

solute salt concentrations to enhance conductivity. 

Viscosity: Electrolyte for SCs should have low viscosity of the solution or solvent in 

order to enhance ionic mobility and resultant conductance. 

Dielectric permittivity: Optimal dielectric permittivity or donor number of solvents 

to increase salt solubility and decrease ion pairing.  
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Characteristics of separator       

 In a SC, the separator acts as a sandwich between two electrodes. Separator 

materials' primary tasks are to prevent short circuits, store electrolyte in their 

pores, and let ions to pass through during charging and discharging processes. 

Ionic conductivity: Separator material should have high ionic conductivity. The 

ionic conductivity of the separator affects the ED and PD. 

Electrical insulation: The separator should have good electrical insulation to avoid 

short circuits. 

High mechanical strength: The separator should have a high mechanical strength 

to prevent electrical shorting between electrodes. 

High porosity: The pore density of the separator must be sufficient to hold liquid 

electrolytes and allow ions to pass between the electrodes. 

Small pore sie: The pore size must be less than the particle size of the electrode 

component, including the active material and conductive additives. The pores 

should ideally be equally distributed and have a tortuous shape. This maintains a 

consistent ionic current distribution throughout the separator. 

High thermal stability: The separator must have high-temperature stability to 

sustain a wide operating temperature range of SCs. 

Characteristics of the current collector 

High flexibility: The current collectors desire to have high flexibility to fabricate 

flexible SC devices.   

High geometrical surface area: The current collectors should have a high 

geometrical surface area to stabilize a large amount of active material that can 

accumulate a large number of ions to enhance the specific capacity of the SCs. 

High conductivity: The current collectors should have good conductivity to 

transport the stored charges from active material to external connections.  

High chemical stability: The current collectors should have high chemical stability 

to avoid corrosion and remain intact during electrochemical cycling. 

Characteristics of electrode       

 The properties and performance of SCs mainly depend on the electrode 

materials. Hence to further improve the performance of electrode materials, the 

following features must be taken into consideration. 
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High surface area: The electrode in SCs should possess a high surface area. This can 

be achieved by synthesizing nanostructured electrode materials. Also, electrode 

material must have optimum pore structure for the easy percolation of charge 

storing ions.  The high surface area electrodes allow the number of active sites 

available to store charge.  

High electrical and thermal conductivity: The electrode must have high conductivity 

to transport stored charges to the current collector. The high conductivity of 

electrode material can enhance the rate capability and PD of SCs. 

Long-term stability: The charge-discharge mechanism of pseudocapacitors or 

redox capacitors includes the transfer of electric charge between the phases 

without any bulk phase transformation. Accordingly, material for SCs should be 

stable upon multiple electrochemical cycling. 

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

charge-discharge processes in batteries often involve irreversible inter-

conversions of the chemicals and electrodes. Conversely, charge-discharge 

processes in SCs do not involve any irreversible inter-conversions of the chemicals 

and electrodes. Thus, the electrode material for SCs must have a suitable chemical 

composition that enables reversible redox reactions for charge storage. As a result, 

SCs electrode recyclability is nearly limitless, with a typical range of 105 to 106 

times. 

On these backdrops, a variety of materials are used as electrode materials 

for SCs they are broadly classified as (i) carbonaceous materials, (ii) conducting 

polymers, (iii) metal oxides, (iv) layered double hydroxide (LDH), and (v) 2D 

nanosheets (NSs) based hybrids. 

1.4.1.1. Carbon-based materials 

Carbon materials are typically used as EDLC materials. They can offer wide 

distribution of porosity, corrosion resistance, high surface area, excellent electric 

conductivity, high chemical stability, and wide availability in different structural 

forms by tuning and selecting appropriate synthesis protocols [2-4, 18]. Different 

forms of carbonaceous materials can be used as a SC electrode material that 

includes carbon nanofibers, carbon nanotubes, activated carbon, carbon aerogel, 

and graphene [48-53,18].  
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Activated carbon (AC) 

AC is less expensive and possesses a higher surface area (>1000 m2g-1); 

hence, it is the most useful electrode material in EDLCs. ACs are widely used in 

commercial SCs because of their low cost, feasible and scalable synthesis [48]. ACs 

can be produced from different biomass precursors like wood, coconut, coal, and 

other agricultural waste. The surface area and porosity of carbon is significantly 

increased by an activation process that improves the SCs capacitive performance 

[18].   

Carbon nanotubes (CNTs): 

CNTs are nothing but an allotrope of carbon arranged in a cylindrical hollow 

nanostructure. CNTs offer many advantages like small pore size distribution, High 

conductivity, high surface area, and high stability. These characteristics make them 

a potential candidate for SCs electrodes. Furthermore, due to their high surface 

area and chemical stability, there is a growing research interest in using CNTs as 

substrates for the growth of other nanomaterials. Pure CNTs demonstrated a 

specific surface area of 120–500 m2 g–1 and a Cs of 2–200 F g–1 [49,50].  

Two types of CNTs are available (i) multi-walled carbon nanotubes 

(MWCNT) and (ii) single walled carbon nanotubes (SWCNT).  Also, CNTs can be 

highly useful as conductivity enhancer additives in electrode materials that can 

alter carbon black.  

Graphene 

Graphene contains a layer of sp2 carbon atoms tightly packed into a 2D 

honeycomb structure. In the view of electrode material for EDLCs it can offers 

interesting properties like good electronic conductivity, large surface area, high 

mobility of charge carriers, suitable pore size distribution, high mechanical 

strength, thermal and chemical stability [51]. Graphene can be prepared using 

epitaxial growth, micromechanical cleavage, chemical vapour deposition and 

exfoliation of graphene oxide (GO). Among these methods, exfoliation of GO is one 

of the simple methods for the scalable production of GO NS. Modified hummer’s 

approach is generally used for the production of GO NSs by exfoliation of graphite 

oxide [52]. 

Moreover, reduced graphene oxide (rGO) can be prepared by reducing GO 

NSs and finds advantages over GO NS due to its higher conductivity [52].  
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1.1.4.2 Conducting polymer 

Conducting polymers like polyaniline (PANI), poly-(3,4-

ethylenedioxythiophene) (PEDOT), polypyrrole (PPy), and derivatives of 

polythiophene (PTh), have attracted attention as a SC electrodes due to their 

relatively high capacitance values and supereriour conductivity. Conducting 

polymers, store and release charge through redox processes. However, the weak 

stability of conducting polymers for electrochemical cycling leads to a non-

conducting phase of polymer and limits their uses as SCs electrodes. The Cs 

reported for PANI, PPy, and PTh are 750, 620 and 485 F g–1, respectively [53]. 

Hryniewicz et al. [54] prepared the PPy nanotubes by direct electro-synthesis 

method on flexible mesh electrode and reported the Cs of 423 F g−1. Patil et al. [55] 

synthesized the PTh thin film through the chemical bath deposition (CBD)  method 

and achieved Cs of 300 F g−1.  The PANI electrode was prepared through the 

microwave-assisted CBD method and demonstrated Cs of 753 F g–1 [56]. 

1.1.4.3 Metal oxides 

 Metal oxides SC electrodes show superior energy storage capability over 

traditional materials and long-cycle performance compared to conducting 

polymers. In the same phase, metal oxides possess two or more oxidation states; 

this fact is highly beneficial for enhancing the SCs performance. The transition 

metal oxides like MnO2 [57], NiO [58] RuO2 [59], Co3O4 [60], Fe2O3 [61], WO3 [62 ], 

and V2O5 [63] are explored as SCs electrode materials. Among these transition 

metal oxides, RuO2 performs exceptionally well due to its high theoretical Cs, low 

ESR and high electrical conductivity [64- 67]. However, the toxic nature and high 

cost of RuO2 precursors limit its further commercial use. In metal oxides-based SC 

electrodes, charging-discharging processes involve reversible/irreversible redox 

transitions. Thus, there is a possibility of a phase change of electrode material. Due 

to phase change, the metal oxide-based SC electrode suffers from limited cycling 

performance. Therefore lots of efforts are put forward to increase the specific 

capacity and cycle life of transition metal oxides-based SCs electrodes. 

 

1.1.4.4 Layered double hydroxides 

LDH is a unique class of layered material with many applications like 

photocatalysis, flame retardant, CO2 adsorbent, drug delivery, and so on. The 
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unique layered structure of LDH comprising stacking of brucite like structure with 

the general formula [M2+
1-x M3+

x (OH)2]x+[An-x/n]x–.mH2O in which divalent and 

trivalent metal ions within the brucite like layers and An– are interlayer anions; 

typically x is usually between 0.2 to 0.4 [68]. Due to partial substitution of M2+ by 

M3+
, the individual monolayer of LDH acquires a positive electrostatic charge on 

them. This excess positive charge is compensated by anions like CO3
2–, Cl–, SO4

2–, 

NO3
–, etc. and water molecules which are intercalated between the hydroxide 

sheets as shown in Fig. 1.6.  

 

Fig. 1.6: Schematic representation of the LDH structure [69].  

The LDHs demonstrated huge potential as SCs electrodes due to their 

tunable chemical composition, special anions intercalated structure and multiple 

redox states of constituent elements. Apart from these properties, LDHs show 

characteristic exfoliation in various solvents leading to the individual monolayer of 

LDH, which is commonly known as LDH NS [69]. Hence, due to the unique 

structure, porous morphology, good ion exchange properties, and low synthesis 

coast of LDHs, these materials are regarded as excellent candidates for SCs [70]. 

Although, on many instances, M-Al-LDH (M: Divalent metal ions) are amply 

exploited for SC applications. Their performance is limited by electrochemically 

inactive amphoteric Al+3 and restricted gallery space. Consequently, attempts were 

made to hybridize LDH with various guest nanostructures like conducting carbon, 

CNT, polymer, etc [71].    
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1.4.1.5 2D nanosheet based hybrids 

2D NSs have recently sparked intense research interest as building blocks 

for the synthesis of hybrid electrodes due to their unique structure, high surface 

area, and versatile physicochemical characteristics.  Compared to 1D and 3D 

structures, 2D structure permits easy transportation of electrons or ions due to 

their unique 2D shape [72]. The 2D NSs prepared by the exfoliation process of 

layered materials are highly anisotropic as compared to other nanostructure 

shapes. Moreover, the facile exfoliation of 2D crystals into monolayer NSs and easy 

chemical modification makes them suitable for synthesizing nanohybrid 

electrodes. In this approach, the layered structures formed by stacking of 2D NSs 

create 2D voids within consecutive monolayers that allow functional guest species 

to intercalate between these expandable interlayer spacings. The various guest 

nanostructure species like organic, inorganic, polymeric, and biological are useful 

for the hybridization with 2D NSs [73]. Due to these features provided by the 

inorganic NSs, hybrid materials on demand can be possible by the permutation and 

combination of practically unlimited guest species. 2D nanaosheets based hybrids 

have more flexible capabilities and a wider range of applications in EES devices 

than other pure nanohybrids [74]. Also, these hybrid materials possess highly 

porous structure with expanded surface area that is highly beneficial for electrode 

material in EES device. Especially 2D NS-based nanohybrids derived from 

redoxable layered material such as layered metal oxide, layered metal 

chalcogenide, and LDH can be useful candidates for SCs  electrode material [75]. 

During hybridization, a strong electronic connection between redoxable 2D NSs 

and guest species causes an alteration in electronic conductivity that is extremely 

advantageous for electrode functionality. Recent research has been concentrated 

on the production of 2D hybrid material based on graphene, mxenes, LDH, and 

metal oxide NSs, which can offer improved electrochemical performance compared 

to their bulk material due to the synergistic effect between the hybridized 

components. 

 

1.2 Literature survey 

1.2.1 Literature survey of LDH for supercapacitor  
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Various LDHs were synthesized using different methods such as 

hydrothermal, co-precipitation, electrodeposition, and solvothermal. LDH material 

with their synthesis protocol and corresponding electrochemical performance is 

summarized in table 1.3. Su et al. [76] synthesized well-crystalline thin platelets of 

Co-Al-LDH by coprecipitation method. The Co-Al-LDH showed enhanced capacitive 

performance with a Cs up to 145 F g−1 at a 2 A g−1. Gao et. al. [77] prepared NiCo2Al-

LDH nanowire-NSs structure via a hydrothermal method, which delivered Cs of 

1137 F g–1 at 0.5 A g–1. The increased electrochemical performance of the NiCo2Al-

LDH was assigned to the nanowire–NS morphology. Zhai et. al. [78] prepared a 

unique hierarchical Co-Al-LDH structure using a simple hydrothermal method and 

reported Cs of 838 F g–1 at 1 A g–1 with excellent capacitive retention of 95% over 

20000 cycles. Xiao et. al. [79] prepared hierarchical Ni/Co-LDH microspheres using 

a coprecipitation method and delivered a Cs of 1652 F g–1 at 1 A g–1 with excellent 

stability (100 %) over 2000 cycles. Hierarchical Ni-Co-LDH cages structures were 

synthesized by Jian et. al. [80] via reflux method, which offered maximum Cs of 

1203 F g–1 at 1 A g–1 with 90.2%  capacitive retention after 1000 cycles. Wang et al. 

[81] prepared platelet-like particles of Ni/Al LDH coated on the nickel foam (NF) 

via a hydrothermal method. Ni/Al LDH electrode demonstrated pseudocapacitive 

behavior with maximum Cs of 701 F g–1 at 10 mA cm–2. Ni-Co-LDH ultrathin NSs 

were synthesized by Chen et. al. [82] via hydrothermal technique that offered 

maximum Cs of 2682 F g–1 at 3 A g–1. Wang et. al. [83] prepared a petal-like Ni-Al-

LDH on NF by hydrothermal method followed by a CBD method. This method can 

effectively avoid the accumulation of LDH sheets on Ni foam. Ni-Al-LDH delivered 

Cs of 795 F g–1 at a current density of 0.5 A g–1 with better cycling stability (80 %) 

over 1000 cycles. The NiCoDH nanoflakes were synthesized by Jin et. al. [84], which 

showed a maximum Cs of 1372 F g–1 at 1 A g–1. Li et. al. [85] prepared 3D flower-

like Ni/Co-LDH microspheres via the co-precipitation method, which delivered an 

excellent Cs of 2228 F g–1 at 1 A g–1. Zhao et. al. [86] synthesized monolayer Ni-Co-

LDH by simple hydrothermal technique. This unique monolayer structure 

efficiently raises exposed electroactive sites and facilitates surface-dependent 

electrochemical reaction processes, resulting in a Cs of 2266 F g–1 at 0.5 A g–1. Ni-

Mn-LDH NSs were prepared by Sim et. al. [87] on NF and delivered the highest Cs 

of 881 F g–1 at 0.5 A g–1 with better stability (88 %). Co0.5Ni0.5(OH)2 nanodiscs 
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uniformly coated on graphene sheets were successfully synthesized via 

coprecipitation method by Cheng et. al. [88] and delivered Cs of 2660 F g–1 at 0.5 A 

g–1.  Tao et al. [89] synthesized microspheres of Ni-Co-DHM by in situ method and 

reported a Cs of 2275.5 F g–1 at 1 A g–1 in an aqueous 6M KOH electrolyte with 

92.9% capacitive retention over 5000 cycles. Also, Song et al. [90] prepared Ni-Co-

LDH NSs via hydrothermal technique and investigated the electrochemical 

characteristics of NiCo-LDH. The Ni-Co-LDH NSs demonstrated Cs of 2242 F g–1 at 

1 A g–1.  Chen et al. [91] studied the capacitive performance of flowers-like binary 

Ni0.32Co0.68(OH)2 electrodes prepared via a coprecipitation method. The 

Ni0.32Co0.68(OH)2 exhibit the highest Cs of 1000 F g–1 at 5 mV s–1. Pu et al. [92] 

synthesized Ni-Co-LDHs NSs by hydrothermal technique, showings a high Cs of 

1734 F g−1 at 6 A g−1. The capacitance retention of the Ni-Co LDHs in GCD test after 

1000 cycles was 86%. Sun et al. [93] successfully synthesized nanosheet, nanoplate 

and nanosphere morphologies of Ni-Co-LDHs by CBD. CBD synthesized Ni-Co-LDHs 

demonstrated Cs of 1030 F g–1 at 3 A g–1. Jagadale et al. [94] prepared ultrathin 

nanoflakes-like morphology of Co-Mn-LDHs via electrodeposition method, which 

showed Cs of 1062 F g–1 at 0.7 A cm-2 in 1M LiOH electrolyte and excellent cycle life 

(96.3 % cyclic stability over 5000 cycles). The Ni-Cr-LDH has been prepared onto 

NF via chemical precipitation method by Chen et al. [95] and reported Cs of 1525 F 

g–1 at 2 A g–1. Patil et al. [96] synthesized nanocrystalline Cu-Cr-LDH by co-

precipitation method and demonstrated Cs of 843 F g–1 at 1 A g–1.  Liang et al. [97] 

prepared Ni-Co-LDH nanowires array using the hydrothermal method. The Ni-Co-

LDH nanowires array electrode showed a Cs of 995.4 F g–1 at 1 A g–1. 

1.2.2 Literature survey on LDH based nanohybrids   

In recent years, the research on the LDH based nanohybrids for SC is 

accelerated due to their higher ED compared to the carbonaceous material and 

higher electrochemical stability compared to the conducting polymer. The fast and 

reversible Faradic reactions at the electrode-electrolyte interface are responsible 

for higher ED. Electrochemical performance of LDH based nanohybrids for SC is 

summarized in table 1.4. 

Zhao et al. [98] reported the CoNi-LDH/PEDOT:PSS[Poly (3,4-ethylene 

dioxythiophene): poly(styrene sulfonate)  hybrid structure by self-assembly 

process. CoNi-LDH/PEDOT:PSS shows the Cs of 960 F g−1 at 2 A g−1 and 93.7% 
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capacitance retention after 1000 cycles. Wu et al. [99] synthesized porous Co-Al-

LDH NSs (GSP-LDH) electrode by electrostatic self-assembly. GSP-LDH showed a 

high Cs of 1043 F g−1 at 1 A g−1 with 88% capacitive retention after 3000 cycles. Li 

et al. [100] synthesized the unique core-shell structure of Ni-Co-LDH@CNT/NF by 

the electrodeposition method. The Ni-Co-LDH@CNT/NF electrode delivered a 

maximum Cs of 2046 F g−1at 1 A g−1. It showed capacity retention of 78% after 1200 

cycles. Wang et al. [101] prepared the Co-Ni-Fe-LDH/CNFs NSs using a 

hydrothermal approach. The Co-Ni-Fe-LDH/CNFs-0.5 composite showed a high 

surface area with Cs of 1203 Fg−1at 1 A g−1. Zhao et al. [71] prepared Ni-Mn-

LDH/CNPs(carbon nano particles) electrode, which delivers a high Cs of 2960 Fg−1  

at 1.5 A g –1 with good capacitive retention of 79.5% at 30 A g−1. Ni-Al-LDH@carbon 

nanoparticles were prepared by Liu et.al. [102], and this hybrid electrode exhibited 

a Cs of 478 Fg−1 at 200 mVs−1. CoAl-LDHs@PEDOT core/shell narrow platelet array 

on NF was prepared by Han et. al. [103] and exhibited the highest Cs of 672 F g−1 at 

1 A g–1. The improved electrochemical performance of LDH@PEDOT electrode was 

attributed to the synergistic effect of its constituent components. Furthermore, the 

device shows outstanding rate capability with an ED of 39.4 Wh kg–1 at 40 A g–1 and 

a superior cyclic lifespan with 93% capacity retension after 5000 cycles. Co-Mn-

LDH/CF synthesized by Zhao et al. [104] via coprecipitation method delivered 

maximum Cs of 1079 Fg−1 at 2.1 Ag−1 with 81% capacitance retention after 6000 

cycles. Zhang et. al. [105] prepared GNS/CoAl-LDHs by simple reflux method and 

the obtained hybrid exhibited Cs of 712 F g−1 at of 1 A g–1. Furthermore, the 

GNS/CoAl-LDHs hybrids displayed capacitance retention of 81% after 2000 cycles 

at 10 A g−1. Ni-Co-Al-LDH nanoplates coupled with Ni-Co-carbonate hydroxide (Ni-

Co-CH) nanowires grown on graphite paper via hydrothermal method by Yang et 

al. [106] Ni-Co-CH showed Cs of 1297 F g−1 at 1 A g−1. Yu et al. [107] synthesized 

polyhedral-like Ni-Mn-LDH/PC composites electrode by hydrothermal method and 

obtained Cs of 1634 F g−1 at 1 A g–1. Further, Ni-Mn-LDH/PC electrode can retain 

84.58% of original Cs after 3000 cycles at 15 A g–1. The Co-Al-LDHs/rGO 

composites were prepared by hydrothermal method and Cs of 1492 F g−1 at 1 A g–

1 was reported by Li et al. [108]. Zhong et al. [109] were synthesized orderly 

lamellar structured rGO/Co-Al-LDHs via a one-step hydrothermal method. The 

rGO/Co-Al-LDHs composite containing 12.0 wt% rGO delivered a maximum Cs of 
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825 F g–1 at 1 A g–1.  Face-to-face self-assembling between positively charged Co-

Al-LDH-NS and negatively charged rGO NSs can avoid the self-agglomeration of 

CoAl-LDH. The NiCo2O4@NiFe-LDHs core/shell nanowires array was synthesized 

via electrodeposition method by Luo et al. [110] and obtained a maximum Cs of 

1160  F g–1 at 1  A g–1. The Ni-Mn-LDH NS arrays on KCu7S4 microwires 

(KCu7S4@NiMn LDHs) were synthesized by hydrothermal method and showed 

maximum Cs up to 733.8 F g–1 (1  A g–1) was reported by Guo et al. [111]. Guan et 

al. [112] prepared the CoSx/Ni–Co-LDHs nanocages with rhombic dodecahedral 

structure and showed excellent Cs of 1562 F g–1 at 1 A g–1. Liu et al. [113] 

synthesized hierarchal NiO/Ni-Mn-LDH NSs array on NF. NiO/Ni-Mn-LDH 

displayed a high Cs of 937 F g–1 at 0.5 A g–1 in redox-active 3M KOH electrolyte. 

Yang et al. [114] synthesized Ni-Co-LDHs/Go by reflux method and reported Cs of 

1137 F g–1 at 0.5 A g–1. Gunjakar et al. [115] prepared a mesoporous nanoplate 

network of 2D Ni(OH)2 intercalated with polyoxovanadate (POV) anions via a 

chemical solution deposition. The obtained thin film electrode exhibited high Cs of 

1440 F g−1 at 1 A g−1 and cyclic stability up to 2000 cycles with a good capacitive 

retention (85%). The sandwich-like RGO@Mg-Al-LDH nanohybrid was 

synthesized via solvothermal method by Hatui et al. [116] and obtained Cs of 1334 

F g–1 at 1 A g–1 current density. Lai et al. [117] prepared Cellulose@Ni-Co-LDH 

composite via a solution deposition technique and composite electrodes exhibited 

significantly enhanced Cs of 1949.5 F g −1 at 1 A g −1 with capacitive retention of 

54% at high current density of 10 A g–1. Li et al. [118] synthesized Co-Mn-LDH/rGO 

hybrid electrode via co-precipitation method, which showed a high Cs of 1635 F g−1 

at 1 A g−1. The incorporation of rGO can boost the Cs and improve cyclic stability of 

the Co-Mn-LDH/rGO hybrids. Wu et al. [119] prepared the 1D core-shell 

architecture composed of silver nanowire@hierarchical Ni-Al-LDH via a 

hydrothermal method, which showed high Cs of 1246.8 F g–1 at 1 A g–1. Wang et al. 

[120] prepared three-dimensional porous MXene/Ni-Al-LDH composite by liquid-

phase deposition method and reported Cs of 1061 F g−1 at 1 A g–1. The Ni-Al-LDH 

platelets homogeneously anchored on the MXene sheets allow excellent Faradaic 

utilization of the electro-active surface and facile electrolyte penetration that 

enhance the electrochemical performance. The Ni-Co-LDH/PANI/BC electrode 

reported by Wu et.al. [121] showed a high Cs of 1690 F g–1 at 1 A g–1, and 
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remarkable cycling stability performance of 83.2% capacitance retention over 

5000 cycles was. Jagadale et.al.  [122] prepared binder-free thin films of Co-Al-LDH 

on carbon fibers by electrodeposition method. The binder-free Co-Al-LDH thin 

films showed maximum Cs of 634.3 F g–1 and better stability. Zhang et al. [123] 

prepared 3D porous Ni-Al-LDH/GNS composite using a liquid-phase deposition 

method that showed high Cs of 1255.8 F g–1 at 1 A g–1. Yu et al. [124] synthesized 

LDH–CNT/RGO nanohybrid by chemical coprecipitation method. The LDH–

CNT/RGO nanohybrids showed the maximum Cs of 1188 F g–1 at 1 A g–1 and 850 F 

g–1 at 10 A g–1 with a capacitance retention of 72%.  The excellent rate capability of  

LDH–CNT/RGO was attributed to the synergistic effect of NiCoAl-LDHs, RGO, and 

CNTs. Ma et al. prepared Co-Ni-LDH/graphene super lattice composite by self-

assembly strategy and obtained Cs value 650 F g–1 in 1M KOH [125]. Synthesis of a 

sandwich-type three-dimensional Ni-Al-LDH/rGO composite was reported by Xu 

et al. [126] via hydrothermal method followed by LBL technique. Ni-Al LDH/rGO 

composite delivered a maximum Cs of 1329 F g–1 at 3.57 A g–1 in 6M KOH.  Wang et 

al. reported hierarchical structured Ni-Al-LDHs/MWCNT/NF composites using a 

hydrothermal technique followed by a chemical vapor deposition (CVD) route.  Ni-

Al-LDHs/MWCNT/NF composites showed a Cs of  1293 F g–1 at 5 mA cm–2 in 1M 

KOH [127]. Gao et al. reported a capacitance value of 782 F g–1 at 5 mV s–1 for 

hydrothermally fabricated GNS/NiAl-LDHs in 6M KOH electrolyte [128]. Li et al. 

[129] synthesized flower-like of Fe3O4@C@Ni–Al LDHs composite by 

hydrothermal method. The Fe3O4@C@Ni–Al LDHs composite exhibited a 

significantly improved electrochemical performance of 768 F g–1 at 1 A  g–1 and 

good capacitive retention 92.3 %.  He et al. [130] prepared Ni-Al-LDHs/CNFs 

composite by hydrothermal method. The Ni-Al-LDHs/CNFs hybrid electrode 

delivered an excellent Cs of 1613 F g–1 at 1 A g–1 and superior capacitive retention 

of 80 % over 1000 cycles.  Ning et al. [131] prepared Co3O4@NiAl-LDHs core/shell 

hierarchical nanowire arrays by hydrothermal method and obtained Cs of  1772 F 

g–1 at 2 A g–1 current density in 6M KOH.  Chen et al. [132] prepared Co0.4Ni0.6(OH)2 

LDHs/CNT using a chemical precipitation method and reported a Cs of 1843 F g–1 

at 0.5 A  g–1. Also, Co0.4Ni0.6(OH)2 LDHs/CNT delivered high ED and PD of 51 Wh 

kg−1 and 3.3 k W kg−1, respectively. Ma et al. [133] synthesized Ni-Co-OH/rGO 

hybrid nanolayers through one-pot hydrothermal method. The obtained Ni-Co-
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OH/rGO hybrid showed superior Cs of 1316 F g–1 at a 0.5 A g–1. Cai et al. [134] 

reported porous Ni-Co-LDH NSs decorated on RGO using the solvothermal method 

and delivered Cs of 1911 F g–1 at 2 A g–1 discharge rate. Huang et al. [135] prepared 

sandwich-like RGO@CoNiAl-LDHs via hydrothermal process and obtained a Cs of 

1866 F g−1 at 1 A g–1 in 3M KOH electrolyte.  Yang et al. [136] reported a Cs of 1035 

F g−1 at 1 A g–1   for NiCoAl-LDHs-MWCNT on Ni foam substrate prepared by reflux 

method. Trang et al. [137] prepared ZnONF/NiCoLDHs composite by hydrothermal 

method. A maximum Cs of 1624 F g−1 at 10 A g–1 was obtained in 1 M LiOH 

electrolyte. Also, it delivered ED and PD of 68.2 Wh kg−1 and 27 k W kg−1, 

respectively. Wang et al. [138] reported a Cs of 1805 F g–1 at 0.5 1 A g–1 for Ni-Co-

LDHs-ZTO hybrid material prepared by an electrochemical deposition method. Li 

et al. [139] reported Ni-Co-hydroxide nanoflakes decorated on the surface of CNTs 

by a CBD process and it delivered maximum Cs of 1151 F g−1 at 1 A g–1. Co-Al-

LDHs/GF nanohybrid was synthesized by Masikhwa et al. [140] via the 

hydrothermal method and showed maximum Cs of 600 F g–1 at of 1 A g–1 with ED 

of 28.0 Wh kg–1. Vialat et. al. [141] prepared CoIICoIII-CO3 LDHs by simple 

coprecipitation method. The nano composite showed a maximum Cs of 1490 F g–1 

at 0.5 A g–1 in 1 M KOH electrolyte. The hierarchical structured LDHs@CoS 

composite was synthesized by Dou et. al. [142] via hydrothermal technique, and it 

showed Cs of 1205 F g−1 at 1 A g–1. Xu et. al. [143] prepared N-C@LDHs hollow 

microspheres  via hydrothermal technique. The  N-C@LDHs  exhibited maximum 

Cs of 1712 F g–1 at 1 A g–1 in 1 M KOH electrolyte. The activation cotton T-shirt 

(ACT)/CoAl-LDHs was prepared by Gao et. al. [144] via in situ hydrothermal 

process and showed Cs of 977 F g−1 at 2.5 A g–1 with 88 % capacitive retention after 

2000 cycles. Abushrenta et. al. [145] prepared hierarchical microstructured 

Co(OH)2@Co-Al LDH (PLDHs) nanocomposite via hydrothermal approach, which 

delivered Cs of 1734 F g−1  at 5 mA cm-2 with 85 % capacitive retention over 500 

cycles. A core-shell nano wire array structured Ppy@LDHs prepared by shao et al. 

[146] via electrosynthesis method and delivered Cs of 2342 F g–1 at 1 A g–1 with 

excellent stability (115%) over 20000 cycles.  

 

 

 



General Introduction And Literature Survey 

 

Chapter 1 Page 25 

 

Table 1.3: Comparative literature survey of electrochemical capacitive performance of LDH. 

Sr. 

No. 

Material Method of preparation Electrolyte Capacitance (F g–1)   

at current density 

Cycles Stability 

(%) 

Ref. 

1 CoAl-LDH Solvothermal 6M KOH 145 (2 A g–1) - - 76 

2 NiCoAl-LDHs Hydrothermal 1M KOH 1137 (0.5  A g–1) 12000 - 77 

3 CoAl-LDHs Hydrothermal 2M KOH 838 (1  A g–1) 20000 95 78 

4 Ni/Co-LDH Coprecipitation 1M KOH 1652 (1  A g–1) 2000 100 79 

5 LDH nanocage Reflux 1M KOH 1203 (1  A g–1) 1000 90.2 80 

6 NiAl-LDH Hydrothermal 6M KOH 701(10 mA cm–2) 400 94 81 

7 NiCo-LDH Hydrothermal 1M KOH 2682 (3 A g–1) - - 82 

8 NiAl-LDHs CBD and Hydrothermal 1M KOH 795 (0.5 A g–1) 1000 80 83 

9 NiCoDH Hydrothermal - 1372 (1 A g–1) 2000 94.3 84 

10 Ni/Co LDHs Coprecipitation 6M KOH 2228 (1 A g–1) - - 85 

11 NiCo-LDHs Hydrothermal 6M KOH 2266 (0.5 A g–1) - - 86 

12 NiMn-LDHs Hydrothermal 1M KOH 881 (0.5 A g–1) - 88 87 

13 Co0.5Ni0.5(OH)2 Coprecipitation 2M KOH 2360 (0.5 A g–1) - 86 88 

14 NiCo-DHM Hydrothermal 6M KOH 2275.5 (1 A g–1) 5000 92.9 89 
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15 NiCo-DH Hydrothermal 1M KOH 2442 (1 A g–1) - 83.5 90 

16 Ni0.32Co0.68(OH)2 Coprecipitation 1M KOH 1000 (5 mV s–1) 1000 100 91 

17 NiCoLDHs Hydrothermal 3M KOH 1734 (6 A g–1) 1000 86 92 

18 NiCo-LDHs Coprecipitation and Oil 

Bath 

1M KOH 1030 (3 A g–1) 1000 97.3 93 

19 CoMnLDHs Electrodeposition 1M LiOH 1062 (0.7 A cm–2) 5000 96.3 94 

20 Ni-Cr LDH Coprecipitation 6M KOH 1525 (2 A g–1) 1000 86 95 

21 Cu-Cr-LDH Coprecipitation 2M KOH 843 (1 A g–1) 1500 85 96 

22 NiCo-LDH Hydrothermal 6M KOH 995.4 (1 A g–1) - - 97 

 

Table 1.4: Literature survey of LDH based nanohybrids for SC. 

Sr. 

No. 

Material Method of preparation Electrolyte Capacitance at 

current density 

Cycles Stability Ref. 

1 CoNi-LDH/PEDOT:PSS Coprecipitation 1M KOH 960 (2 A g–1) 1000 93.7 98 

2 GSP-LDH Hydrothermal 6M KOH 1043 (1 A g–1) 3000 88 99 

3 NiCo-LDH@CNT/ NF Hydrothermal 2M KOH 2046 (1 A g–1) 1200 78 100 

4 CoNiFe-LDH/CNFs-0.5 Chemical precipitation 6M KOH 1203 (1 A g–1) 2000 82.7 101 
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5 NiMn-LDH/CNT Hydrothermal 1M KOH 2960 (1.5 A g–1) 2000 99.1 71 

6 NiAl-LDH@carbon 

nanoparticles 

Green- precipitate 1M KOH 478 (20 mV s–1 2000 88.9 102 

7 CoAl-LDH@PEDOT Hydrothermal 6M KOH 649 (2 mV s–1) 5000 92.5 103 

8 CoMn-LDH/CF Chemical precipitation 1M LiOH 1079 (2.1 A g–1) 6000 81 104 

9 CoAl-LDH/GNS Chemical precipitation 6M KOH 711.5 (1 A g–1) 2000 81 105 

10 NiCoAl- LDH-NPs/CH-NWs Hydrothermal 6M NaOH 1297 (1 A g–1) - - 106 

11 NiMn-LDHs/PC Hydrothermal 6M KOH 1634  (1 A g–1) 3000 84.58 107 

12 CoAl-LDHs/rGO Hydrothermal 6M KOH 1492 (1  A g–1) 5000 94.3 108 

13 rGO/CoAl-LDHs Hydrothermal 6M KOH 825  (1  A g–1) 4000 89.3 109 

14 NiCo2O4@NiFe-LDHs Electrodeposition 2M KOH 1160  (1  A g–1) 1000 79 110 

15 KCu7S4@NiMn LDHs Hydrothermal 1M KOH 733.8  (1  A g–1) - - 111 

16 CoSx/Ni–Co LDHs Hydrothermal 2M KOH 1562  (1  A g–1) 5000 76.62 112 

17 NiO/NiMn-LDHs Hydrothermal 3M KOH 937  (0.5  A g–1) 1000 91 113 

18 NiCo-LDHs/Go reflux  6M KOH 1137  (0.5  A g–1) 5000 80 114 

19 NiMn-LDHs@ Ni foam Hydrothermal 1M KOH 1511  (2.5  A g–1) 3000 92.8 115 

20 RGO@MgAl LDH Hydrothermal 1M KOH 1334  (1  A g–1) -  116 

21 Cellulose@NiCo-LDH Solution deposition 6M KOH 1949.5   (1 A g–1) 5000 74.4 117 
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22 Co-Mn LDH-rGO Coprecipitation 2M KOH 1635  ( 1  A g–1) -  118 

23 Ag NW@NiAl LDH Hydrothermal 6M LiCl 1246.8  (1 A g–1) 5000 80.3 119 

24 MXene/Ni-Al LDH/ by Hydrothermal 6M KOH 1061  (1  A g–1) 4000 70 120 

25 NiCo-LDH/PANI/BC CBD  2M KOH 1690  (1  A g–1) 5000 83.2 121 

26 CoAl LDH@CF Electrodeposition  2M KOH 634.3  (1  A g–1) 4000 94 122 

27 NiAl-LDH/GNS Hydrothermal 6M  KOH 1255.8 (1 A g–1) 1500 106 123 

28 LDH–CNT/RGO Coprecipitation 1M KOH 501 (10 A g–1) 1000 91 124 

29 CoNi-LDH/graphene Self -assembly 1M KOH 650 (5 A g–1) 2000 97 125 

30 rGO/NiAl-LDHs Hydrothermal 6M KOH 1329 (3.57 A g–1) 500 91 126 

31 NiAl-LDHs/MWCNT/NF Hydrothermal & CVD 1M KOH 1293 (5 mA cm–2) 1000 83 127 

32 GNS/NiAl-LDHs Hydrothermal 6M KOH 782 (5 mV s–1) 200 123 128 

33 Fe3O4@C@Ni–Al LDHs Hydrothermal 6M KOH 768 (1 A g–1) 1000 92 129 

34 NiAl-LDHs/CNFs Hydrothermal 6M KOH 1613 (1 A g–1) 1000 83 130 

35 Co3O4@NiAl-LDHs Hydrothermal 6M KOH 1772 (2 A g–1) 2000 88 131 

36 Co0.4Ni0.6(OH)2 LDHs/CNT Chemical precipitation 6M KOH 1843 (0.5 A g–1) 1000 100 132 

37 NiCo-OH/rGO Hydrothermal 6M KOH 1316 (0.5 A g–1) 17000 80 133 

38 NiCo-LDHs/RGO Solvothermal 1M KOH 1911 (2 A g–1) 1000 74 134 
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39 RGO(25)@CoNiAl-LDHs Hydrothermal 3M KOH 1866 (1 A g–1) 5000 100 135 

40 NiCoAl-LDHs-MWCNT precipitation 1M KOH 1035 (1 A g–1) 1000 83 136 

41 ZnONF/NiCoLDHs Hydrothermal 1M LiOH 1624 (10 A g–1) 2000 93 137 

42 NiCoLDHs-ZTO Hydrothermal 1M KOH 1805 (0.5 A g–1) 5000 92.7 138 

43 NiCoLDHs/CNTs CBD 1M KOH 1151 (1 A g–1) 1000) 77 139 

44 CoAl-LDHs/GF Hydrothermal 1M KOH 600 (1 A g–1) 5000 100 140 

45 CoIICoIII-CO3LDHs Copecipitation 0.1M KOH 1490 (0.5 A g–1) 300 85 141 

46 LDHs@CoS Hydrothermal - 1205 (1 A g–1) 2000 89 142 

47 N-C@LDHs Hydrothermal 6M KOH 1712 (1 A g–1) 500 95 143 

48 ACT/CoAl-LDHs Hydrothermal 6M KOH 977 (2.5 A g–1) 2000 88 144 

49 Co(OH)2@CoAlLDH (PLDHs) Hydrothermal 2M KOH 1734 (5 mA cm–2) 5000 85 145 

50 PPY@LDHs Electrosynthesis 1M KOH 2342 (1 A g–1) 20000 115 146 
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1.3  Orientation and purpose of the dissertation 

The SC is one of the highly important EES devices which possess properties like 

higher specific power, higher cycle life, fast charge-discharge and high cyclic 

efficiencies. SCs cell mainly comprising electrode, electrolyte and separator 

cascade in as suitable leak-proof container.  The Cs, ED, PD, and long cycle life 

characteristics of SCs significantly rely on the properties of electrode materials; 

thus, it is crucial to optimize the properties of electrode materials. 

The electrical conductivity, well-defined redox states, pore size distribution, 

and surface area are the significant properties that must be taken under 

consideration to design efficient SC electrode material. Previously carbon-based 

composite, conductive polymers and metal oxides have been commonly used as 

electrode materials for EES devices. However, these materials suffer from low 

charge storage capacity limitations and limited cycle life, hindering their use in a 

commercial application. Thus lots of efforts are escalated to improve the electrode 

performance of SC. Such efforts include doping, nanostructuring and hybridization 

with conducting species.   

Recently invented 2D inorganic NSs are unique building blocks for the synthesis 

of nanohybrid materials. 2D NSs possess characteristics of large surface area, high 

morphological anisotropy, tunable chemical composition, and multiple redox 

active sites. Thus, 2D NSs-based nanohybrids have increased much attention as 

prospective candidates for SC electrodes.  

Among the various electrode materials, LDHs are potential electrode materials 

due to their unique anion intercalated structure, 2D morphology and tunable 

chemical composition. However, this class suffers from low Cs and limited stability 

due to its poor conductivity, compact structure, and low surface area. Thus, various 

strategies are applied to improve the electrochemical performance of LDH-based 

electrodes.  

 Though LDH materials are explored as an SC electrode material, this class 

suffers from low electrochemical performance due to their densely packed gallery 

space by charge compensating anions with a high charge-to-size fraction. To 

circumvent the issue of compact structure, LDHs with expanded gallery space has 

been successfully attempted via intercalation of bulky organic/inorganic anions or 

hybridized with low dimensional biomolecules/nanostructures. 
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A polyoxometalate (POM) anions possess diversified electrochemically active 

metal elements and negative charges, making them excellent functional 

components for intercalation in LDHs. It has long been considered the ideal LDHs 

pillaring agent due to its well-defined ionic size, robust structure, redox properties, 

and variable charge density useful to tune LDHs gallery height. Taking into account 

the fact that exfoliation of nitrate intercalated LDHs gives rise to cationic LDH 

nanosheets, the self-assembly between cationic LDH NSs and POM anions leads to 

highly porous structure with unusually expanded surface area, gallery height and 

ordered pillared structure via the formation of self-assembled intercalative 

structure. This type of pillared LDH-POM hybridization can be the best way to 

achieve the high capacity and rate capability for energy storage due to their fast 

and reversible multi-electron redox reactions. Also, hybridization of LDH with 

conducting GO NSs can enable high conductivity of LDH.  

Thus, the present work focuses on preparing highly porous Ni-Cr-LDH-POM 

and Ni-Cr-LDH-GO nanohybrids SC electrodes using an exfoliation-restacking 

strategy. The mesoporous layer-by-layer self-assembled LDH-POM nanohybrids 

are synthesized by electrostatically induced self-assembly between the Ni-Cr-LDH 

monolayer NSs and POM anions. Moreover, LDH-GO nanohybrids are synthesized 

by electrostatically induced self-assembly between the Ni-Cr-LDH monolayer and 

GO nanosheets.   

Various characterizations techniques are used to study the physicochemical 

properties of nanohybrid materials. Zeta potential measurement is performed to 

monitor the surface charge of 2D NSs. The crystalline structure (phase 

identification) of the pristine LDH and nanohybrids is studied using the powder X-

ray diffraction (XRD) technique. Fourier-transform infrared (FTIR) and Micro-

Raman spectroscopic studies are executed to analyze the chemical bonding nature 

of the present nanohybrids. The surface morphology and stacking structure 

between pristine LDH and POM are evaluated by field emission scanning electron 

microscopy (FESEM) and high-resolution transmission electron microscopy 

(HRTEM) techniques. 

The elemental composition and distribution of the nanohybrids are 

examined with energy d EDS-elemental mapping analysis. The specific surface 

area, pore size distribution and pore structure of the nanohybrids are studied by 
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measuring the N2 adsorption-desorption isotherms at a temperature of -196.15 °C 

using a gas sorption analyzer. Nanohybrid materials' oxidation states and chemical 

composition are probed using X-ray photoelectron spectroscopy (XPS) technique. 

The electrochemical performance of the prepared nanohybrid materials for EES is 

examined with cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 

electrochemical impedance spectroscopy (EIS) technique. Three electrode system 

is used for the electrochemical study of single electrodes in 2 M aqueous KOH 

electrolyte.  

 The activity and usefulness of Ni-Cr-LDH-POM and Ni-Cr-LDH-GO 

nanohybrid electrodes are further tested by fabricating an aqueous hybrid 

supercapacitor (HSC). The performance of these devices is studied in terms of 

capacitance, ED and PD, and cyclic stability. The HSC is fabricated with Ni-Cr-LDH-

POM or Ni-Cr-LDH-GO nanohybrid and rGO NSs as a battery (cathode) and 

capacitive type (anode) electrodes, respectively. Finally, conclusions are assessed 

on the basis of the performance of 2D LDH based nanohybrid devices. 
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2.1 Introduction 

 Layered materials with well-arranged voids and surfaces provide beneficial 

features for addressing today’s energy and environmental issues. EES systems such 

as SCs and batteries have garnered intense research interest in recent decades [1-

4] as the demand for reliable and environmentally friendly energy resources has 

grown, promoting the development and optimization of new high-performance 

materials. A HSC with a higher power capability than batteries offers a promising 

approach to meet the high power and ED demand of energy storage systems. The 

development of HSCs are attracting high research attention due to their usefulness 

as high power and environmentally friendly EES systems [5]. In HSC devices, 

several aspects must be optimized to achieve high power and ED. High charge 

storage, specific capacity, stability, economic feasibility, and safety are crucial to 

achieving desired HSC performance. The performance of HSCs is highly dependent 

on electrode material; thus, recent research efforts have been devoted to finding 

advanced electrode materials. These electrode materials most often involve 

carbon-based materials [6], metal oxides [7], conducting polymers [8], metal 

phosphate [9], LDH and their hybrids [10,11]. Recently, 2D nanostructured 

materials with enhanced surface areas and reduced crystal sizes have emerged as 

efficient electrode alternatives for HSC [12]. Also, 2D nanostructured materials 

proved their usefulness in various applications. Fig. 2.1 displays different areas of 

applications of 2D NSs. 

 

Fig. 2.1: Different applications of 2D NSs [13]. 
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The advantages of 2D materials include unique morphological anisotropy, enlarged 

bifacial 2D surface area, short carrier ion diffusion path, tailorable electronic 

structure, well-defined surface structure, and tailorable chemical compositions 

[14, 15]. These advantages of 2D NSs have sparked intense research interest as 

electrode materials in HSC devices. The advantages of 2D NSs are illustrated in Fig. 

2.2  

 

Fig. 2.2: The advantages of 2D NSs [16]. 

 

Hybridization of 2D NSs with other nanostructured species has attracted a 

lot of research interest because of its effectiveness in controlling the 

physicochemical characteristics of each component and creating unexpected 

functionality via an interfacial electronic coupling between hybridized components 

[17−19]. Furthermore, the hybridization of 2D NSs with foreign species 

(polyoxometalate, GO, biomolecules, etc.) typically results in highly porous 

hierarchical structures [20, 21]. In 2D NS-based hybrid materials, microporosity 

originates from the restacking structure, while mesopores can originate from the 

interconnected stacking structure of the NS. Due to these attractive 

physicochemical properties of 2D NS-based hybrids, these materials demonstrated 

huge potential as electrode candidates for HSC devices.  

This chapter presents brief information regarding the structure, synthesis 

processes of various 2D NS and their hybrids with several modification strategies 
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and most recent breakthroughs in different sectors, particularly in HSC and other 

applications. 

2.2 Synthesis of 2D NSs 

Various synthesis strategies are developed for the synthesis of 2D NS. The 

synthetic technique of 2D NS has a substantial impact on their physicochemical 

characteristics and electrode functionalities. The synthetic routes of 2D NSs are 

generally divided into two branches: top-down and bottom-up approaches. In the 

top-down approach, single-layered NSs are obtained by delaminating the pristine 

layered solids or crystals. This approach is of much interest due to its high 

processability, low synthesis cost, high yield, and fascinating features of exfoliated 

NSs. Furthermore, this approach is more accessible than the bottom-up approach 

and can be applied to synthesize a variety of 2D NS. 

2.2.1 Bottom-up approach 

For the direct synthesis of 2D inorganic NSs, many bottom-up approaches 

have been developed, mainly depending on certain precursor’s chemical reactions 

at given specific experimental conditions. 2D NS of non-layered materials can be 

synthesized by various bottom-up processes such as hot-injection, solution-based 

crystal growth, hydrothermal, and CVD methods.  

Chemical vapor deposition method  

CVD is a process whereby solid materials are deposited from a vapor phase 

chemical reaction occurring on or in the vicinity of the heated substrate surface. 

The schematic diagram of the CVD method is shown in Fig.2.3 

 

 Fig. 2.3: Schematic diagram of CVD method [22].  
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By the fine-control of synthetic condition, the CVD allows to prepare variety 

of highly crystalline few-layered or monolayered inorganic NSs of transition metal 

dichalcogenides(TMDCs: MoSe2, MoS2, ReS2, WS2, SnS2, MoTe2)[23], transition 

metal oxides (TMOs: ZnO, TiO2, SnO2, Co3O4 etc)[24], and transition metal 

chalcogenides (TMCs: ZnSe, ZnS,  Co9Se8, etc) [25]. Also, CVD is effectively used to 

synthesize graphene [26, 27]. 

Advantages: Offers direct growth of material in thin-film form; controlled growth 

rate; thick coating layers are produced; multiple layers are deposited at the same 

time; high purity can be obtained. 

Disadvantages: Requires high processing temperature; the possibility of 

evolution of toxic and corrosive gases; high cost; relatively low yield. 

Hydrothermal method 

The hydrothermal method is a typical phenomenon of a solvothermal 

chemical reaction that occurs in an aqueous solvent at temperatures beyond the 

solvent's boiling point and at a high pressure above 1 bar [28]. Fig. 2.4 represents 

the schematic diagram for the hydrothermal method. 

 

Fig. 2.4: Schematic diagram of hydrothermal process [29]. 

In the hydrothermal process, 2D NS can be grown directly onto the other 

heterogeneous surfaces like stainless steel, NF, carbon cloth, carbon paper, etc. The 

hydrothermal method is useful for synthesizing novel heterostructure and binder-

free electrodes [30, 31]. Various 2D NSs of TMO, TMDC, metal-organic framework 

(MOF) and LDH synthesized by the hydrothermal method are reported [32–38]. 

The hydrothermal synthesis method offers several benefits over other methods, 

which are listed below: [39, 40] 
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Advantages: By controlling various preparative parameters desired material 

properties can be achieved, e.g. by optimizing hydrothermal temperature and 

pressure, different crystalline or amorphous phases and morphology can be 

achieved; it is possible to control the particle size and shape of highly anisotropic 

2D NS by hydrothermal method; in the hydrothermal method, it is possible to 

prepare thermodynamically metastable phases; it can be combined with other 

methods like optical radiation, microwave, ultrasound, mechano-chemistry and 

hot-pressing, to improve the reaction kinetics and to produce a variety of 

nanomaterials; it doesn't need any external seeds and catalyst at any stage, so it is 

beneficial for bulk powder production and also for the synthesis of material in thin-

film form; this method is more environmentally friendly as compared to CVD 

method; better product yield than CVD method. 

Disadvantages: It is challenging to control size distribution; requirement of 

high–pressure reactor with high-temperature control; time consuming process. 

2.2.2 Top-down approaches 

In top-down approaches, single-layered NSs are obtained by exfoliating 

layered inorganic solids or crystals. This approach is easier than the bottom-up 

approach and can produce many kinds of 2D inorganic NS. Various top-down 

exfoliation techniques are suitable for synthesizing mono-layered NSs [41-50]. 

Scotch tape method 

A simple method to prepare inorganic 2D NSs is to peel off monolayer from 

bulk layered compounds using scotch tape, where mechanical force is applied 

through the scotch tape to weaken the interlayer Van Der Waals forces without 

breaking inplane chemical bonds [41].  Schematic diagram of the scotch tape 

technique is shown in Fig. 2.5. 

This method was firstly reported for graphene [51]. After the success of 

graphene, this method has been commonly used for the production of inorganic 2D 

NS of WS2, MoSe2, MoS2, etc. [52], antimonene [53], and metal phosphorous 

trichalcogenides[54]. 



Theoretical Background of Synthesis Process and Characterization Techniques 

 

Chapter 2 Page 44 
 

 

Fig. 2.5: Schematic diagram of scotch tape technique. 

Advantages: The monolayers achieved with this process are typical of high purity 

since no chemicals or chemical reactions involve in the process; this technique is a 

safe and simple process; in this process, chances of impurities are less as compared 

to the chemical process; it is cost-effective process. 

Disadvantages: Meager yield obtained, which does not meet the requirement of 

bulk production; limited to bulk layered material; it is not scalable for integration 

into new technologies. 

Ultrasonication method 

Applying ultrasonication to the layered material dispersion in a suitable 

polar solvent can induce effective exfoliation of bulk layered material (Fig. 2.6) 

[55].  

Ultrasonic irradiation, as a new technology, has been widely used in chemical 

reactions. Ultrasonication simultaneously produces pressure waves in liquids and 

short-living microbubbles. This phenomenon leads to cavitation and causes high-

speed impinging liquid jets and strong hydrodynamic shear forces on dispersant 

particles. When these bubbles collapse vigorously during high sonication cycles, 

microjets and shock waves pass through the layered compounds, which creates 

tensile stress in the layered compound and eventually leads to the exfoliation of 

layered crystals into a few-layered NSs [45, 48].  
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Fig. 2.6: Schematic diagram of ultrasonication. 

This method has been generally used for delamination of inorganic layered 

materials like TMOs (WO3, MoO3 etc.) [56], LDH (NiCo(OH)2, NiFe(OH)2) [57], 

TMDCs (WS2, NbSe2,MoS2, TaSe2 and WS2 etc.) [45,58], antimonene [59,60].  

Advantages: The number of layers and size of delaminated NSs can be controlled 

by tuning the nature of solvent with control of parameters of time and power; the 

high power of sonication results in the delamination of small-sized NSs with 

considerable defect formation; it is an inexpensive, simple and efficient technique; 

ultrasonication method does not produce thermal, electric and chemical abnormal 

surface impurities; large-scale production and high yield are possible. 

Disadvantages: Unnecessary large grain size cause defect; ultrasonication method 

 is not suitable to machine soft and ductile materials; the temperature of the bath 

is not constant; very high size distribution; it is suitable for the synthesis of 

monolayer NSs.  

Though this method proves its advantages for various applications, its use is 

limited to special devices and research purposes due to the high size distribution 

of the NSs. Thus, efforts are put forward to synthesize monolayered NSs. In this 

context, solution exfoliation techniques are explored to achieve monolayers of the 
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inorganic layered crystals. The ion exchange-exfoliation, infinite solvation, and Li 

intercalation-hydroxylation are representative solution exfoliation techniques. 

Ion-exchange exfoliation     

 

 

Fig. 2.7: Schematic model of the synthesis and exfoliation of LMO. 

Up to now, various ways have been explored to exfoliate layered crystals. 

Various layered materials such as perovskite structure (KSr2Nb3O10, KCa2Nb3O10, 

and KSr2Ta3O10, etc.), Ruddlesden-Popper phase (K2La2Ti3O10), or aurivillius phase 

(SrBi4Ti4O15), rocksalt-type structure (K0.45MnO2 and LiCoO2), lepidocrocite-type 

structure (CsxTi2-x/4⎕x/4O4;⎕=vacancy) pukered titanoniobate structure 

(KTi2NbO7, KTiNbO5, and K3Ti5NbO14, etc.) can be exfoliated into monolayered NSs 

by this method [61-71].  

The exfoliation of layered metal oxides (LMO) can be attained by the 

intercalation of bulky amine molecules into protonated derivatives of LMO. 

Initially, the protonated derivatives of LMO can be achieved by replacing interlayer 

alkali metal ions with proton or hydronium ions using acid treatment  [72, 73]. 
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Then the protonated material is reacted with the aqueous solution of bulky organic 

cations, which replace the protons/ hydronium ions with the larger cations. During 

the ion exchange process, the automatic solvation reaction between the host 

material and bulky organic cation results in the swelling of the host lattice. Further 

weakening the interlayer interaction between the host layer and bulky organic 

cation, which in turn exfoliates the host material into individual NSs under gentle 

shaking or ultrasonication as depicted in Fig.2.7 [67,72,74]. Fig. 2.7 depicts the 

example of exfoliated LMO NSs.  

LDH infinite solvation 

 

Fig. 2.8: Schematic processes of the LDH exfoliation in formamide. 
 

LDHs consist of positively charged brucite-type octahedral sheets 

alternatingly arranged with interlayer charge balancing anions (CO3 2-, NO3 –, Cl– 

etc.). Among the various anions, carbonate anions have a high affinity towards LDH 

gallery space due to their high charge-to-size ratio. Also, synthesis processes of 

LDH comprise aqueous solutions and basic pH; thus, carbonate anions are readily 

available for intercalation at these synthesis conditions due to the atmospheric 

dissolution of CO2. The carbonate intercalated LDHs are difficult to exfoliate due to 

the high attraction between LDH layers and carbonate anions. Alternatively, nitrate 

anions intercalated LDH demonstrated exfoliation behavior in formamide. In this 

approach, the strong hydrogen bonding between the intercalated anions and polar 

solvent as well as between the solvent molecules themselves could lead to the 
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penetration of large amounts of solvent between the layers and hence facilitate 

exfoliation. Fig. 2.8 shows schematic processes of the LDH exfoliation in formamide 

Adachi-Pagano and co-workers first reported the complete exfoliation of 

LDH by refluxing [Zn-Al-DS] (DS: dodecyl sulphate) in 1999. LDH dispersed in 

butanol at 120°C for 16 hours resulted in translucent colloidal solution, which is an 

indication of exfoliation[75]. Venugopal et al. studied the exfoliation behaviour of 

a number of surfactant-intercalated LDHs under sonication/heating/stirring 

conditions, confirms that these LDHs were rarely exfoliated in non-polar solvents, 

while they were exfoliated best in alcohols [76].  Later on, Hibino and Jones [77] 

first reported the LDHs exfoliation in formamide (HCONH2). The most practical 

way for exfoliating LDH material is an infinite swelling of the LDH layers in 

formamide solvent, which does not require any surfactant/organophilic anions or 

heat treatment [78]. In formamide, the exfoliation appeared to occur instantly and 

spontaneously. The nitrate form of the LDH materials is commonly employed for 

the efficient exfoliation process [78-80]. 

Li-ion intercalation and hydroxylation 

 

Fig. 2.9: Schematic model of the exfoliation of LTMDCs. 

A layered transition metal dichalcogenides (LTMDCs) are represented by 

general chemical formula MX2, which consists of a transition-metal (M: Ti, Hf, Zr, 

Mo,V, Nb, W,Ta, Tc, Pt Re, Pd, etc.) and chalcogen atoms (X: Se, S, and Te, ) [81,82].  

MX2 is one of the most explored parent materials for the exfoliation process. The 

MX2 layered structures consist of strong in-plane bonds (covalent) and weak out-

of-plane bonds (van der waals), forming a various 3D LTMDCs crystal structures. 

The interlayer evolution of H2 gas via the hydroxylation of tiny intercalated cations 

such as Na+, K+, and Li+, is one of the successful strategies for the exfoliation of 
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layered materials. The schematic model of the exfoliation of LTMDCs  is as shown 

in Fig. 2.9. The chemical intercalation using organolithium reactant has been 

typically used to intercalate Li+ ion [83]. However, controlling Li+ intercalation via 

this process is difficult because insufficient or excessive Li+ ion intercalation 

frequently occurs. So, the electrochemical route can provide a more efficient way 

for the exfoliation and intercalation of TMDCs than the chemical route. In this 

technique, using electrical potential, both anionic and cationic guest species can be 

intercalated into bulk TMDCs materials [84].  

 

2.3 Synthetic strategies for 2D NS-based hybrids 

Exfoliated 2D NSs have been widely used as building blocks for the synthesis 

of novel hybrid structures due to their unique physicochemical characteristics. The 

hybrid structure can be applicable for many applications such as hybrid electrodes 

for EES devices, fuel cells, CO2 adsorption, dye degradation [16,85,86].  

In this section, typical synthesis strategies for 2D NS-based hybrids are 

briefly discussed, including exfoliation-reassembly, anchored assembly, and layer-

by-layer deposition. 

2.3.1 Exfoliation-reassembly 

 

Fig. 2.10: Schematic of exfoliation-reassembly with stacking structure of LDH-
based hybrid.  

The ions intercalative route is generally used to synthesize 2D-based 

heterolayered nanohybrid. This method has a number of limitations, like the 
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requirement of the high mobility of guest species and the uncontrolled formation 

of intercalated materials. These limitations of the intercalative route can be 

avoided by using the exfoliation-reassembly process. In this approach, oppositely 

charged host NSs and the guest species are freely reassembled from initially 

separated colloidal states. This strategy can precisely control the chemical 

composition and restacking pattern of 2D NS-based hybrids. In this method, high 

diffusivity of guest species is not required, which enables wide opportunity to 

hybridize various couples of host and guest species [87-90].  

The exfoliation-reassembling process between exfoliated host 2D NS and 

other nanostructured guest species demonstrated unique features like high surface 

area, mesoporous structure, intimate coupling of hybridized components, etc.[91]. 

Different types of crystal shapes like interstratified, hollow, core-shell and pillared 

were designed by this method [92].  Gunjakar et al. prepared 2D Zn-Cr-LDH NS-

based hybrids of Zn-Cr-LDH-POM, Zn-Cr-LDH-titanate NSs and Zn-Cr-LDH-GO [93-

95]. Fig.2.10 shows the schematic diagram of exfoliation-reassembly with stacking 

structure of LDH-based hybrid. MgAl-LDH-POM hybrids were prepared by 

exfoliation-reassembling and used for the CO2 adsorption [96].  The exfoliation-

reassembly route was used to design the CdS-ZnCr-LDH hybrids. The CdS-ZnCr-

LDH hybrids were highly active photocatalysts for the H2 production [97]. On the 

basis of exfoliation-reassembly strategy, hybrids of MoS2 with variety of LDHs (like 

NiFe-LDH, CoFe-LDH, NiCo-LDH etc.) were prepared [98,99]. 

2.3.2 Anchored assembly 

As 2D NSs are derived from their highly crystalline layered solid crystals 

with lateral size in the range of few to several micrometers, thus can acts as a 2D 

platform for either anchoring or growth of various functional foreign species like 

NSs, nanoparticles and nanoclusters. For the direct growth of functional 

nanoparticles, exfoliated 2D NSs are capable of providing nucleation and surface 

anchoring sites. The anchoring of functional foreign species occurs via either 

homogeneous adsorption or direct growth of nanoparticles on the surface of 2D 

NSs. For synthesis of NSs based nanohybrids via anchored assemblies, controlled 

adsorption, stability of NSs and growth of guest species (nanoparticles) on the 2D 

NSs platform are the significant parameters that must be taken into consideration 

[100]. 2D NSs-based nanohybrid electrodes made by anchoring leads to 
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homogeneous and uniform growth of electrode material on the 2D NSs without self 

-aggregation, which is quite useful in avoiding huge volume change during the 

electrochemical cycling. GO/rGO prepared by the exfoliation of graphite has proved 

to be a unique candidate as a platform for the anchoring of various nanostructures 

[101]. Recently, NSs based anchored assemblies of RGO-ZnCr-LDH, RuO2-

xH2O@MXene, Ag3PO3-RuO2, PANI-MoS2, Ru-calcium niobate NSs, Ru-hexaniobate 

NSs, Au-WS2, Au-MoS2, Fe2O3-MoS2 MnO2-RGO, were investigated for 

multifunctional applications [102-105]. The schematic representation of 2D LDH 

anchored on GO NSs is shown in Fig. 2.11. 

 

Fig. 2.11: Schematic representation of 2D LDH anchored on GO NSs. 

 

2.3.3 Layer-by-layer (LBL) assembly 

The NS-based hybridization strategies are not only limited to the synthesis 

of bulk/powder form but also can be applied for the deposition of high-quality NSs 

based thin films by LBL. The principle of LBL deposition is based on the exfoliated 

2D NS that carries electrostatic charges and can be adsorbed onto substrates with 

opposite charges. Thus exfoliated 2D NSs can be readily applicable as effective 

building blocks for the successive LBL coating of multi-layered hybrid NS based 

film fabrication [106]. 
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Fig. 2.12: synthesis of nanohybrid films using LBL coating. 

This method can be used to precisely control the stacking sequence of the 

NS-based LBL film and optimize its functionality. The LBL assembly depends on the 

charge compensation mechanism between guest species and host NSs (Fig.2.12) 

[107,108]. Therefore, this method allows controlling the stacking sequence of NSs 

and guest species at the nanometre scale. A wide range of hybrid materials, 

including multi-component hybrid films, hybrid hollow spheres, and hybrid 

freestanding membrane, were reported by this method [109-111]. In some 

examples, LBL assembly is used to deposit thin films of Ca2Nb3O10-Mg-Al-LDH and 

TiO2-Mg-Al-LDH with precise control over its thickness [112]. 

 

2.4 Characterization Techniques 

2.4.1 Zeta potential 

 

Fig. 2.13: Photograph of malvern zeta potential analyser.  



Theoretical Background of Synthesis Process and Characterization Techniques 

 

Chapter 2 Page 53 
 

 

Fig. 2.14: Schematic representation of zeta potential [113]. 

The net charge on the particle surface is measured indirectly using zeta 

potential technique. The photograph of malvern zeta potential analyser is 

displayed in Fig.2.13. Among various techniques to characterize the superficial 

properties of particle in solution (liquid state), zeta potential measurement 

technique is one of the utmost accessible. Zeta potential is a scientific term for 

electrokinetic potential in colloidal suspension, generally indicated by Greek letter 

zeta (ζ). The electric potential at the boundary of the double layer is called as the 

Zeta potential of the particle, and it typically rages from -100mV to +100 mV. Zeta 

potential is nothing but the potential observed at the shear plane and is defined as 

the potential difference between the shear plane and the electroneutral region of 

the solution. It can be significantly affected by factors like pH of the solution, 

concentration, and the electric double layer thickness. The zeta potential of 

dispersion can be measured via the electrophoresis process by applying an electric 

field across the dispersion. During zeta potential measurements, an electrical field 

is applied across the sample, inducing the movement of charged particles. 

Electrophoretic mobility e is velocity of a particle in a unit electric field. Further, e is 

measured and converted to the zeta potential (𝜁) using Henry equation: 

𝜇𝑒 = 2 ×∈× 𝜁 × 𝑓(𝑘. 𝑎)/3𝜂      (2.1) 

where, η and ε are the absolute zero-shear viscosity and dielectric constant of the 

medium, respectively [113-115]. f(k. α) is known as the Henry’s function, where k 
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is a Debye parameter often taken as a measure of the "thickness" of EDL, and α is a 

radius of the particle (see Fig. 2.14). electrophoretic determinations of zeta potential 

are commonly estimated in aqueous media and moderate electrolyte concentrations. 

Advantages: Different particles can be analyzed; useful for macromolecules; small 

sample concentration is required; simple and fast measurements are possible; this 

technique provides quantitative measurement. 

Disadvantages: Poor resolution; large particles can change the measurement; 

particle over shadowing; significant dilution is required; polydispersity can cause 

complications. 

2.4.2 X-ray diffraction 

Basic principle 

When monochromatic X-rays are incident on a crystalline material at an 

angle ‘θ’, the rays are diffracted by parallel lattice planes separated by basal spacing 

‘d’. The diffraction pattern is obtained by measuring the intensity of diffracted X-

rays as a function of scattering angle. According to Braggs condition, when the path 

difference equals the integral multiple of the X-rays wavelength, constructive 

interference occurs (Fig. 2.16). 

 

Fig. 2.15: Photograph of Rigaku miniflex-600 X-Ray diffractometer.  

The basic phenomenon of XRD can be considered as the diffraction of X-rays from 

the crystallographic planes of the material and is directed by the Braggs equation 

[116]; 
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2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛        (2.2) 

where, dhkl, λ, θ, and n are the basal spacing, wavelength of X-ray, diffraction angle, 

and order of diffraction (n = 1), respectively. The photograph of Rigaku Miniflex-

600 X-Ray diffractometer is displayed in Fig. 2.15. The schematic model of XRD 

diffractometer is presented in Fig. 2.16. 

 

Fig. 2.16: (A) Schematic representation of XRD diffractometer and (B) X- ray 
diffraction condition using the Braggs law [117]. 
 
Scherrer's equation is used to calculate the particle size from the full width at half 

maximum (FWHM) of the highly intense diffraction peak [117]. 

𝐷 =
𝑘.

𝛽 𝑐𝑜𝑠𝜃
        (2.3) 

where, D= particle size, k = constant, β= FWHM, = wavelength of X-rays, and θ= 

diffraction angle. 

Advantages: Commonly used method to determine the crystal structure; least 

expensive and most convenient; the best method for phase analysis; X-rays are not 

absorbed very much by air, so the sample need not be in an evacuated chamber.  
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Disadvantages: X-rays do not interact very strongly with lighter elements; This 

technique is not useful to analyze chemical composition; XRD method does not give 

information regarding the chemical bonding nature. 

The present study applies the powder XRD technique to investigate the crystal 

structure, lattice dimensions, and crystallite size of nanohybrids materials. 

 

2.4.3 Fourier transform infrared spectroscopy 

Working principle 

FTIR is a powerful analytical tool for identifying functional groups of a 

compound based on vibrational spectroscopy of the bonds. The spontaneous 

orientation of the dipole moment in materials is studied by the non-destructive tool 

using infrared spectroscopy that can provide information about inter-atomic 

forces within the crystal lattice. There are six different ways in which 

organic/inorganic compound can vibrate: symmetrical and anti-symmetrical 

stretching, wagging, rocking, scissoring, and twisting [118]. The FTIR 

spectrometer; (Alpha (II) Bruker model) was used for sample characterization. The 

digital photograph and ray diagram of the FTIR is presented in Fig. 2.17 (a) and (b), 

respectively.  

 

 

Fig. 2.17: (a) Digital photograph of FTIR Spectrometer and (b) basic ray diagram 
of FTIR spectrometer [118]. 
 

The infrared vibrational frequencies and inter-atomic forces are correlated 

and so to examine functional groups present in the material. According to the 
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Planck-Einstein relation, energy transfer between different energy states of 

molecules can be written as the following equation, 

ΔE = hν                                                                                                                               ( 2.4) 

In this equation, positive and negative values of E corresponds to the 

absorption and emission of energy by molecules, respectively. When the above 

equation (2.4) is satisfied, a unique spectrum is originated, characteristic of the 

molecule. The spectrum is a plot of the transmittance versus frequencies where 

peaks are observed when the condition is satisfied. Different spectra are raised by 

molecules or atoms based on the energy level involved in the transitions in the 

atom. The transition between different allowed levels for the orbital electron 

signifies absorption, and the whole molecule vibrates or rotates when atoms 

vibrate within the molecule. Hence, the total energy (Etot) contribution can be 

denoted by the following equation [118], 

𝐸𝑡𝑜𝑡=𝐸𝑒𝑙𝑒𝑐𝑡+𝐸𝑣𝑖𝑏+𝐸𝑟𝑜𝑡+𝐸𝑡𝑟𝑎𝑛𝑠                                                                           (2.5) 

Where, 𝐸𝑒𝑙𝑒𝑐𝑡 is electronic energy, 𝐸𝑣𝑖𝑏 is vibrational energy, 𝐸𝑟𝑜𝑡 is 

rotational energy, and 𝐸𝑡𝑟𝑎𝑛𝑠 is translational energy.                                                                      

Advantages: It is a universal technique; it is relatively inexpensive and gives reach 

information; elimination of stray light and emission contribution; highly sensitive 

to any molecules that contain chemical bonds; powerful data station; it is easy, fast 

and highly sensitive. 

Disadvantages: Atoms or monoatomic ions detection is impossible because single 

atomic entities contain no chemical bonds; cannot detect symmetric molecules like 

N2 or O2; aqueous solutions are very challenging to study because water is a 

significant IR absorber.  

In the present study, the FTIR technique is used to investigate the functional group, 

chemical bonding nature and water content of nanohybrid materials. 

 

2.4.4 Micro-Raman spectroscopy 

Working principle 

Raman spectroscopic technique is based on inelastic scattering of 

monochromatic light called Raman scattering. When incident monochromatic light 

interacts with matter, photons interact with the electron cloud of the functional 

groups bonds, which excite an electron into a virtual state. This process leads to a 
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change in wavelength of incident photons (red or blue shifted) detected as Stokes 

Raman scattering. These Stokes Raman lines are characteristics of the functional 

group, the structure of the molecule to which it is attached, the types of atoms in 

that molecule and the molecule's environment. The ray diagram of the Raman 

spectrometer is shown in Fig.2.18. 

 

Fig. 2.18: Ray diagram of Raman spectrometer [119]. 

The energy shift can be used to determine the system's vibrational modes. 

Initially, a laser beam is used to illuminate a sample, and light from the 

corresponding illuminated spot is captured with a lens and sent through a 

monochromator. The wavelength close to the laser line due to the elastic scattering 

is filtered out while the rest of the collected light is dispersed onto a detector.  

Furthermore, the atomic arrangement, chemical bonds and masses of the atoms in 

the molecule are more important for finding the Raman spectrum of the molecule 

[120]. The Raman spectral features demonstrates the chemical interaction existed 

in sample which is an important supplement to the FTIR result. 

Advantages: It is non-destructive technique; in this technique, a single recording 

can cover the range from 50 cm–1 to 4000 cm–1; for Raman analysis various organic 

and inorganic materials are used and these can be liquids, solids, vapors or 

polymers, etc.; this technique is a highly specific like a chemical fingerprint of a 

material; Raman spectra can be obtained from a relatively small volume (< 1 m in 

diameter); generally, water has no effect on it; Raman spectrum is acquired quickly 

within second. 

Disadvantages: This technique cannot be used for alloys or metals; a sensitive and 

well-optimized equipment is required for the sample detection; the Raman effect 
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is very weak; when the sample is irradiated with a laser beam, several substances 

shows fluorescence; the Raman spectrum might be hidden by the fluorescence of 

contaminants or the sample itself; sample heating caused by powerful laser light 

has the potential to damage the sample or obscure the Raman spectrum. 

In the present study, the micro-Raman spectroscopy technique is used to 

investigate the chemical bonding nature of nanohybrid materials and 

complimentary to the FTIR results. 

2.4.5 Field emission-scanning electron microscopy  

Working principle 

 

Fig. 2.19: Ray diagram of FESEM [121]. 

In FESEM, high-energy electrons (also called primary electrons) are 

generated by heating a thin and sharp tungsten needle (cathode). The voltage 

difference between anode and cathode allows; the generated electrons to 

accelerate towards the sample. The electromagnetic lenses focus the electron beam 

in a tiny sharp spot. The precoated sample is mounted on the special holder and 

inserted onto the high vacuum part of the microscope through a sample exchange 

chamber. The schematic diagram of the FESEM instrument is shown in Fig. 2.19. 
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The FESEM is always performed in a high vacuum to avoid the interaction of high-

energy electrons with gas molecules in order to obtain high resolution. Once the 

focused electron beam bombards the surface of the sample, it penetrates the 

sample up to a few microns and interacts in different ways. After the interaction, 

primary electrons lose their energy inside the sample. Due to this, different types 

of emissions are observed, as shown in Fig. 2.20 [122]. The scattering and 

interaction of electrons on the surface depending on the surface elements (atomic 

number), the concentration of atoms, and the energy of primary electrons. The high 

energy of primary electrons increases the interaction volume and scattering 

process. In contrast, the high concentration of atoms and the atomic number will 

decrease the interaction volume and scattering. 

 

Fig. 2.20: Ray diagram of the emission of diverse forms of electrons during 
scanning [122]. 
 

All these signals are gathered at a detector and separated based on their 

energy values. The backscattered and secondary electrons are used for the creation 

of a sample image by amplifying and transforming the signals. When primary 

electrons interact with electrons at the inner shell and knock it out, the electron 

from a higher energy level jumps to lower energy by losing some energy. This extra 

energy is emitted in the form of X-rays. Therefore, each element in the sample 

produces a characteristic X-ray. All these characteristic X-rays from all elements 
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are used to identify the elemental composition of the sample by energy-dispersive 

X-ray spectroscopy (EDX) coupled to the FESEM instrument. 

Advantages: It is possible to study a larger depth of field; this technique, magnifies 

objects more than 500000X; most of the samples just necessitate a few steps of 

preparation; data generated in a digital format. 

Disadvantages: This tool is expensive; this instrument needs a very large space 

and is operated in special rooms; artifacts can occur during the sample preparation 

process; this technique is limited to solid samples; small risk of radiation exposure 

associated with the electrons that scatter from beneath the sample surface; 

affected by magnetic fields. 

In the present study, the FESEM technique is used to analyze the surface 

morphology, thickness, and pore size of the nanohybrids. this technique is also 

used to analyze the elemental composition of nanohybrid materials. 

2.4.6 High resolution transmission microscopy 

HRTEM is another important technique used as a materials characterization 

tool that involves passing an electron beam through the sample. The main 

difference between FESEM and HRTEM is the speed of primary electrons. The 

electrons in HRTEM have a much higher speed than in FESEM. Also, the electrons 

in the case of FESEM bounce off the sample, while in HRTEM, they get transmitted 

through the sample. 

Working principle 

The high-speed electrons travel in a vacuum chamber and pass through the 

ultra-thin sample cast on a TEM grid and stricken on a phosphor screen where a 

charge-coupled device (CCD) camera is focused for imaging. 

The HRTEM enables the imaging of material at an atomic scale.  The general 

construction of TEM consists of several parts, including electron gun for thermionic 

emission, a high vacuum system to minimize the contamination, electromagnetic 

lenses to direct the electron beam, a high voltage source to emit thermally 

accelerated electrons, computer coupled recording devices along with required 

electronic components. The microscope setup is maintained at a very high vacuum 

to avoid electron scattering. TEM microscopy uses a focused electron beam 

bombarded onto the sample specimen, which forms an electronic image of the 

morphology and achieves compositional information present on the surface of the 
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sample. The darker region in the image is due to less transmitted electrons, which 

illustrates a dense or thick portion of the sample. Conversely, the lighter region in 

the image is due to the higher transmitted electrons, which indicates the thinner 

portion of the sample. The ray diagram of the TEM is shown in Fig. 2.21. 

 

 

Fig. 2.21: Ray diagram of TEM [123]. 

Advantages: It has a broad range of applications and can be used in a variety of 

scientific, educational, and industrial fields; this technique provides the elemental 

and compound structure information; HRTEM provides both information such as 

real space (in the imaging mode) and reciprocal space (in the diffraction mode); 

this technique provides detailed and high-quality images. 

Disadvantages: This instrument requires large space with special housing and 

maintenance; requires considerable time and effort for sample preparation; 

specialized trainee is required for operation and analysis; in this technique, only 
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electron transparent samples are allowed; this technique provides black and white 

images. 

In the present study, this technique is used to probe morphology, particle 

size distribution, crystal structure, interplanar distance and elemental distribution 

of nanohybrids. 

2.4.7 Brunauer-Emmette-Teller  

Working principle 

The BET method is based on the multilayer physical adsorption of gaseous 

molecules on the surface of solid using non-corrosive inert gases such as argon, 

nitrogen, etc. [124], and the amount of adsorbed gas gives a specific surface area of 

a prepared sample. The gas adsorbs on the solid surface and in the pores of the 

specimen. At a given pressure, the amount of condensed or adsorbed gas on the 

surface of a solid at a constant temperature gives information about the pore 

structure.  The schematic diagram of the dynamic flow method apparatus used for 

measuring specific surface area is shown in Fig. 2.22. 

 

Fig. 2.22: Schematic illustration of the dynamic flow method apparatus [125]. 

The total surface area (St) and a specific surface area (𝑆𝐵𝐸𝑇) are calculated 

by using equations 2.6 and 2.7. 

𝑆𝑡 =
𝑁𝑠𝑣𝑚

𝑉
         (2.6) 

𝑆𝐵𝐸𝑇 =
𝑆𝑡𝑜𝑡𝑎𝑙

𝑎
         (2.7) 

where, ‘S’ is the adsorption cross-section of the adsorbing species, ‘𝑣𝑚’ is the molar 

volume of the adsorbate gas, ‘N’ is the Avogadro’s number, and ‘a’ is the mass of the 
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adsorbent [126]. The Barrett–Joyner–Halenda (BJH) method is used to determine 

pore size and volume in the same technique. 

 Advantages: It can determine porosity up to the size of 0.4 to 50 nm; this method 

also allows the type, size, and form of porosity contained in the material.  

Disadvantages: The measurement errors in this method are high; this method is a 

time-consuming method; not sufficient to measure low-level surfaces; this 

technique is not suitable for powder samples with micrometric particle size. 

In the present study, the BET technique is used to analyze specific surface 

areas and pore structure of nanohybrids. 

 

2.4.8 X-Ray photoelectron spectroscopy  

Basic principle 

When an incident X-ray has sufficient energy, it will be absorbed by an atom 

and by the phenomenon of the photoelectric effect, an inner shell electron will be 

ejected as demonstrated in Fig. 2.23. The kinetic energy of photoelectrons is 

collected. As the energy of an incident X-ray is known, the binding energy of 

photoelectron is calculated by the following formula: 

𝐾𝐸 = ℎ𝜑𝑠(2 .8) 

where,  𝜑𝑠 is a spectrometer work function of the element. 

The composition of the sample and the various oxidation states of the 

elements present in it can be estimated by monitoring the count of photoelectrons 

as a function of binding energy. 

In XPS, an X-ray source generates X-rays (typically MgKα and AlKα) which 

are monochromatized using a monochromator in a high vacuum. These X-rays are 

then incident on the sample and excite the electrons inside the atoms present on 

the surface of the sample. These photoelectrons go to the electron detector where 

the detector counts the incoming electrons as well as the kinetic energy of these 

electrons. Finally, this kinetic energy is represented in the form of a spectrum 

where particular energy represents a specific element.  
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 Fig.2.23: Ray diagram of XPS [127]. 

Advantages: This is a non-destructive technique; quantitative measurements are 

obtained; this technique is highly surface sensitive (10 to 100 Å); this technique 

provides information about chemical bonding and elemental mapping. 

Disadvantages: Measurements cost is high; it is necessary to use a high vacuum; 

it requires a large-area analysis; slow processing technique (30 min to 8 hr per 

sample); in this technique, He and H cannot be identified; it gives poor lateral 

resolution. 

In the present study, XPS is used to measure chemical composition, 

electronic configuration and chemical state of elements present in nanohybrids.  

 

2.5 Electrochemical techniques 

         As discussed in chapter 1, SCs are divided into two groups, i.e. EDLCs (charge 

stored by non-faradaic mechanism) and pseudocapacitors (charge stored by 

faradaic mechanism). The following equation is used for the calculation of specific 

capacity, Cs, ED and PD of electrode. The electrochemical capacity and Cs were 

calculated from GCD profile using the following equation,  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
𝑖×∆𝑡

𝑚
      (C g–1)                                                                         (2.9) 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 = 𝐶𝑠 =
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

∆𝑉(𝑉)
           (F g–1)                  (2.10) 

In equation (2.9) and (2.10), i, Δt, A, ΔV, m are applied current density (A g–1),  

discharge time (s),  active unit area of electrode (cm-2), potential window of the 
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electrode and  mass loading of the active material (g) respectively. For the Ragone 

plot, the ED (Wh kg–1) as well as PD (W kg–1) of the electrode is calculated by using 

equation (2.11) and (2.12),  

 𝐸𝐷 =
0.5×𝐶𝑠 ×(∆𝑉)2  

3.6
      and,                  (2.11) 

𝑃𝐷 =
𝐸×3.6

∆𝑡
               (2.12) 

 The high ED with PD of SC is based on maximum capacitance value and large 

operating potential window of supercapacitor device. However, electrolyte and 

active electrode materials are responsible for high capacitance and large potential 

window of supercapacitor. Electrical charges accumulated in SC devices are shown 

as, 

            Es1 + Es2 + K+ + A– = Es1– // K+ + Es2+ // A–                         (2.13) 

  where Es1 and Es2 are the specific surface areas corresponding to negative and 

positive electrodes, respectively. The symbol // denotes charges accumulated on 

both electrodes, where K+ and A- are cations and anions present in the electrolyte, 

respectively. The electrochemical performance of working electrode is studied 

using CV, GCD and EIS techniques.  

2.5.1 Cyclic voltammetry  

The CV is generally used to study the electrochemical properties of 

a working electrode or analyte in the electrolyte. CV is a type of potentiodynamic 

electrochemical measurement in which the working electrode potential is ramped 

linearly versus time, as shown in Fig. 2.24. In this arrangement, potential is applied 

with respect to the reference electrode and working electrode, while Faradic 

current is measured through working and counter electrodes in a three-electrode 

cell [152, 153]. In CV, the potential is varied in a constant operating potential 

window with respect to time. After the set potential is reached in a CV experiment, 

the working electrode potential is ramped in the opposite direction to return the 

initial potential. The cyclic voltammogram trace is observed by plotting the current 

of the working electrode against the applied voltage, as shown in Fig. 2.25(a, b). 

The working potential of the electrode depends upon redox and electrolytes 

decomposition potential.  



Theoretical Background of Synthesis Process and Characterization Techniques 

 

Chapter 2 Page 67 
 

 

Fig. 2.24: (a) Ramping applied voltage with time frame (b) a typical CV for a 
reversible single electrode transfer reaction [154]. 
 

Fig 2.24(b) illustrates the typical CV curve for a reversible single electron 

transfer reaction occured within in the potential limit of ‘V2-V1’, however, Ipc and 

Ipa are the cathodic and anodic peak currents, and Epc and Epa are cathodic and 

anodic peak voltages of resulting voltammogram, respectively. During forward 

scan, potential increases from V1 to V2, initially cathodic current increases and 

further decreases with decreasing concentration of a reduced analyte. In reverse 

scan, potential decreases from V2 to V1, and reduced analyte will start to re-

oxidized, which delivers reverse polarity current, called an anodic current. In CV 

measurement, the selection of potential limit is important due to the oxidation and 

reduction positions of CV curve and decomposition potential of electrolyte. 

2.5.2 Galvanostatic Charge-Discharge  

The GCD technique is very beneficial for the testing capacitive performance 

of SCs. In this technique, a constant current is applied to the working electrode and 

its potential is measured as a function of time with respect to the reference 

electrode. The schematic GCD curve is shown in Fig. 2.25. When a constant current 

is applied, initially, potential quickly develops because of internal resistance, and 

further, it develops gradually due to the exhaustion of reactant concentration at the 

electrode surface. Also, potential drop occurs while discharging due to ohmic drop 

(IR drop) and it is related to the electrode, solution resistance and connection 

interface. Constant current is used to achieve the required voltage during charge 

and discharge [155].  
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Fig. 2.25: Schematic of GCD curves [155]. 

By studying the nature of the GCD profile, one can confirm the possible type 

of charge storage mechanism of active electrode. Symmetric nature of charge-

discharge profile indicates the EDL mechanism, and non-symmetric nature 

indicate pseudocapacitive charge storage mechanism [156]. 

2.5.3 Electrochemical Impedance Spectroscopy   

 

Fig. 2.26: Nyquist plot with Bode plot [157]. 

  

    In the EIS technique, electrochemical impedance and current response are 

measured by applying a range of alternating current frequencies to a system. 

Impedance, an alternating current resistance of the cell comprises imaginary and 

real parts. Fig. 2.26 illustrates a typical Nyquist plot and Bode plots. In general, the 

electrochemical cell contains resistive, capacitive, and inductive properties. 

Capacitive and inductive properties contribute to the imaginary part, while 

resistive property is involved in the real part. The opening point of Nyquist plot 
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and diameter of extrapolated semicircle represents the solution resistance (Rs) and 

charge transfer resistance (Rct), respectively. In the low-frequency region, the 

Nyquist plot displays a straight line correlated to the Warburg impedance for 

electrolyte ion diffusion through the electrodes. All these characterization 

techniques are used to find out ED, PD, working potential window, Cs, and cyclic 

stability of SC. 
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3.1 Introduction 

The recent trend in energy storage applications is designing nanohybrid 

materials of different materials as electrodes, in which the two different 

components can work in synergy to deliver high capacity, stability and 

performance [1-4]. In the research of EES systems, electrode materials have a 

direct impact on their electrochemical properties. 2D LDH have been intensively 

studied in recent years because of their interesting properties, such as swelling and 

exfoliation behavior, intrinsically charged surface, easy tunability of cations in their 

host layers, effective utilization of homogeneously dispersed transition metal 

atoms, good anion exchange ability, and environmentally friendly nature and 

potential applications in energy storage devices [5-9]. Several methods are 

available to synthesize LDHs and can be engineered with desirable physical and 

chemical properties for various applications [10]. Most of them, the pristine LDH 

solid crystal can be prepared via a simple hydrolysis reaction of metal salts, in 

which the coprecipitation of two different metal ions occurs at controlled pH 

conditions [11]. LDHs consist of positively charged brucite-like layers that are 

intercalated with anions and water molecules in the interlayer space. The 

interlayers of LDH structures consist of various anions and water molecules. The 

anions can be generally preferred, such as CO3 2-, NO3 –, Cl–, and so on [12]. However, 

the preparation of such materials with nitrate have been found to be very difficult 

because of the higher affinity for CO3
–2 anions which are ubiquitous in solution due 

to the presence of CO2 in the atmosphere as well as in distilled water [13]. In 

addition, carbonate possesses a smaller ionic size as compared to nitrate ions 

which allows them to enter the interlayer gallery space of LDH sheets easily. Also, 

the higher charge on carbonate ions favors the intercalation of carbonate ions 

which ultimately makes the LDH structure densely packed [14].  Above all, once 

carbonate ion enters the LDH interplanar space, it becomes highly stable and 

cannot be easily exfoliated. In order to avoid the above disadvantages and to 

promote the intercalation of the desired anions, the preferred counter ions of 

cation salts are the nitrates or chlorides, which possess a low affinity towards the 

brucite layers. For the effective exfoliation process, the nitrate form of the LDH 

materials is generally used because the monovalent state of nitrate ions minimizes 

the interlayer interaction between the LDH layers and thus facilitates the 
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exfoliation into individual LDH monolayers [15-17]. To avoid the carbonate species 

it is always desirable to use decarbonized water instead of double distilled water 

(DDW).  

In this section, we synthesized for the first time the nitrate form of the Ni-

Cr-LDH via a facile coprecipitation method. The crystal structure, crystal 

morphology, chemical composition, and the nature of the chemical bonding in the 

pristine Ni-Cr-LDH were probed with a combination of several diffractions, 

microscopic and spectroscopic tools. The Ni-Cr-LDH material coated on SS 

substrate was applied as an SC electrode to examine its electrochemical activity. 

 

3.2 Experimental details  

3.2.1 Chemicals 

The chemicals for synthesis such as nickel nitrate [Ni(NO3)2.3H2O], 

chromium nitrate [Cr(NO3)3.9H2O], sodium hydroxide [NaOH], sodium nitrate 

[NaNO3], AC, polyvinylidene fluoride [PVDF] and N-methylpyrrolidone [NMP] were 

purchased from Sigma Aldrich chemical co. and used without further purification. 

Stainless steel (SS) foil was used as a current collector substrate for the fabrication 

of Ni-Cr-LDH based electrochemical capacitor electrodes. To avoid contamination 

of carbonate anions, decarbonated water was used throughout the synthesis of Ni-

Cr-LDH samples. 

 

3.2.2 Synthesis of nickel-chromium-layered double hydroxide (Ni-Cr-LDH)  

The pristine Ni-Cr-NO3-LDH was synthesized via facile chemical 

coprecipitation method according to Reichle protocol (Fig. 3.1) [18]. The pristine 

NO3
1− intercalated Ni-Cr-LDH sample was prepared by coprecipitation reaction of 

solutions A and B. Solution A was prepared by mixing 100 ml of aqueous solutions 

of 0.2 M Ni(NO3)2.6H2O and 0.1 M Cr(NO3)3.9H2O. Solution B was prepared by 

mixing aqueous solutions of 1 M NaOH and 0.3 M NaNO3. Then, solutions A and B 

were simultaneously mixed (1 ml/min)  together at room temperature and the pH 

of the resultant precipitate was adjusted at 8 ± 0.1 by controlling the addition of 

solution A. Resulting slurry mixture was aged at 338 K for 3 days with vigorous 

stirring. All the reaction courses were carried in N2 atmosphere. After aging, the 

obtained sediment was centrifuged at 6000 rpm for 10 min and washed several 
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times with decarbonated water. The resulting product was freeze-dried for 20 h to 

ensure solid powder form of Ni-Cr-NO3-LDH. 

 

Fig. 3.1: Schematic presentation of Ni-Cr-LDH preparation by coprecipitation 

method. 

 

3.2.3 Materials characterization 

 The powder XRD were obtained from Rigaku miniflex-600 with Cu Kα (λ = 

0.15406 nm)  radiation, operated at 40 kV, with a scanning rate of 1°  min-1  in the 

2θ range from 5° to 70°. FTIR spectroscopy was recorded for the wavenumber 

range from 400 to 4000 cm-1 using by Alpha (II) Bruker unit and used to probe the 

functional groups of the present electrode. Micro-Raman spectroscopy was 

employed to characterize the nature of the chemical bonding in the nanohybrids 

using 532 nm laser excitation wavelength by 2.5 mW power and a 50× objective. 

To study the crystal morphology and layered structure of Ni-Cr-LDH, FESEM (Jeol 

JSM-6700F) and high-resolution transmission electron microscopy/selected area 

electron diffraction (HRTEM/SAED, JEOL JEM-2100F, accelerating voltage of 200 

kV) techniques were used. The oxidation states of the component ions in the Ni-Cr-

LDH were studied using XPS (Thermo, UK, Al Kα). The N2 adsorption-desorption 

isotherms of the Ni-Cr-LDH were obtained with the BET machine (BELSORP mini 

II, Japan). Prior to the measurement, the pore structures of the nanohybrid samples 

were activated at 413 K for 6 h under vacuum.  The electrochemical measurements 

were carried out by Won Tech, ZIVE MP1 electrochemical workstation. 
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3.3 Results and discussion  

3.3.1 XRD study 

 

Fig. 3.2: XRD pattern of pristine Ni-Cr-LDH. 

 Fig. 3.2 represents the powder XRD pattern of Ni-Cr-LDH sample. The Ni-

Cr-LDH display series of well-developed equally spaced (00l) Braggs diffraction 

indicating layered hexagonal structure having R-3m rhombohedral symmetry 

(JCPDS 00-035- 0965). The lattice parameters a = 0.31 nm and c = 0.88 nm for Ni-

Cr-LDH sample are determined according to the least-squares fitting analysis, 

which is in good agreement with the lattice parameters of the nitrate intercalated 

Ni-Cr-LDH phase [14]. The crystallite size, according to Scherrer’s calculation with 

the FWHM of (003) reflections for Ni-Cr-LDH is ~ 20 nm. Judging from the basal 

spacing of Ni-Cr-LDH, the gallery height of Ni-Cr-LDH is estimated as 0.40 nm.  Ni-

Cr-LDH sample shows an in-plane (110) peak and a broad hump at 2θ = ~ 60.2 and 

2θ = ~ 32 to 44, respectively, which are attributed to the development of in-plane 

hexagonal ‘’turbostatic’’ crystal structure [19, 20]. These results provide strong 

evidence of effective synthesis of NO3
1– intercalated Ni-Cr-LDH. The narrow and 

intense diffraction peaks demonstrated good crystallinity of Ni-Cr-LDH material 

which can be useful for synthesizing Ni-Cr-LDH NSs [21]. 

3.3.2 FTIR study 
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Fig. 3.3: FTIR spectrum of Ni-Cr-LDH. 

The FTIR spectrum of Ni-Cr-LDH material is shown in Fig. 3.3. Ni-Cr-LDH 

displays the low-frequency absorption bands in 400−800 cm−1 ((ν1 (515 cm-1), ν2 

(576 cm-1), and ν3 (670 cm-1)) that are associated with stretching and bending 

normal modes of metal-oxygen-hydrogen vibrations and oxygen-metal-oxygen of 

brucite-like Ni-Cr-LDH layers [22-24]. The strong and sharp peak at ν4 (1384 cm−1) 

can be assigned to the asymmetric stretching modes of NO3
1– anions in the 

interlayer galleries of Ni-Cr-LDH [25].  The Ni-Cr-LDH shows broad bands ν6 (3460 

cm-1) and sharp band ν5 (1630 cm-1) are attributed to the stretching vibration of 

the O-H groups and bending vibrational mode of water molecule entrapped in the 

Ni-Cr-LDH NSs, respectively [22, 25].  The present FTIR spectrum of Ni-Cr-LDH 

demonstrates distinct IR features of NO3
1– anion intercalated in Ni-Cr-LDH. Also, 

the FTIR study confirms the structural water present in the prepared Ni-Cr-LDH.

  

3.3.3 Micro-Raman study 

The microscopic structural bonding properties of the Ni-Cr-LDH were 

examined using Raman spectroscopy, as shown in Fig. 3.4. The Micro-Raman 

spectrum of the Ni-Cr-LDH shows the ν1 (311 cm−1) and ν2 (464 cm−1) peaks which 

are ascribed to the Eg and A1g Raman-active vibrational modes of Ni(OH)2, 

respectively [26]. The broad and high-intensity peak ν3 centered on 540 cm−1, 

which is attributed to the superposition of  Cr–O–H bending mode of Cr(OH)3 at 
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530 cm-1 and second-order acoustic mode of Ni(OH)2 at 540 cm–1 [26, 27]. 

Moreover, Ni-Cr-LDH shows characteristic Raman bands at ν4 (712 cm–1) and ν5 

(1050 cm–1) due to the symmetric stretching modes of NO3
– anions [28]. The 

observation of these characteristic features underscores the intercalation of NO3
1– 

anions in Ni-Cr-LDH interlayers.  

                    

Fig. 3.4: Micro-Raman spectrum of the Ni-Cr-LDH. 

 

3.3.4 FESEM study 

 

Fig. 3.5: FESEM micrographs of Ni-Cr-LDH.   

The surface morphologies of the pristine Ni-Cr-LDH sample is studied using 

field FESEM.  As displayed in Fig. 3.5 (a, b), the Ni-Cr-LDH sample displays clusters 

of sheets with compact morphology and negligible porosity. A careful 

topographical examination of micrographs at high magnification discloses that the 

average crystal size of the Ni-Cr-LDH sample is ~180 nm. Such a coarse particle 
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topography is common for co-precipitated hydroxide materials [17, 29-31]. The 

densely compact type of morphology is commonly observable for the pristine LDH 

materials synthesized by the coprecipitation method of 2D inorganic NSs [14]. 

3.3.5 EDS study  

 

Fig. 3.6: The EDS spectrum of Ni-Cr-LDH. 

 The chemical composition of Ni-Cr-LDH is investigated by EDS and presented 

in Fig. 3.6. The EDS spectra confirm the presence of Ni, Cr, and O elements in a 

material without any other impurity. The observed Ni:Cr atomic ratio of 1.9:1 for 

pristine Ni-Cr-LDH is well matched experimental chemical compositions.  

3.3.6 HRTEM study 

The localized nanostructure, morphology, crystal shape and crystal structure 

of the pristine Ni-Cr-LDH were examined by the TEM, HRTEM, and the SAED 

analyses.  As illustrated in Fig. 3.7 a and b, at a low magnification, the TEM images of 

pristine Ni-Cr-LDH show the aggregated plate-shaped dense clusters with lateral 

sizes ranging between 150 to 400 nm. As shown in Fig. 3.7 c and d, at a high 

resolution, the top-view HRTEM images demonstrate the set of equidistant lines 

separated by a spacing of 0.15 nm that are well-matched with (110) in-plane lattice 

fringes of Ni-Cr-LDH. These values are in good agreement with the lattice distances 

determined from the XRD analysis. The crystal structure of Ni-Cr-LDH is further 

confirmed using SAED analysis. The SAED pattern of Ni-Cr-LDH (Fig. 3.8) shows 

diffused diffraction rings which confirm the nanocrystalline nature [32, 33].  
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Fig. 3.7: (a, b) TEM and (c, d) HRTEM images of Ni-Cr-LDH. 

 

 

Fig. 3.8: SAED pattern of Ni-Cr-LDH. 

 

3.3.7 Surface area analysis 

The specific surface area and pore size distribution of the Ni-Cr-LDH sample 

was probed by N2 adsorption-desorption analysis. Ni-Cr-LDH display specific 

surface areas of 14 m2 g-1. As shown in Fig. 3.9, a hysteresis loop was not observed 
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in pristine Ni-Cr-LDH at pp0
–1 > 0.45, indicating the nonporous structure. The Ni-Cr-

LDH shows a type-III isotherm, which is characteristic of nonporous, or possibly 

microporous materials [34]. According to the BJH method, the pore size distribution 

of the Ni-Cr-LDH shows wide distribution of the pores with an average diameter of 

33 nm (shown in Fig. 3.9b). The obtained surface area for the Ni-Cr-LDH sample is 

comparable with the earlier LDH reports [35, 36]. For instance, Gunjakar et al. [37] 

obtained a specific surface area of 15 m2 g−1 for Zn-Cr-LDH sample. BET result 

concluded that the pristine Ni-Cr-LDH is a nonporous structure.  

 

Fig. 3.9: (a) N2 adsorption-desorption isotherms and (b) pore size distribution plots 
of the Ni-Cr-LDH. 
 
3.3.8 XPS study 

The chemical environment and valance state of the elements in the Ni-Cr-

LDH were investigated by XPS analysis. The survey spectrum of XPS for sample Ni-

Cr-LDH is shown in Fig. 3.10 (a). The survey spectrum confirms Ni, Cr, and O 

elements are present in the Ni-Cr-LDH. The Ni 2p spectrum in Fig. 3.10 (b) is fitted 

for two intense peaks at the binding energies of Ni 2p3/2 at 879.34 eV and Ni 2p1/2 

at 855.9 eV along with two satellite peaks at 879.7 eV and 861.6 eV, respectively, 

which indicate Ni2+ oxidation state [38]. Fig. 3.10 (c) shows a high-resolution XPS 

spectrum of Cr 2p region, the two broad peak at 577.3 eV and 587 eV belong to 

spin-orbit splitting into Cr 2p1/2 and Cr 2p3/2, respectively, indicating the trivalent 

oxidation state of the Cr [39]. Further, Fig. 3.10 (d) exhibits XPS spectrum of O 1s, 

the fitted peaks located at binding energies of 531.4 eV and 530.4 are assigned to 

the metal-oxygen species and OH group in Ni-Cr-LDH sample, respectively [40]. 

The XPS study highlighted divalent Ni and trivalent Cr states in Ni-Cr-LDH crystal.  
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Fig. 3.10: (a) Survey, (b) Ni 2p, (c) Cr 2p and (d) O 1s XPS spectra of Ni-Cr-LDH. 
 

3.4 Conclusions 

          In summary, pristine Ni-Cr-LDH was successfully prepared by a simple 

chemical coprecipitation method. PXRD analysis confirmed the successful 

formation of Ni-Cr-LDH.  FTIR and Mico-Raman result confirmed presence of 

intercalated NO3
1- ions in Ni-Cr-LDH. Surface morphological study revealed the 

compact sheet like structure. BET surface area analysis study indicates the 

nonporous structure of the Ni-Cr-LDH sample. The XPS analysis showed Ni, Cr and 

O elemental oxidation states. Also, the chemical composition (molar ratio of Ni and 

Cr element) of Ni-Cr-LDH was confirmed using EDS analysis. The above results 

complement each other and confirm the successful preparation of Ni-Cr-LDH 

material in nitrate form. 
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3.5 Electrochemical performance evaluation of Ni-Cr-LDH 

3.5.1 Substrate and substrate cleaning 

 It is known that a good surface roughness helps the active material uniform 

coating on the substrate. Also, mechanical flexibility, high porosity, excellent 

conductivity, and high surface area of support substrates effectively increase the 

performances of the electrochemical device. Different substrates such as SS, carbon 

cloth, carbon-based paper, Ti foil, graphene sponge, NF, indium doped tin oxide, 

fluorine-doped tin oxide coated substrate, etc. act as a conductive backbone to 

support the active materials in SCs. In this investigation, SS substrate is employed 

as a current collector for loading active electrode material since SS substrate offers 

a 2D surface for coating material and does not participate in an electrochemical 

reaction.  

 Therefore, the SS substrate is suitable for electrochemical capacitor by the 

reason of its low cost, high conductivity, highly chemical stability (in KOH 

electrolyte). The 304 grade SS of dimension 5 X 1 cm2 have been used as the 

substrates. The SS substrates were cleaned according to the following procedure; 

i] The SS substrate was mirror-polished using 1600 grade polish paper. 

ii] After that, substrates were ultrasonically cleaned in DDW for 15 min, and 

iii] Finally, the substrates were dried, degreased in AR grade ethanol, and were 

used for electrode fabrication. 

 

3.5.2 Fabrication of Ni-Cr-LDH electrode 

The electrochemical properties of the Ni-Cr-LDH electrode were 

investigated using a three-electrode electrochemical cell in 2 M KOH electrolyte 

solution. The working electrodes were prepared by mixing the as-synthesized Ni-

Cr-LDH material, acetylene balck (AB), and PVDF with the weight ratio of 80:15:5 

in NMP to make a homogeneous slurry. The prepared slurry was uniformly painted 

on a well-polished SS substrate (1 × 1 cm–2) and vacuum dried at 353 K for 10 h. 

The pristine Ni-Cr-LDH coated on SS substrate was directly used for further 

characterization. Photograph of Ni-Cr-LDH electrode is shown in Fig. 3.11 
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Fig. 3.11: Photograph of Ni-Cr-LDH electrode. 

 

3.6 Experimental setup for electrochemical study  

  

Fig. 3.12: (Left) schematic experimental setup for recording electrochemical study, 
(right) photograph of the electrochemical workstation.  

 

Electrochemical analyses were conducted in the three-electrode 

configuration at room temperature. The Ni-Cr-LDH active material coated on SS 

strip (1 cm2 area) and the platinum mesh were used as working and counter 

electrodes, respectively, and Hg/HgO was used as a reference electrode.  The 

experiment setup for the electrochemical performance evaluation is shown in Fig. 

3.12. The electrochemical studies are carried out using the ZIVE MP1 workstation. 

The electrochemical properties were measured by CV, GCD, and EIS techniques in 

aqueous 2M KOH electrolytes. CV is a powerful technique for deciding redox 

potentials and the types of redox reactions. Further, the GCD technique was used 

to calculate the electrochemical performance of electrode material in terms of 
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specific capacity, ED and PD of electrode. The electrochemical performance was 

calculated from GCD profile using the  equation 2.9, 2.10, 2.11 and 2.12 . 

  

3.7 Results and discussion 

3.7.1 CV study 

The CV curves of the NO3
1– intercalated Ni-Cr-LDH electrode at different 

scan rates (4, 6, 8, 10, 15 and 20 mV s–1) within a potential window of +0.2 to +0.6 

V vs Hg/HgO are shown in Fig. 3.13. The tested electrodes showed pairs of redox 

peaks, suggesting the electrochemical charge storage involving both capacitive and 

diffusion-controlled battery-type of charge storage. The redox peaks are 

discernible between +0.45 to +0.55 V for the Ni-Cr-LDH. These redox peaks 

correspond to the following redox reaction, 

𝑁𝑖(𝑂𝐻)2  +  𝑂𝐻− →  𝑁𝑖𝑂𝑂𝐻 +  𝐻2𝑂 +  𝑒−        (3.1)  

 

Fig. 3.13: The CV plots of Ni-Cr-LDH sample at a different scan rate of 4 to 20 mV 

s-1. 

 The area under peak CV curves increases with scan rate indicating its hybrid 

behavior [44]. The observed asymmetry in area of oxidation and reduction in CV 

curves at high scan rate is a common phenomenon for LDH-based electrodes [45-

49]. Present electrochemical behavior clearly highlight Ni-Cr-LDH electrodes as the 

potential electrode in HSC as a battrey-type electrode [50,51].  

  

3.7.2 GCD study 



Synthesis, Characterization and Electrochemical Performance of Ni-Cr-Layered 
Double Hydroxide and rGO 

 

Chapter 3 Page 90 
 

 

Fig. 3.14: The GCD curves of Ni-Cr-LDH at 1 to 3 A g–1 current density. 

The specific capacity of Ni-Cr-LDH electrodes was determined by the GCD 

technique. The corresponding GCD curves of Ni-Cr-LDH electrodes at different 

current densities (1 to 3 A g–1), in a potential range of 0.0 to +0.5 V vs Hg/HgO (in 

2M KOH electrolyte) are shown in Fig. 3.14. The non-linear behaviour including IR 

drop and prolonged voltage plateau of the GCD curves reveal the battery-type 

charge storage mechanism of the Ni-Cr-LDH electrode [52]. The specific capacity of 

the Ni-Cr-LDH electrode is determined from the GCD plots according to equation 

2.9 are 356, 273, 216, 185, 156 C g-1 at 1, 1.5, 2, 2.5 and 3 A g–1 current density 

respectively. The calculated specific capacity values at different current densities 

are displayed in Fig. 3.15.   

 

Fig. 3.15: The specific capacity of Ni-Cr-LDH at various current densities (1-3 A 

g–1). 
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Moreover, the small potential drop in all the GCD curves observed for Ni-Cr-

LDH electrode due to ESR. The GCD curves exhibit an increasing IR drop with 

increasing current density, which means the electrolyte ions could not fully access 

the active sites of the electrode materials during the electrochemical process. The 

decreasing trend of capacity with increasing GCD rate underlines that the inner 

electrode material is not utilized at a higher GCD rate.    

3.7.3 EIS study  

 

Fig. 3.16: Nyquist plot of Ni-Cr-LDH sample (Inset: fitted equivalent circuit). 

The electrical conductivity was further investigated by EIS analysis and 

presented in Fig. 3.16. The EIS study was carried in the range of 10 mHz to 1MHz 

with an auternating current amplitude of 10 mV at open circuit potential. The 

electrochemical impedance spectral data is fitted with an equivalent electronic 

circuit which is shown in inset of Fig. 3.16. In these circuit, Rs is a solution 

(electrolyte) resistance, Rct is a charge transfer resistance, Wo is a Warburg 

resistance of electrolytic ions, and CPE is a constant phase element to account for 

the capacitance [53, 54]. In the Nyquist plot, a vertical line appears in the low-

frequency region and a semicircle appears in the high-frequency region.  From 

fitting analysis, the values of Rs and Rct are 0.36 Ω and 14 Ω, respectively. The low 

Rs and Rct are attributed to the compatibility between the Ni-Cr-LDH electrode and 

KOH electrolyte.  

3.7.4 Stability study 
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Fig. 3.17: The GCD stability graph of Ni-Cr-LDH electrode for 5000 cycles. 

Another important requirement for electrochemical capacitor application is 

the long-term cyclic stability of the electrode material. Fig. 3.17 shows the cyclic 

stability of the Ni-Cr-LDH sample at 5 A g–1 current density within +0.0 to +0.5V. 

The Ni-Cr-LDH electrode shows excellent cyclic performance with 78% 

capacitance retention of over 5000 GCD cycles.  

 

3.8 Conclusions 

 The electrochemical properties of Ni-Cr-LDH electrodes are investigated in 

2 M KOH solution. The maximum specific capacity of 356 C g–1 at 1 A g–1 current 

density with capacity retention of 78 % ( 5000 GCD cycles) is observed for Ni-Cr-

LDH electrodes. The low electrochemical performance of the Ni-Cr-LDH material is 

assigned to the compact nonporous plate-like morphology and limited gallery 

height.  

 

3.9 Synthesis, characterization and electrochemical performance evaluation 

of reduced graphene oxide  

3.9.1 Introduction 

In recent, different types of carbon materials have been employed as a 

negative (anode) electrode for HSC and which include AC [52] carbon nanotubes 

(CNTs) [53] and rGO [54]. The carbon-based negative electrodes are used to make 

HSC devices because of their high PD, excellent electrical conductivity, strong 
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mechanical properties and good cycling stability [55, 56]. Among these materials, 

rGO provides the high specific surface area with high electric conductivity, strong 

mechanical strength, and good chemical stability [57, 58].  

 

3.9.2 Experimental details 

3.9.2.1 Chemicals 

 Graphite flakes, sodium nitrate (NaNO3), were purchased from Sigma-

Aldrich. Also, hydrogen peroxide (H2O2) and potassium hydroxide (KOH) were 

purchased from Alfa-Aesar. Sulfuric acid (H2SO4), potassium permanganate 

(KMnO4) were purchased from Thomas baker. All the chemicals were AR grade and 

used without further purification.  

3.9.2.2 Synthesis of graphene oxide  

Modified Hummers approach was used to synthesize GO powder [59]. A 

mixed solution of 2.5 g of NaNO3 and 120 ml H2SO4 was prepared first and then 5 g 

of graphite flakes were added with constant stirring. Then the mixture was put in 

an ice bath and 15 g of KMnO4 was slowly added to it. Afterward, DDW (150 mL) 

and H2O2 (3mL) were slowly added to the mixture. To remove unwanted metal 

ions, the prepared solution was centrifuged, washed with 50 ml HCL and 500 ml 

DDW for several times. Further, the precipitate was washed with sufficient DDW to 

adjust pH nearly between 6 to 7. Finally, brownish sediment was collected and 

dried under a vacuum drying. 

 

3.9.2.3 Preparation reduced graphene oxide 

For the preparation of rGO, the well-dispersed 100 ml GO solution (8 mg ml-

1) was heated in the hydrothermal autoclave at 423K for 12h. The prepared rGO 

material was cooled using liquid nitrogen for solidification and freeze-dried for 60 

h. Finally, the rGO foam was obtained and crushed into powder. Then, the slurry 

coating technique already mentioned (section 3.5.2) is followed to prepare rGO 

electrode (anode). 

 

3.9.3 Results and discussion 

3.9.3.1 XRD study 
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Fig. 3.18: Powder XRD patterns of (a) GO and (b) rGO. 

          The powder XRD patterns of (a) rGO and (b) GO are shown in Fig. 3.18. The 

intense characteristic peak at 11.2⁰ corresponds to the (001) plane of GO 

confirming the successful preparation of GO [60]. The broad peak at 24.9⁰ 

corresponds to the (002) plane observed in the XRD pattern of rGO, confirms the 

stacking of GO sheets due to the removal of oxygen-containing groups, and 

indicates the formation of multilayered rGO NSs [61]. A change in 2θ from 11.2 to 

24.9⁰ confirms the successful reduction of GO NSs to rGO nanostructure. 

 

3.9.4 Electrochemical performance of reduced graphene oxide electrode 

3.9.4.1 CV study 

 

Fig. 3.19: The CV curves of rGO electrode at various scan rates.  
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The CV curves of rGO negative electrode within the potential range of 0 to –

1.0 V vs Hg/HgO at different scan rates (5-100 mV s–1) in 2.0 M KOH are shown in  

Fig. 3.19.  The area under the CV curve increases with an increase in scan rate. The 

quasi-rectangular shape of CV curves confirms EDLC based capacitive behavior of 

the rGO electrode. Also, a large and symmetric current response in anodic and 

cathodic direction is observed, which represents EDLC capacitive behavior of rGO 

material. 

3.9.4.2 GCD study 

GCD plots of rGO electrode tested at current density 3 to 8 A g–1 in a potential 

window 0 to –1.0 V vs Hg/HgO and shown in Fig. 3.20. The nearly linear charge-

discharge curves are obtained for rGO electrode, which shows its EDLC behavior. 

The maximum Cs of rGO electrode is found to be 258 F g–1 at 3 A g–1 and it decreased 

up to 104 F g–1 at 8 A g–1, as shown in Fig. 3.21.  The rGO displays the maximum Cs 

of 258 F g–1 (at 3 A g–1), which is attributed to the more conducting channels for the 

charge transportation. 

 

 

Fig. 3.20: The GCD curves of rGO electrode at various current densities (3–8 A  

g–1). 
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Fig. 3.21: The plot of Cs of rGO electrode at different current densities. 

 

3.9.4.3 EIS study 

 

Fig. 3.22: Nyquist plot of rGO electrode.  

Further, the EIS study of rGO electrode was performed to examine its 

electrochemical activity and conductivity. The Nyquist plot of the rGO electrode is 

depicted in Fig. 3.22. The Rs and Rct of the rGO electrode calculated from the EIS 

result are 0.54 Ω and 11.44 Ω, respectively. The low values of Rs and Rct indicate the 

high electrical conductivity and fast charge transfer kinetics of the rGO electrode in 

2M KOH electrolyte. 
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3.9.4.4 Stability study 

 

Fig. 3.23: Capacitance retention of rGO electrode at 5 A g–1. 

 The electrochemical stability (in terms of capacitive retention) of rGO 

electrode tested by GCD analysis for 4000 cycles at 5 A g–1 current density. As 

shown in Fig. 3.23, the rGO electrode shows 76 % capacitive retention after 4000 

cycles. Moreover, the observed decrease in capacitance may be due to the depletion 

of minute active material during cycling. 

3.10 Conclusions 

In summary, rGO NSs were prepared via a modified Hummer’s method 

followed by hydrothermal treatment. The reduction of GO to rGO was confirmed 

by XRD analyses. The rGO electrode showed excellent electrochemical 

performance with a maximum specific capacitance of 258 F g-1 at a current density 

of 3 A g–1. Also, it exhibited good cycling stability (76 %) over 4000 GCD cycles. The 

results suggested that rGO electrode is a promising candidate (anode) for HSC 

application. 
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4.1 Introduction 

The portable electronic equipment in the mobiles, automobiles, defence, 

medical, transportation sectors needs energy storage devices with characteristic of 

high efficiency, capacity and power delivery [1-4]. SCs have emerged as the most 

promising portable EES devices among the available energy storage technologies. 

LDHs are the important type of layered materials that are composed of stacking of 

positively charged metal hydroxide layers and charge balancing interlayer anions 

with water molecules. LDHs demonstrated large potential as an electrochemical 

capacitor electrode owing to their promising properties like tunable chemical 

composition, better electrical conductivity, high ionic exchange capacity, and 

special layered structure with accessible interlayer gallery space for the energy 

storage/conversion [5, 6]. The transition metal LDHs particularly nickel, 

manganese, copper and cobalt-based LDHs are emerged as a battery-type HSC 

electrode materials due to their multiple redox properties and special layered 

structure that can accommodate large amount of charge storing ions [1, 7-11].  

Though Ni-Cr-LDH materials showed as a battery-type HSC electrode 

material, this material suffers from low electrochemical performance due to their 

densely packed gallery space by charge-balancing anions with a high charge-to-size 

ratio. [11, 12]. To circumvent these type of issues, LDHs with expanded gallery 

space have been endeavored via intercalation of bulky organic/inorganic anions or 

hybridized with low dimensional biomolecules/ nanostructures [13-17]. 0D POV 

material from the polyoxometalate (POM) class consists of diversified 

electrochemically active metal elements and possesses negative charges, which 

make it one of the excellent functional components for intercalation in LDHs [1, 

17].  

Hydrolysis of the vanadium precursor produces a variety of POV anions 

with different structures. These POV anionic structures are dependent on their 

concentration and pH [18-20]. Considering polarising power and Lewis 

characteristics of V5+ and H2O, some electrons migrate from the 3a1 orbital of the 

water molecule to the vacant 3d orbitals in V5+, resulting in spontaneous 

acidification and deprotonation of the H2O molecules, as shown by the hydrolysis 

reaction below, 
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[𝑉(𝑂𝐻2)6]5++ ℎ𝐻2𝑂 → [𝑉(𝑂𝐻)ℎ(𝑂𝐻2)6−ℎ]5−ℎ + ℎ𝐻3𝑂+     (4.1) 

The hydrolysis ratio, h, increases with pH in the aforementioned reaction, resulting 

in the formation of aquo, hydroxo, or oxo species. For a 0.1 M aqueous vanadate 

solution, these equilibria are [VO4]3– at pH>13, [V2O7]4– at pH~9-13, [V4O12]4– at 

pH~6.7-9, [V10O28]6– at pH~5.5-6.7. POV anions have long been considered the 

ideal LDHs pillaring agent due to its well-defined ionic size, robust structure, redox 

properties, and variable charge density that is useful to tune LDHs gallery height 

[21]. Taking into account the fact that exfoliation of nitrate intercalated LDHs give 

rise to cationic LDH NSs, the self-assembly between cationic LDH NSs and POV 

anions leads to highly porous structure with unusually expanded surface area, 

gallery height and ordered pillared structure via the formation of self-assembled 

intercalative structure [22, 23]. This type of pillared LDH-POM hybridization can 

be the best way to achieve the high capacity and rate capability for energy storage 

due to their fast and reversible multi-electron redox reactions. 

In this chapter, mesoporous layer-by-layer Ni-Cr-LDH-POV (NCV) 

nanohybrids are synthesized by the electrostatically-driven self-assembly of 

exfoliated Ni-Cr-LDH NSs and POV anions. The evolution of the electrochemical 

performance of Ni-Cr-LDH NSs upon the pillaring of POV anions is investigated 

with accompanying variations of crystal structural and physicochemical 

properties. The HSC device is fabricated with pillared NCV nanohybrid and rGO 

electrodes as a cathode and anode, respectively. To the best of our knowledge, this 

is the first kind of work on the exfoliation of Ni-Cr-LDH and pillared NCV 

nanohybrid and its use in HSC device.   

 

4.2. Experimental details 

4.2.1 Chemicals 

 Nickel nitrate hexahydrate (Ni(NO3)2.6H2O), chromium nitrate 

nonahydrate (Cr(NO3)3.9H2O), sodium nitrate (NaNO3), sodium orthovanadate 

(Na3VO4), sodium hydroxide (NaOH), and formamide (CH3NO) were purchased 

from Sigma-Aldrich. All chemical reagents were used without further purification. 

SS was used as a current collector to fabricate the Ni-Cr-LDH, NCV and rGO 

nanohybrids working electrodes. 
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4.2.2 Exfoliation of Ni-Cr-LDH nanosheets 

 

Fig. 4.1: (a) Photograph of a colloidal suspension of exfoliated Ni-Cr-LDH NSs, a 
laser beam is incident from the side to demonstrate the Tyndall effect and (b) Zeta 
potential curve of Ni-Cr-LDH sample. 
 

As shown in Fig. 4.1(a), the formation of the colloidal suspension of 

exfoliated Ni-Cr-LDH NSs is evidenced by the observation of a clear Tyndall light 

scattering effect when irradiated with a laser beam. Moreover, the formation of 

positively charged Ni-Cr-LDH NSs is confirmed by the Zeta potential measurement 

(Fig.4.1(b)). The obtained Zeta potential of +43 mV indicated the good stability of 

exfoliated Ni-Cr-LDH NSs colloidal suspension. 

 

4.2.3 Synthesis of Ni-Cr-LDH hybridized with POV anions 

The nitrate form of Ni-Cr-LDH was synthesized by conventional co-

precipitation method, as reported previously in chapter-3. The exfoliated Ni-Cr-

LDH NSs colloidal suspension was achieved by the vigorous shaking of Ni-Cr-LDH 

powder (1 mg mL–1) in formamide [24]. 
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Fig. 4.2: Schematic experimental procedure for the preparation of NCV 
nanohybrids. 

 

The pillared NCV nanohybrids were prepared by slow mixing of an aqueous 

solution of POV anions and exfoliated Ni-Cr-LDH NSs suspension with continuous 

stirring at ambient temperature (shown in Fig. 4.2). The spontaneous flocculation 

of cationic Ni-Cr-LDH NSs with POV anions occurred upon mixing, confirming the 

immediate formation of self-assembled NCV nanohybrids. The eventual 

flocculation products of NCV nanohybrid were collected by centrifugation, washed 

with absolute ethanol and formamide, and finally freeze-dried to ensure solid NCV 

nanohybrid product. To prevent contamination of the pristine Ni-Cr-LDH and NCV 

nanohybrids from atmospheric carbonate, all the experiments were carried out 

with decarbonized water and in a schlenk line, which was continuously supplied 

with the N2 gas. Three different POV:Ni-Cr-LDH molar ratios of 1:1, 2:1, and 3:1 

were employed to test the chemical composition effect on their physicochemical 
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properties. The obtained NCV nanohybrids are named NCV-1, NCV-2, and NCV-3, 

respectively.  

4.3 Results and discussion 

4.3.1 XRD study 

 

 

Fig. 4.3: (a) XRD patterns of (i) pristine Ni-Cr-LDH and (ii) NCV-1, (iii) NCV-2 and 
(iv) NCV-3 nanohybrids. (b) structural schematic model of the NCV nanohybrid.  
   

The powder XRD patterns of NCV nanohybrids compared with the pristine 

Ni-Cr-LDH are presented in Fig. 4.3(a). The pristine Ni-Cr-LDH demonstrates a 

characteristic series of (00l) Bragg reflections as evidence of hexagonal layered 

LDH structure with space group R-3 m and rhombohedral symmetry [25]. The 

estimated unit cell parameters a=b=0.31 nm and c=0.88 nm are well-matched with 
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the lattice parameters of NO3
1– intercalated Ni-Cr-LDH phase [12,15]. Like pristine 

Ni-Cr-LDH, all the pillared NCV nanohybrids exhibit a series of (00l) reflections in 

the low 2θ region, indicating an excellent c-axis ordering due to layer-by-layer 

stratification of POV anions and Ni-Cr-LDH NSs, with notable enlargement of basal 

spacing upon hybridization. The standard thickness value of LDH NSs is 0.48 nm. 

Irrespective of the POV:Ni-Cr-LDH ratio, all pillared NCV nanohybrids exhibit an 

expanded gallery height of 0.61 to 0.74 nm, corresponding to the interplanar 

spacings d(00l) of 1.0 to 1.19 nm, respectively. The NCV nanohybrids display 

interplanar spacing of 1.0, 1.19 nm and 1.10 nm for NCV-1, NCV-2 and NCV-3 

nanohybrids, respectively. The expanded interplanar spacing for NCV nanohybrids 

indicates the intercalation of high-nuclearity V4O12
4– anions, as shown in Fig. 4.3(b). 

Along with 00l peak shifting, all NCV nanohybrids show peak broadening, 

indicating only a few NCV crystallites stacked together in the c-axis direction. The 

average NCV crystallite thickness is estimated to be ~9 nm according to Scherrer's 

calculation for the (00l) reflections [26]. In addition, all the NCV nanohybrids and 

pristine Ni-Cr-LDH commonly exhibit the in-plane (110) peak of hexagonal LDHs 

phase at 2θ = ~ 61 and broad hump at ~ 33−42, indicating the maintenance of 

the in-plane structure of Ni-Cr-LDH NSs and distorted turbostratic stacking 

structure of the self-assembled NCV nanohybrids. The XRD pattern confirms the 

layer-by-layer stacking structure of NCV nanohybrids. 

4.3.2 FTIR Study 

The nature of chemical bonding and functional groups of pristine Ni-Cr-LDH 

and NCV nanohybrids is analyzed by FTIR analysis. The FTIR spectra of Ni-Cr-LDH 

and NCV nanohybrids are shown in Fig. 4.4. Ni-Cr-LDH displays the low-frequency 

absorption bands in 400−800 cm−1 ((ν1 (515 cm−1), ν2 (576 cm−1), and ν3 (670 

cm−1)) which are associated with stretching and bending normal modes of metal-

oxygen-hydrogen vibrations and oxygen-metal-oxygen of solitary brucite-like 

layers of Ni-Cr-LDH [27-29]. The strong and sharp peak at ν4 (1384 cm−1) can be 

assigned to the asymmetric stretching of NO3
–1 anions in the interlayer galleries of 

LDH [30]. All NCV nanohybrids show new bands at ν7 (512 cm−1), ν8 (560 cm−1), 

ν9 (744 cm−1) and ν10 (960 cm−1). These bands are ascribed to the 

symmetric/antisymmetric stretching modes of the VOV POV chains and V=O 
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symmetric stretching mode of intercalated POV anions in the Ni-Cr-LDH gallery 

[31-33]. Interestingly, the nitrate and carbonate-related sharp bands (1382 cm−1) 

are significantly quenched upon hybridization, emphasizing negligible 

contamination of NCV nanohybrids with adsorbed carbonate or nitrate anions. All 

the NCV nanohybrids and reference Ni-Cr-LDH show broad bands 6 (3460 cm−1) 

and 5 (1630 cm−1) ascribed to the stretching vibration of the O-H groups and 

bending vibrational mode of water molecule entrapped in Ni-Cr-LDH NSs [27, 30]. 

All the present NCV nanohybrids demonstrate distinct IR features related to POV 

intercalation in Ni-Cr-LDH and intactness of Ni-Cr-LDH monolayers after 

hybridization, underscoring the effective hybridization of Ni-Cr-LDH NSs pillared 

with POV anions. 

 

Fig. 4.4: FTIR spectra of the (a) pristine Ni-Cr-LDH (b) NCV-1, (c) NCV-2 and (d) 
NCV-3 nanohybrids. 

 

4.3.3 Micro-Raman study 

The microscopic structural bonding properties of the pillared NCV 

nanohybrid are studied using Raman spectroscopy, as presented in Fig. 4.5. 
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Fig. 4.5: Micro-Raman spectra of the (a) pristine Ni-Cr-LDH, (b) NCV-1, (c) NCV-2 
and (d) NCV-3 nanohybrids. 

 
The Raman spectrum of the reference Ni-Cr-LDH shows the peaks at ν1 (311 

cm−1) and ν2 (464 cm−1), which are ascribed to the Eg and A1g Raman-active 

vibrational modes of Ni(OH)2, respectively [34]. The broad and high-intensity peak 

ν3 centered on 540 cm−1 is attributed to the superposition of  Cr–O–H bending 

mode of Cr(OH)3 at 530 cm–1 and the second-order acoustic mode of Ni(OH)2 at 540 

cm–1 [29, 30]. Moreover, the reference Ni-Cr-LDH shows the characteristic Raman 

bands at ν4 (1050 cm–1) owing to the symmetric stretching modes of NO3
1– anions 

[34,35]. Similar to reference Ni-Cr-LDH, all NCV nanohybrids display characteristic 

Raman peaks at ν5 (310 cm–1), ν7 (455 cm–1), and ν8 (546 cm–1) which are ascribed 

to the Ni-Cr-LDH NS lattice vibrational modes [34, 36]. The observation of these 

Raman features indicates the intactness of Ni-Cr-LDH NSs after the hybridization 

with POV anions. NCV nanohybrids accompanied by additional mild and high-

intensity broad Raman peaks at ν6 (354 cm–1), and ν10 (931 cm–1), respectively. 

The mild Raman peak ν6 is attributed to the bending mode of VO4
3– [37]. Raman 

peak centred at ν10 (931 cm–1) is formed by the superposition of  ν9 (790 cm−1), 

ν10 (931 cm–1) and ν11 (982 cm–1) peaks which are attributed to the second-order 

vibrational mode of the NiCr(OH)2 lattice, V–O symmetric-stretching vibrational 

mode of the [V4O12]4– and symmetric-stretching vibrations of decavanadate 

[V10O28]6– anions, respectively [26, 38]. Interestingly, the characteristic Raman 
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peak related to stretching modes of NO3
1– anions at 1050 cm–1 is completely 

quenched in the case of NCV nanohybrids, reflecting the absence of NO3
– anions. 

The observed Raman features disclose the pillaring of [V4O12]4– anions in the Ni-Cr-

LDH NSs. 

4.3.4 FESEM study 

 

Fig. 4.6: FESEM images of (a) pristine Ni-Cr-LDH, (b) NCV-1, (c) NCV-2, and (d) 
NCV-3  nanohybrids.  
 

The surface morphologies of the pristine Ni-Cr-LDH and NCV nanohybrids 

are studied using FESEM. The FESEM images of NCV-2 nanohybrid compared with 

the pristine Ni-Cr-LDH are shown in Fig. 4.6. The pristine Ni-Cr-LDH displays 

clusters of sheets like compact morphology with negligible porosity. Conversely, 

the porous morphology composed of randomly aggregated network of nanoplate 

crystallites is observed for the pillared NCV nanohybrids. The FESEM images of 

NCV nanohybrids (Fig. 4.6b-d) clearly show the randomly aggregated nanoplate 

network formed by the edge-to-face interaction of pillared LDH NSs that is quite 

effective for inducing the mesoporosity in NCV nanohybrids. In 

addition, a close examination of these micrographs discloses two regions where 

the restacked NCV crystallites aligned flat and vertical to the beam direction. 
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Judging from the flat alignment, the lateral size range of NCV NSs is estimated as 

~50 to 160 nm.  This type of mesoporous morphology is typically observed for the 

nanohybrid materials synthesized by exfoliation-reassembling of 2D inorganic NSs 

with various guest nanostructures [22, 23]. 

 

4.3.5 HRTEM Study 

The localized nanostructure, morphology, crystal shape and crystal 

structure of the pillared NCV nanohybrids and pristine Ni-Cr-LDH are examined 

by the TEM, HRTEM, and the SAED analyses. As displayed in Fig. 4.7 (a, b) at low 

magnification, the TEM images of pristine Ni-Cr-LDH show the aggregated plate-

shaped dense clusters with lateral sizes ranging between 150 to 400 nm. As shown 

in Fig. 4.7(c, d) at a high resolution, the top-view HRTEM images demonstrate the 

set of equidistant lines separated by a spacing of 0.15 nm that are well-matched 

with the (110) in-plane lattice fringes of Ni-Cr-LDH. 

Alternatively, NCV-2 nanohybrid (Fig.4.7(e,f)) displays randomly 

interconnected thin sheet-like crystallites forming mesoporous structures. As 

shown in Fig. 4.7(h-j), at high resolution, two parallel sets of lattice fringes are 

observable for the NCV nanohybrid. One set is in the top view with an interplanar 

distance of 0.15 nm, and the other set is in the cross-sectional view with a higher 

interplanar distance of ~0.89 nm. The observed interplanar distances from the top 

(0.15 nm) and cross-sectional (0.89 nm) views can be indexed for the (110) and 

(001) planes of hexagonal Ni-Cr-LDH NSs pillared with POV anions, respectively. 

These values are well-matched with the lattice distances estimated from the XRD 

study. A long-range order of lattice fringes >20 nm can be observable for the top 

view, whereas cross-sectional view display only short-range order up to 6 nm. As 

judged from the c-axis lattice parameters, the NCV nanohybrid crystallite 

composed of 6 to 7 Ni-Cr-LDH monolayers pillared with POV anions which are well-

matched with the Scherrer’s calculations and FESEM analysis. The crystal structure 

is further confirmed by SAED analysis. The SAED pattern of NCV (See Fig. 4.8) 

shows diffused diffraction rings corresponding to 110 and 100 diffraction peaks of 

the NCV hexagonal structure [37, 38]. The development of such a crystal structure 
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with mesoporous morphology is commonly observed for the 2D NSs based 

nanohybrids [22, 23]. 

 

Fig. 4.7: (a, b) TEM images of pristine Ni-Cr-LDH, (c, d) top view HRTEM images of 
pristine Ni-Cr-LDH, (e, f) TEM images of NCV-2 nanohybrid, (g, h) top view HRTEM 
images of NCV-2 nanohybrid, (i, j) cross-sectional HRTEM images of the NCV-2 
nanohybrid. 
 

 

Fig. 4.8: The SAED pattern of NCV-2 nanohybrid. 
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4.3.6 Surface area study: 

 

Fig. 4.9: N2 adsorption-desorption isotherms of (a) pristine Ni-Cr-LDH, (b) NCV-1, 
(c) NCV-2 and (d) NCV-3 nanohybrids. 
 

The surface area expansion and the mesoporous development via pillared 

hybridization is probed using N2 adsorption-desorption isotherms analysis and 

pore size calculations. As shown in Fig. 4.9, a distinct hysteresis is observed in NCV 

nanohybrids at pp0
–1 > 0.45, indicating the presence of mesoporous structure. 

According to IUPAC and BDDT classifications, the shape of the isotherm is of type-

IV with H3-type hysteresis loop, which can be ascribed to the well-ordered narrow 

slit-shaped mesopores having high energy of adsorption [26, 39]. Referring to the 

FESEM surface morphology, the observed porosity is originated from the 

mesopores formed by the randomly aggregated nanoplate network morphology of 

NCV nanohybrids. As per the fitting analysis based on the BET equation, the NCV-

1, NCV-2 and NCV-3 nanohybrids possess the expanded surface areas of 34, 44, and 

37 m2g–1, respectively which are much higher than that of pristine Ni-Cr-LDH (14 

m2g–1). The decrease surface area of NCV-3 nanohybrid can be attributed to the 
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deposition of excess POV anions on the edges and surface of the nanohybrid. The 

present results underscore the role of optimum POV content in NCV-2 nanohybrid 

for enabling the maximum surface area of NCV nanohybrids. According to the BJH 

method, the pore size distribution of the NCV nanohybrids shows a wide 

distribution of the pores with an average pore diameter of 28 nm (Fig. 4.10). The 

present wide distribution of the pores is well-matched with mesoporous randomly 

aggregated nanoplate network morphology of NCV nanohybrids. The surface area 

expansion with mesopore formation highlighted the exfoliation-reassembling 

method's significant role in the pore structure modifications of NCV nanohybrids.   

 

Fig. 4.10: Pore size distribution plots of the pristine (a) Ni-Cr-LDH, (b) NCV-1, (c) 
NCV-2, and (d) NCV-3 nanohybrids. 
 

4.3.7 XPS Study  
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Fig. 4.11: (a,b) Survey, (c) Ni2p, (d) Cr2p, (e) O1s, and (f) V2p XPS spectra of (i) 
pristine Ni-Cr-LDH and, (ii) NCV-2 nanohybrid. 
 

Further insight into the surface composition and chemical states of pillared 

POV anions and their influence on the host Ni-Cr-LDH structure is probed by XPS. 

The full survey XPS spectra for the pristine Ni-Cr-LDH and NCV-2 nanohybrid 

shows ( Fig. 4.11(a,b)) the spectral features of the elements Ni, Cr, and O. The high 

resolution XPS spectra of the pristine Ni-Cr-LDH and NCV-2 nanohybrid for Ni, Cr, 

O and V are plotted in Fig. 4.11(c-f). The additional spectral features related to V 
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for the NCV nanohybrids confirm the pillaring of the POV anion between the Ni-Cr-

LDH NSs. As shown in Fig. 4.11(c), pristine Ni-Cr-LDH and NCV-2 nanohybrid 

commonly exhibit two strong peaks at A (855.9 eV) and B (873.4 eV) with 

corresponding satellite peaks at A′ (862.1 eV) and B′ (880 eV), which are assigned 

to the Ni 2p3/2 and Ni 2p1/2 binding energies, respectively. The presence of Ni 2p3/2 

and Ni 2p1/2 peaks separated by a spin-energy difference of 17.5 eV indicates the 

existence of Ni+2 in Ni-Cr-LDH [40]. As plotted in Fig. 4.11 (d), the high-resolution 

Cr 2p spectra show two broad peaks at A (577.3 eV) and B (587.0 eV), 

corresponding to spin-orbit splitting into Cr 2p1/2 and Cr 2p3/2, respectively. The 

binding energy of Cr 2p for pristine Ni-Cr-LDH and NCV-2 nanohybrid samples at 

577.3 eV suggests the trivalent Cr in Ni-Cr-LDH [41]. Interestingly host Ni-Cr-LDH 

and NCV nanohybrid depicted identical XPS features underscoring the intactness 

of Ni-Cr-(OH)2 NSs during the self-assembly. As plotted in Fig. 4.11(e), the O 1s 

spectra of pristine Ni-Cr-LDH and NCV-2 nanohybrid exhibit the broad peak 

centred at A (531.6 eV), which ascribed to the lattice oxygen (530.4 eV), hydroxyl 

group (531.5 eV) and bound water (532.6 eV) [42]. The XPS spectrum of NCV-2 

nanohybrid shows negative skew ascribed to the metal-oxygen bonding in pillared 

POV anions [70]. As illustrated in Fig. 4.11 (f), the V 2p XPS spectra for the NCV-2 

nanohybrid show two spectral features, A (517.1 eV) and B (525.2 eV), owing to 

the V 2p3/2 and V 2p1/2 spin-orbit splitting, respectively [34, 44, 45]. The 

characteristic peak at 517.1 eV highlighted the V+5 state in the pillared [V4O12]4– 

anions. The present XPS results clearly indicate divalent and pentavalent states of 

Ni and V in NCV-2 nanohybrid, respectively, which confirms the maintenance of Ni-

Cr-LDH NSs and intercalation of [V4O12]4– anions during pillared hybridization. 

   

4.4 Conclusions 

 In conclusion, mesoporous nanohybrids of 2D Ni-Cr-LDH NSs pillared with 

POV anions are prepared by the electrostatically driven exfoliation-restacking 

process at ambient temperature. XRD analysis confirms the formation of layer-by-

layer NCV nanohybrid with expanded gallery space. FTIR features confirm the 

maintenance of Ni-Cr-LDH NSs and intercalation of POV anions into the interlayer 

spaces of the Ni-Cr-LDH. The Micro-Raman results confirm the intercalation of POV 

anions in Ni-Cr-LDH. FESEM analysis demonstrated the mesoporous house-of-
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card-type morphology of NCV nanohybrids. HRTEM study clearly demonstrates 

the intercalative stabilization of POV anions into Ni-Cr-LDH with the formation of 

layer-by-layer stacking structure of Ni-Cr-LDH and POV anions. The XPS study 

confirms the formation of NCV-2 nanohybrid by observing oxidation states of Ni, Cr, 

O and V element. The observed surface area and pore size distribution analysis 

revealed the crucial importance of the self-assembly method for tuning the pore 

structure of the resulting NCV nanohybrids. The overall results indicate the 

formation of a well crystalline, mesoporous, and pillared structure of NCV 

nanohybrid.  

 

4.5 Electrochemical performance evaluation of NCV nanohybrids 

4.5.1 Preparation of NCV electrode 

The working electrodes were prepared by mixing the active material (Ni-

Cr-LDH, NCV), AC, and PVDF in a mass ratio of 85:15:5. The mixtures were stirred 

for 1 h in NMP to become homogeneous slurry. Then, a formed slurry is coated on 

SS substrate (1 cm × 1 cm) and dried at 80°C for 12 h. The NCV electrode prepared 

via the above protocol was used as a working electrode in a three-electrode cell for 

electrochemical study. 

 

4.5.2 Results and discussion  

4.5.2.1 CV study  

The effects of pillared POV anions on the capacitive performance of the host 

Ni-Cr-LDH are studied using CV, GCD, and EIS analyses. The electrochemical 

properties of the pristine Ni-Cr-LDH and NCV nanohybrids are studied in an 

aqueous 2 M KOH electrolyte using a three-electrode system with Hg/HgO 

reference electrode and Pt mesh counter electrode. Fig. 4.12 shows the CV curves 

of the pristine Ni-Cr-LDH and NCV nanohybrid electrodes at a scan rate of 10 mV 

s–1. The NCV nanohybrids and pristine Ni-Cr-LDH display a pair of apparent redox 

peaks corresponding to the quasi reversible redox transformation among Ni(OH)2 

and NiOOH according to the redox mechanism (equation 3.1).  



Synthesis, Characterization and Electrochemical Performance of Ni-Cr-LDH 
Hybridised with Polyoxovanadate Anions and HSC 

 

Chapter 4 Page 117 
 

 

Fig. 4.12: The comparative CV curves of Ni-Cr-LDH and NCV nanohybrid electrodes 
at a scan rate of 10 mV s–1. In this panel Ni-Cr-LDH (black), NCV-1 (red), NCV-2 
(green) and NCV-3 (blue) nanohybrids. 
 

The presence of these redox peaks highlights the hybrid electrochemical 

charge storage mechanism comprising diffusion-controlled (battery) and EDLC 

(capacitive) type charge storage. Compared with pristine Ni-Cr-LDH, the NCV 

nanohybrid electrodes enclose larger area under CV, reflecting their higher charge 

storing ability. The pillaring of Ni-Cr-LDH with POV anions leads to the partially 

shifting of cathodic peaks towards the negative potential and anodic peak towards 

the positive potential and broadening redox peaks. This effect elucidates the 

improved accessibility of NCV nanohybrid electrodes for the percolation of 

electrolyte ions and adequate current amplification upon the intercalation of POV 

anions. Moreover, a significant variation in the area enclosed by CV with pillared 

POV content is observable for NCV nanohybrids. NCV-2 nanohybrid with POV:Ni-

Cr-LDH molar ratio of 2:1 displays the highest area under the CV amongst NCV 

nanohybrids.  The NCV-3 nanohybrid with excess pillaring of POV anions shows a 

pernicious effect on its energy storing ability, which can be observed from the 

decrease area under CV. The advantages of NCV-2 nanohybrid over the other NCV 

nanohybrids indicate the crucial importance of optimum POV anions content for 

improving the electrode performance of NCV nanohybrids. 
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Fig. 4.13: CV curves of (a) pristine Ni-Cr-LDH, (b) NCV-1, (c) NCV-2, and (d) NCV-
3 nanohybrid electrodes at various scan rates from 4 to 20 mV s–1. 

 

The variation of CV shape, current response and redox peak potentials with 

the scan rate for pristine Ni-Cr-LDH and NCV nanohybrids are plotted in Fig. 4.13. 

The redox peaks are shifted towards more positive potential with scan rate, 

highlighting the hybrid charge storage mechanism involving both capacitive and 

diffusion-controlled battery type charge storage. The capacitive and diffusion-

controlled component can be resolved using the electrochemical kinetics study 

conferring to the following relation, 

  𝑄𝑡  =  𝑄𝑠  +  𝑐𝑣−1/2                      (4.1)                                                                                          

Where Qt is the total voltammetric charge, Qs is the capacitive surface charge, c is 

the constant, and ν is the scan rate. 
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Fig. 4.14: (a) Plots of total charge (Qt) enclosed under CV against the reciprocal of 
the square root of the potential scan rate. (b) The fraction of the capacitive (solid) 
and diffusion-controlled (pattern) contributions of Ni-Cr-LDH and NCV 
nanohybrids (values in bar assigned for the respective charge contributions), in a, 
and b panels Ni-Cr-LDH (black), NCV-1 (red), NCV-2 (green), and NCV-3 (blue) 
nanohybrids. 

 

By plotting the Qt vs (ν)–1/2 (Fig. 4.14 (a)) for the reasonable range of 

sweep rates (4 to 20 mV s–1), the capacitive surface charge (Qs) can be 

resolved by extrapolating ν to infinity assuming semi-infinite linear diffusion. 

The estimated capacitive (solid columns) and diffusion-controlled (pattern 

columns) fractions of NCV nanohybrids compared to pristine Ni-Cr-LDH are 

plotted in Fig. 4.14 (b). At a high scan rate of 20 mV s–1, pristine Ni-Cr-LDH, 

NCV-1, NCV-2, and NCV-3 nanohybrids display the high surface capacitive 

contribution of 25, 64, 42 and 30 %, respectively. In contrast, at a scan rate 
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of 4 mV s–1, they show the low capacitive contribution of 13, 43, 25 and 15 %, 

respectively. Thus, all NCV nanohybrids, along with pristine Ni-Cr-LDH, 

display significant Qs and Qd charge contributions at high and low scan rates. 

Moreover, all the NCV nanohybrids demonstrate a substantial fraction of Qs 

charge storage compared to the pristine Ni-Cr-LDH. This fraction increases 

with scan rate, suggesting easy intercalation of electrolyte ions in NCV 

nanohybrids. The significant Qs charge storage contribution in NCV 

nanohybrids demonstrates faster charge transfer kinetics due to the 

expanded gallery height and surface area of NCV nanohybrids via pillared 

hybridization.  

  

4.5.2.2 GCD study 

 

Fig. 4.15: GCD curves of pristine Ni-Cr-LDH and NCV-1, NCV-2, NCV-3 nanohybrids 
at current density of 1 A g–1. 

 
Additionally, the beneficial effect of the pillared hybridization of Ni-Cr-LDH 

monolayer with POV anions is tested by GCD measurements. The GCD profiles of 

NCV nanohybrids and Ni-Cr-LDH electrodes at the current density 1 A g–1 within 

an operating potential window of +0.0 to +0.5 V vs Hg/HgO are shown in Fig. 4.15. 

Pristine Ni-Cr-LDH electrode displays typical nonlinear GCD curve and vivid 

discharge plateau with specific capacity of   356 C g–1 at 1 A g–1. The nonlinear GCD 

curve with vivid discharge plateau is assigned to the reversible faradaic reactions. 

Analogous to pristine Ni-Cr-LDH electrode, all NCV nanohybrids demonstrate 
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similar GCD curves with prolonged charging-discharging times, indicating 

enhanced charge storing capacities upon pillared hybridization.   

 

Fig. 4.16: The GCD curves of (a) pristine Ni-Cr-LDH and (b) NCV-1, (c) NCV-2, (d) 
NCV-3 nanohybrid electrode at different current densities (1-3 A g–1). 

 
The charge storing ability of pristine Ni-Cr-LDH and NCV-2 nanohybrid is 

further evaluated by performing GCD measurements at different current densities 

(1 to 3 A g–1), depicted in Fig. 4.16. In contrast to pristine Ni-Cr-LDH, NCV-2 

nanohybrid shows superior charge storage characteristics at distinct current 

densities.  
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Fig. 4.17: Specific capacity of pristine Ni-Cr-LDH, NCV-1, NCV-2, and NCV-3 
nanohybrids at different current densities (1 to 3 A g-1). 

 

The specific capacity vs current density (1 to 3 A g–1) plot of Ni-Cr-LDH and 

NCV-2 nanohybrid (Fig. 4.17) displays decrement in specific capacity values with 

respect to increasing charge-discharge current densities. The specific capacity 

values of NCV-1, NCV-2, and NCV-3 nanohybrids are 754, 1060, and 920 C g,–1 

respectively, as compare to pristine Ni-Cr-LDH electrode (356 C g–1 at 1 A g–1). The 

increased specific capacities of NCV nanohybrids are ascribed to the easy ion 

diffusion between the electrode and electrolyte due to expanded gallery height and 

formation of mesoporous randomly aggregated nanoplate network morphology of 

NCV nanohybrids. The pillaring of bulky tetra-charged POV anions (V4O12
4–) with a 

high charge to size ratio in NCV nanohybrids occupy less gallery space than mono-

charged NO3
1– anions in pristine Ni-Cr-LDH, leading free accessible interlayer 

gallery space in NCV nanohybrids for the accelerated ion diffusion and charge 

storage.  The NCV-2 nanohybrid electrode delivered the highest specific capacity 

as compared to other NCV nanohybrids underscoring the crucial role of optimum 

POV content on the charge storing ability of NCV nanohybrids. Further increase of 

pillaring POV content in NCV-3 nanohybrid shows the pernicious effect on specific 

capacity as a result of cloaking deposition of excess POV anions at edges and 

surface of NCV-3 nanohybrid. The electrochemical performance of NCV nanohybrid 

is comparable to or better than the reported LDH-based materials, listed in Table 
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1.1 (see chapter 1). Therefore, the NCV-2 nanohybrid with optimum POV content 

is regarded as the best electrode composition to enhance electrochemical activity. 

 

4.5.2.3 EIS study 

 

Fig. 4.18: Nyquist plots of pristine Ni-Cr-LDH, NCV-1, NCV-2 and NCV-3 
nanohybrids (inset: fitted circuit and magnified view of Nyquist plots). 

 

To examine the effect of POV pillared hybridization on the charge transport 

rate kinetics, EIS measurements are carried out, and resultant Nyquist plots, 

simulated equivalent circuit and their magnified views in the higher frequency 

region are shown in Fig. 4.18. All of the NCV nanohybrid electrodes and pristine Ni-

Cr-LDH show partially overlapping semicircles and inclined lines in the high-

frequency and low-frequency regions associated with the Rct and Rs, respectively. 

In the Nyquist plot, the opening point of the semicircle and diameter of 

extrapolated semicircle represents the Rs and Rct, respectively. The Rs and Rct values 

are extracted using the curve simulation and fitting analysis. In contrast to the Rs 

and Rct (0.46 & 14.18) of pristine Ni-Cr-LDH, the NCV nanohybrids show smaller 

Rs and Rct values of (0.38 & 5.55 ), (0.34 & 4.9 ) and (0.37 & 5.15 ) for NCV-

1, NCV-2 and NCV-3, respectively. As judged from the surface area analysis, all NCV 

nanohybrids displayed similar surface areas, consequently smaller values of Rs and 

Rct, indicating improved electrical conductivity of the NCV electrodes upon pillaring 

of POV anions. Moreover, in the low frequency region, all the NCV nanohybrids 

display a steeper straight line than the reference Ni-Cr-LDH, demonstrating low 
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Warburg impedance that allows easy diffusion of electrolyte ions in NCV 

nanohybrids electrode.  

4.5.2.4 Stability study  

 

Fig. 4.19: The plot of capacity retention of pristine Ni-Cr-LDH and NCV-2 
nanohybrid electrode at 5 A g-1 for 5000. 

 

Also, the cycling stability of pristine Ni-Cr-LDH and NCV-2 nanohybrid 

electrodes is assessed at a current density of 5 A g–1 for 5000 GCD cycles (See Fig. 

4.19). NCV-2 nanohybrid electrode exhibits superior cycling stability (82%) than 

the pristine Ni-Cr-LDH electrode (78%). Subsequently, the remarkable 

electrochemical performance improvement in NCV nanohybrids is attributed to 

the easy electrolyte ions diffusion and improved electrical conductivity.  Present 

single electrode electrochemical performance of NCV nanohybrids vividly 

represents advantages of NCV nanohybrids as a redox electrode in HSC.  

 

4.6. Electrochemical performance of hybrid supercapacitor device 

4.6.1 Hybrid supercapacitor device fabrication 

The HSC device was fabricated using the NCV nanohybrid coated SS foil as 

the positive electrode (cathode) and rGO coated on SS as the negative electrode 

(anode) in a 2M KOH aqueous electrolyte. Before making HSC, the mass ratio 
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between positive to negative electrodes were balanced using the following 

equation, 

𝑚+

𝑚−
 = 

𝐶− × ∆𝑉−

𝐶+× ∆𝑉+
           (4.3) 

In above equation m+, C+ and, m–, C– are the masses and specific capacities of the 

positive (NCV) and negative (rGO) electrodes, respectively. ∆𝑉+ and ∆𝑉− are the 

working voltage windows of the positive and negative electrodes, respectively. 

Using this equation, the optimal mass ratio of Ni-Cr-LDH to rGO electrodes was 

calculated as 1:2.92.  

 

Fig. 4. 20: Schematic illustration of NCV-2‖rGO HSC. 

To estimate the potential of self-assembled nanohybrid electrodes for real-
time applications, the full cell HSC was assembled that comprises NCV-2 
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nanohybrid and rGO as a cathode and anode, respectively, as presented in Fig. 4.20. 
An aqueous 2M KOH is used as an electrolyte.    

4.6.2 CV study 

                     

Fig. 4.21: CV curves of NCV-2 (red) nanohybrid electrode and rGO (black) at a 
scan rate of 20 mV s–1. 

 

As NCV nanohybrid and rGO electrodes have different specific charge 

capacities, to ensure the maximum specific capacity and voltage window of HSC, 

there is of utmost necessity to balance the charges between both electrode 

materials before assembling the HSC. The charge balance for both electrode 

materials while assembling NCV-2‖rGO HSC can be achieved by adjusting the mass 

loading ratio of the cathode and an anode. Detail information about mass balancing 

is given in the previous section. NCV nanohybrid electrode demonstrates a battery 

type charge storage mechanism in the potential window of 0.2 to 0.6 V vs Hg/HgO. 

Hence, it is expected that full cell NCV-2‖rGO HSC can be operated in the voltage 

window of +1.6 V. The CV graphs of NCV-2 nanohybrid and rGO NS electrode at a 

scan rate of 20 mV s–1 in different potential windows are shown in Fig.4.21. 

 



Synthesis, Characterization and Electrochemical Performance of Ni-Cr-LDH 
Hybridised with Polyoxovanadate Anions and HSC 

 

Chapter 4 Page 127 
 

                  

Fig. 4.22: CV curves of the HSC performed in different potential windows at 100 
mV s–1. 

To ascertain the proper voltage window for assembled full cell NCV-2‖rGO 

HSC, CV measurements are performed at varying potential windows at a constant 

sweep rate of 100 mV s–1 in aqueous 2M KOH electrolyte, and corresponding CV 

graphs are presented in Fig. 4.22. The CV profiles of NCV-2‖rGO HSC within the 

voltage windows of 0-1.2 V to 0-1.6 V do not show any polarization phenomenon; 

thus, the potential window of  0 to 1.6 is selected for the proper operation of NCV-

2‖rGO HSC with optimum ED and without any operational distortions.   

 

Fig. 4.23: CV curves of HSC device at different sweep rates from 5 to 100 mV s–1. 
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Also, CV curves of NCV-2‖rGO HSC are recorded at various scan rates (5 to 

100 mV s–1) within the potential window of 0-1.6 V, and obtained results are shown 

in Fig. 4.23. CV curves at various scan rates clearly validate involvement of both the 

battery and the EDLC type charge storage processes in NCV-2‖rGO HSC. Moreover, 

the area under the CV curves and characteristic response current linearly increase 

with scan rates, strongly suggesting equal charge delivery by both electrodes, with 

superior reversibility.  

4.6.3 GCD study 

 

Fig. 4.24: (a) GCD curves at current densities 2-6 A g–1, (b) the plot of Cs verses 
current densities. 

 

To probe the charge storing capabilities and fast delivery of NCV-2‖rGO 

HSC, GCD measurements are executed at different current densities (2 to 6 A g–1), 

as shown in Fig. 4.24(a). Resultant GCD curves demonstrate the virtually linear and 

symmetric behavior of the charging-discharging curves, representing the excellent 

reversibility of the nanohybrid electrode materials. Additionally, NCV-2‖rGO HSC 

exhibits discharge curves with longer charge-discharge times, indicating superior 

electrode-electrolyte interaction that enhances the charge storing ability of HSC. In 

addition, GCD curves do not exhibit any potential drop while discharging 

intercourse suggests superior electrical conductivity of the electrode and better 

electrolyte compatibility. As NCV-2‖rGO HSC demonstrated capacitive 

characteristics, the performance is also calculated in terms of Cs. The NCV-2‖rGO 
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HSC displays the highest Cs of 162.5 F g−1 at a current density of 2 A g–1 that 

decreased up to 37 F g–1 with higher current densities, as depicted in Fig. 4.24(b). 

 

4.6.4 Ragone plot 

          

Fig. 4.25: Comparative Ragone plot related to the ED and PD of the HSC device 
with available literature. 

 

Figure 4.25 shows the Ragone plot of the NCV-2‖rGO HSC. The NCV-2‖rGO 

HSC delivered the highest ED of 57.78 Wh kg–1 with a PD of 1.59 kW kg–1. Obtained 

values are much superior as compared recently reported HSC, such as  NiAl-

LDHs/rGO‖AC (ED:15.4 W h kg–1 ; PD:230 W kg–1) [46], CoMn-LDHs‖AC (ED:4.4 W 

h kg–1 ; PD:2500 W kg–1) [47], NiAl-LDHs‖AC (ED:21 W h kg–1 ; PD:800 W kg–1) [48], 

B-CoNi-LHSs‖AC (ED:31.7 Wh kg−1 ; PD:780 W kg−1) [8], NiCoO2‖AC (ED:38.4 W h 

kg–1 ; PD:800 W kg–1) [49], NiAl-LDH-NF‖GNS-NF (ED:30.2 Wh kg–1 ; PD:800 W kg–

1) [10], NiV LDH‖AC(ED:30.6 Wh kg−1 ; PD:0.78 kW kg–1) [11], and ZIF-67-LDH-

CNP-110‖AC (ED:33.29 Wh kg–1 ; PD:0.15 kW kg–1) [50]. The superior performance 

of NCV-2‖rGO HSC can be attributed to the expanded surface area, high electrical 

conductivity and optimum charge balance of constituent NCV-2 and rGO 

electrodes. Moreover, expanded gallery height and mesoporous randomly 

aggregated nanoplate network morphology of NCV nanohybrids enables rapid 

diffusion of electrolyte ions in the interior of NCV-2 cathode and perform charge 
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storing redox reactions. Ultimately, the present NCV-2‖rGO HSC display superior 

performance than the recently reported LDH based cathodes.  

4.6.5 Cycling stability 

 

Fig. 4.26: Cycling stability plots for the HSC device, The inset shows the initial and 
final GCD cycles at a current density of 5 A g–1. 

 

The capacitance retention and Coulombic efficiency vs cycle number of NCV-

2‖rGO HSC subjected to 10,000 GCD cycles are shown in Fig. 4.26. NCV-2‖rGO HSC 

exhibited superior electrochemical durability by showing remarkable capacitance 

retention of 87% and good Coulombic efficiency of 98% after being subjected to 

10,000 GCD cycles at a current density of 5 A g–1, underscoring its superior 

functionality for high-energy and power applications. 

4.6.6 EIS study 

Fig. 4.27 shows the Nyquist plot corresponding to the NCV-2‖rGO HSC 

before and after 10,000 GCD cycles.  The NCV-2‖rGO HSC shows Rs values of 0.74 

and 1.12  and Rct values of 8.85 and 14.35 , before and after cycling, 

respectively. Superior conductivity and accelerated diffusion kinetics of 

electrolytic ions during electrochemical reactions are suggestive outcomes of low 

resistance values showed by NCV-2‖rGO HSC. Moreover, EIS analysis also revealed 

a prominent role of POV intercalative hybridization in improving the charge 

transfer kinetics. The exceptional electrochemical characteristics of NCV-2‖rGO 

HSC are not only attributable to the favourably expanded inter-gallery spacing and 
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randomly aggregated nanoplate network morphology but also to the considerably 

lower resistance value of the NCV-2‖rGO HSC that is affirmed by the EIS analysis. 

 

       

Fig. 4.27: Nyquist plots for the NCV-2‖rGO HSC before (red) and after (green) 
stability (Inset: fitted circuit). 

 

4.6.7 Practical demonstration of HSC 

             

Fig. 4.28: Actual demonstration of the NCV-2‖rGO HSC. 

 

The practical application of the NCV-2‖rGO HSC device is demonstrated by 

charging two serially linked devices for 30 seconds at a constant potential of +3.2 

V and turning on an LED lamp, as shown in Fig. 4.28. The blazing intensity of white 
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LEDs, in particular, suggests that the NCV-2‖rGo HSC device has a high power 

capacity, while the extended brightening time interval of LEDs suggests that it has 

a higher energy storing capacity. This demonstration clearly implies the enormous 

potential of the device as the most promising energy storage device in a verities of 

portable electronic application. 

4.7 Conclusions   

In summary, mesoporous nanohybrids of 2D Ni-Cr-LDH NSs pillared with 

POV anions were synthesized by electrostatically driven exfoliation-restacking 

process and investigated electrochemical activity. The highest specific capacity of 

1060 C g–1 at a current density of 1 A g–1 was obtained for NCV nanohybrid 

electrode, which was much higher as compared to that of pristine Ni-Cr-LDH (356 

C g–1). The scalable enhancement of the EES capability of NCV nanohybrids is 

attributed to the mesoporous house-of-cards-type interconnected network 

morphology and increased freely accessible gallery space with high electrical 

conductivity and facilitated ions diffusion pathways. Also, the remarkable 

electrochemical performance improvement in NCV nanohybrids is attributed to 

the easy electrolyte ions diffusion and improved electrical conductivity thereof. 

Present single electrode electrochemical performance of NCV nanohybrids vividly 

represents the effectiveness of POV pillared hybridization as a redox electrode 

material in HSC.  

The HSC with NCV as a positive electrode and rGO as a negative electrode 

delivered an outstanding Cs of 162.5 F g–1 at a current density of 2 A g–1. 

Additionally, the HSC exhibited an ED of 57.78 Wh kg–1 at a PD of 1.59 kW kg–1 and 

efficient cycling stability for 10,000 charge-discharge cycles. The commercial 

applicability of NCV-2‖rGO HSC is assessed by performing a demonstration to 

power up the LED lamp. The NCV-2‖rGO HSC device exhibits excellent ED as well 

as PD, good rate capability with superior cyclic stability and these features suggest 

significant potential of NCV-2‖rGO HSC for application in various portable and 

flexible electronic devices.  
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5.1 Introduction 

 Hybridization of nanostructured inorganic materials with functional guest 

species can provide an effective synthetic strategy to design novel multifunctional 

nanohybrid materials with improved performances [1, 2]. 2D inorganic NSs 

derived from the exfoliation of layered inorganic crystals are excellent 2D 

platforms for hybridization with various guest species. Hybridization of exfoliated 

2D inorganic NSs with high interfacial coupling is advantageous for fine-tuning of 

physicochemical properties, chemical bonding natures of hybridized components, 

surface features and electronic properties, which ensures the usefulness of 

resultant hybrid materials for multifunctional applications [3]. Among the various 

application areas, inorganic NS-based nanohybrid materials are highly 

advantageous as the electrode material in the EES devices specially in Li-ion 

batteries and supercapacitors [3-8]. The hybrid superstructures of host 2D 

inorganic NSs and functional guest nanoclusters prepared via electrostatically 

driven self-assembly based on intercalative hybridization route would likely 

propose some novel and efficient electrode materials for electrochemical energy 

storage devices. 

 LDH represents an important class of 2D layered materials that has been 

vividly explored for many applications [9]. Features like facile tunability of the 

chemical composition, unique anion intercalated layered structure, ion exchange 

properties, multiple redox states of constituent elements are some of the worth-

mentioning properties of LDHs that ensures their huge potential as a battery-type 

electrode in HSC [10]. However, the performance of the LDH based electrodes is 

limited by the loss in the electroactive surface area affected by particle aggregation 

and compact layered structure [11]. To address these difficulties, substantial 

research has been conducted to synthesize LDHs with expanded surface area and 

enlarged interlayer gallery height via intercalation of a variety of bulky anionic 

inorganic and organic guest species [12-14]. Recently reported self-assembly 

strategy of exfoliation of LDH into cationic NSs and restacking them with anionic 

guest species provides excellent control over the chemical composition and more 

open porous structure of LDHs [15]. POMs are the anionic 0D metal-oxygen 

clusters that possesses multiple redox states and excellent electrochemical 

properties, which can be the best choice as a guest for intercalative hybridization 
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[16]. Moreover, they have the ability to act as a stable multielectron acceptor 

having tunable structures and properties as per particular demands with well-

defined molecular dimensions [17, 18]. In order to develop advanced HSC devices, 

novel electrode materials are continuously explored that can deliver high ED with 

the desired PD. Therefore, the HSC device, which consists of battery and capacitive-

type electrodes, is currently under development to overcome the energy gap 

restriction. A suitable combination of these two types of electrodes in terms of the 

charge balance can broaden the working potential window, resulting in a higher 

capacity as well as better ED [19, 20]. In this regard, HSC with the battery-type 2D 

LDH based nanohybrid cathode can provide a high ED. In contrast, the well-known 

carbonaceous anode can provide EDLCs with a high PD and long cycle life.  

 This work proposes a novel approach for preparing prospective electrode 

material for efficient HSC devices with high energy density. Layer-by-layer Ni-Cr-

LDH-POW (NCW) nanohybrids are synthesized via electrostatic self-assembly 

between cationic Ni-Cr-LDH NSs and anionic polyoxotungatste (POW) 

nanoclusters through the exfoliation-reassembling method. The effects of POW 

hybridization on the electrochemical activity, crystal structure, and 

physicochemical properties of the pristine Ni-Cr-LDH are investigated. The 

proposed NCW nanohybrids deliver markedly superior electrochemical activity in 

aqueous electrolytes, suggesting their potential application as an electrode for the 

fabrication of HSCs. For validation, the aqueous HSC device is fabricated with the 

NCW nanohybrid and rGO NSs as a battery (cathode) and capacitive type (anode) 

electrodes, respectively and, their electrochemical properties are extensively 

evaluated. Moreover, the practical viability of the HSC device is also demonstrated 

by powering LED lamp. 

 

 5.2 Experimental details 

5.2.1 Chemicals 

 Nickel nitrate Ni(NO3)2, chromium nitrate Cr(NO3)3, sodium tungstate 

(Na2WO4), sodium nitrate (NaNO3), and sodium hydroxide (NaOH) purchased from 

Sigma-Aldrich were used without additional purification. 
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5.2.2 Synthesis of Ni-Cr-LDH hybridized with polyoxotungstate anions (NCW) 

 Pristine Ni-Cr-LDH in NO3
1– form and its exfoliation was achived according 

to previous Chapter-III [21]. The self-assembled NCW nanohybrids were 

synthesized by the drop-wise addition of the aqueous solution of POW anions to 

the formamide suspension of Ni-Cr-LDH NSs under constant stirring at ambient 

temperature. The flocculation product of NCW nanohybrid was restored by 

centrifugation at 7000 rpm. The resulting product was washed with formamide 

and absolute ethanol and, finally, freeze-dried to ensure a solid NCW nanohybrid 

product. To avoid carbonate contamination from solvents, all of the preparation 

processes in this study were carried out in an N2 atmosphere and decarbonated 

water. 

 

Fig. 5.1: Schematic of the exfoliation-reassembling route for the preparation of  
NCW nanohybrids. 
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The schematic representation of the exfoliation-restacking process is 

shown in Fig. 5.1. For the synthesis of NCW nanohybrids, three distinct POW: Ni-

Cr-LDH molar fractions of 1:1, 2:1, and 3:1 were used to investigate the effect of 

chemical composition variation on their physicochemical properties. The prepared 

NCW nanohybrids are labeled as NCW-1, NCW-2, and NCW-3, correspondingly. 

5.3 Results and discussion 

5.3.1 XRD study 

 

Fig. 5.2: XRD patterns of (i) pristine Ni-Cr-LDH, (ii) NCW-1, (iii) NCW-2, and (iv) 
NCW-3 nanohybrids.  
 

The powder XRD patterns of the self-assembled NCW nanohybrids in 

comparison with pristine Ni-Cr-LDH are plotted in Fig. 5.2. The pristine Ni-Cr-LDH 

shows well-developed basal reflections (00l) with the hexagonal LDH phase having 

R-3m space group rhombohedral symmetry. The lattice constants of pristine Ni-Cr-

LDH, a = 0.31 nm and c = 0.88 nm are estimated from least-squares fitting, which 

matches well with the NO3
1– intercalated LDH structure [24]. All NCW nanohybrids 

show similar series of (00l) Bragg reflections. After self-assembly with POW, (00l) 

reflection series of the pristine Ni-Cr-LDH is shifted towards the low-angle region, 

demonstrating the intercalation of POW anions in-between the Ni-Cr-LDH NSs and 

expansion of interlayer spacing. The self-assembled NCW nanohybrids 

demonstrate c-axis parameters of 1.07, 1.14, and 1.05 nm, indicating expanded 

gallery heights of 0.62, 0.69, and 0.60 nm for NCW-1, NCW-2, and NCW-3 
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nanohybrids, respectively, higher than pristine Ni-Cr-LDH (0.43 nm). Interestingly, 

such expansion of gallery height is independent from POW/Ni-Cr-LDH fraction, 

indicating high tolerance of POW anions in NCW. The pristine Ni-Cr-LDH and NCW 

nanohybrids display the (110) peak at 61°and a broad hump peak extended over 

32-43°, which underscore the conservation of the Ni-Cr-LDH NSs in-plane 

structure and turbostatic stacking structure. 

5.3.2 FTIR study 

 

Fig. 5.3: FTIR spectra of the (i) pristine Ni-Cr-LDH (ii) NCW-1, (iii) NCW-2, and 
(iv) NCW-3 nanohybrids. 
 

FTIR spectroscopy were used to study nature of chemical bonding, 

microscopic structural variations and the type of intercalated POW anions in NCW 

nanohybrids. As shown in Fig. 5.3, the pristine Ni-Cr-LDH and NCW nanohybrids 

commonly show characteristics absorption peaks at 1 (515 cm–1), 2 (576 cm–1), 

3 (670 cm–1),4 (1384 cm–1),5 (1625 cm–1),6 (3451 cm–1). The broad 

adsorption peaks at 6 and 5 are ascribed to the O-H stretching vibrations and 

bending vibrational modes of interlayer water molecules, respectively [27]. The 

intense absorption peak 4 is attributed to the N-O stretching vibrations of NO3
–1 

ions which is significantly quenched in NCW nanohybrids, indicating negligible 

contamination of carbonate or nitrate anions in NCW nanohybrids [24]. The 1, 2, 

and 3 peaks in the low-frequency region (800-400 cm–1) are ascribed to the lattice 

vibrational modes, the M-O-M vibrations and the M-O-H vibrations in the Ni-Cr-
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LDH NS [28]. On the other hand, the NCW nanohybrids show additional absorption 

peaks at 7 (818 cm–1) and 8 (894cm–1) assigned to symmetric and asymmetric 

stretching modes of W-O-W chains of intercalated POW anions, respectively [29]. 

The presence of these characteristic IR features confirms the intercalation of POW 

anions in the Ni-Cr-LDH. 

5.3.3 Micro-Raman study 

 

Fig. 5.4: Micro-Raman spectra of the (i) pristine Ni-Cr-LDH (ii) NCW-1, (iii) NCW-
2, and (iv) NCW-3 nanohybrids. 
 

As illustrated in Fig. 5.4, the pristine Ni-Cr-LDH and NCW nanohybrids 

exhibits characteristic Raman features ν1 to ν10 correspond to Ni(OH)2, Cr(OH)3, 

NO3
–, and 0D-POW species. The pristine Ni-Cr-LDH and NCW nanohybrids 

commonly exhibit characteristic Raman peaks at ν1 (311 cm–1), ν2 (460 cm–1), and 

ν3 (540 cm–1). The sharp peaks ν1 and ν2 are ascribed to the Eg and A1g lattice 

vibrational mode of Ni(OH)2, respectively [17]. The characteristic peak of the 

symmetric stretching vibrational mode of NO3
–1 at ν4 clearly highlights the 

intercalation of the NO3
–1 ions in the pristine Ni-Cr-LDH [30]. The broad peak ν3 is 

attributed to the superposition of Cr-O-H bending mode of Cr(OH)3 at 530 cm–1 and 

the second-order acoustic mode of Ni(OH)2 at 540 cm–1 [17, 31]. All NCW 

nanohybrids show typical Raman peaks at ν5 (313 cm–1), ν7 (461 cm–1), and ν8 

(542 cm–1), which attributed to the Ni-Cr-LDH NS lattice vibrational modes, similar 

to the pristine Ni-Cr-LDH [17, 31]. Moreover, NCW nanohybrids show mild Raman 
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peak ν6 (356 cm–1) ascribed to the bending mode of W-O of POW chains, confirming 

the intercalation of POW anions in NCW nanohybrids [32]. The broad high intense 

peak ν10 is formed by the superposition of peaks at 930 and 960 cm–1, which are 

ascribed to the W=O vibrational-mode of (WO4)2– and (W7O24)6– anions, 

respectively [33]. The present Raman features clearly highlight the intercalation of 

(W7O24)6– anions in NCW nanohybrids. 

5.3.4 FESEM study  

 

Fig. 5.5: FESEM images of the (a) pristine Ni-Cr-LDH, (b) NCW-1, (c) NCW-2, and 
(d) NCW-3 nanohybrids. 
 

FESEM analysis was used to examine the topography of the pristine Ni-Cr-

LDH and NCW nanohybrids. The pristine Ni-Cr-LDH shows (5.5a), compact sheet 

like non-porous morphology, which is commonly observed in LDH synthesized by 

coprecipitation method [24].  As shown in Fig. 5.5, NCW nanohybrids commonly 

demonstrate highly porous morphology composed of interconnected sheet-like 

crystallites formed by the edge-to-face interaction of reassembled LDH NSs. A close 

inspection of micrographs reveals that the estimated average lateral size of the 

NCW NSs is ~45 nm and thickness ~4 nm, with small scrolling of edges to reduce 
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the surface energy. The estimated thickness of ~4 nm proposes the presence of 

about ~8 staked monolayers of Ni-Cr-LDH. The interconnected sheet-like 

crystallites connected by edge-to-face interaction, creating mesoporous spaces 

around 15 to 70 nm are shown in Fig. 5.5(b-d). This type of randomly 

interconnected sheet surface morphology is common for the self-assembled 

nanohybrids prepared via exfoliation-restacking of 2D nanoplates with various 

NSs [7, 25, 26]. 

 

5.3.5 EDS study 

 

Fig. 5.6: (left) FE-SEM images and (right) EDS elemental maps of the (a) NCW-1, 
(b) NCW-2, and (c) NCW-3 nanohybrids.  
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The chemical composition and the distribution of constituent elements of 

NCW nanohybrids and Ni-Cr-LDH at the nanometer scale was examined by the EDS 

and elemental analyses (Fig. 5.6, 5.7, and 5.8). All nanohybrids display uniform 

distribution of nickel (Ni), chromium (Cr), tungsten (W), and oxygen (O) elements 

over the entire mapping area, confirming the homogeneous intercalation of the 

POW anions in the Ni-Cr-LDH without any phase separation. Based on the EDS and 

elemental mapping analyses, the chemical compositions of NCW nanohybrids 

along with pristine Ni-Cr-LDH are estimated as Ni0.66Cr0.34(OH)20.34(NO)3yH2O, 

Ni0.67Cr0.33(OH)20.04(W7O24)yH2O, Ni0.68Cr0.32(OH)20.09(W7O24)yH2O, and 

Ni0.70Cr0.30(OH)20.12(W7O24)yH2O for Ni-Cr-LDH, NCW-1, NCW-2, and NCW-3 

nanohybrids, respectively.  

 

 

 

Fig. 5.7: EDS-elemental mapping and (centre) FESEM images of the (a) NCW-1, 
(b) NCW-2, and (c) NCW-3 nanohybrids. 
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Fig. 5.8: EDS spectra of (a) pristine Ni-Cr-LDH, (b) NCW-1, (c) NCW-2, and (d) 
NCW-3 nanohybrids. 

 
5.3.6 HRTEM study 

The crystal morphology, and the layer-by-layer stacking structure of the 

pristine Ni-Cr-LDH and NCW nanohybrids at nanometer scale was studied by the 

TEM and HRTEM technique. The TEM images of pristine Ni-Cr-LDH display plate 

shaped dense clusters with lateral width ranging from 150 to 400 nm, as depicted 

in chapter 3, Fig. 3.8. As shown in Fig. 5.9a and b, the plane view TEM images of the 

NCW-2 nanohybrid clearly display thin NS crystallites forming an interconnected 

mesoporous structure. As illustrated in the Fig. 5.9 c and d, the plane view HRTEM 

images of the NCW-2 nanohybrid show the set of parallel lines separated by a 

distance of 0.15 nm which are well-matched with the (110) in-plane lattice 

parameters of Ni-Cr-LDH (JCPDS card, No.74-1057). At high resolution, two 

parallel zones of lattice fringes for the NCW-2 nanohybrid are clearly visible. One 

type is in the top view with a spacing of 0.15 nm and extended over the ~2.1 nm 

range. The observed fringe distance is in good agreement with the in-plane (110) 
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lattice parameters. Other zone extended over a distance of ~6 nm with larger 

separation distance of 0.9 nm is shown in Fig. 5.9e, f. The observed fringe distance 

of cross-sectional view is well matched with c-axis lattice parameter calculated 

from the XRD study. The cross-sectional HRTEM images display only short-range 

zone of lattice fringes up to ~5 nm, indicating that 5 to 6 Ni-Cr-LDH NS are 

restacked together with POW anions. These results clearly highlight the 

intercalation of POW anions within the Ni-Cr-LDH NSs gallery.  

 

 
Fig. 5.9: (a, b) TEM images of NCW-2 nanohybrid, (c, d) top view HRTEM images of 
NCW-2 nanohybrid, (e, f) cross-sectional HRTEM images of the NCW-2 nanohybrid. 
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5.3.7 Surface area study 

The porosity and surface area of the pristine Ni-Cr-LDH and NCW 

nanohybrids were probed by BET N2 adsorption and desorption isotherms 

analysis. As plotted in Fig. 5.10, except pristine Ni-Cr-LDH, a distinct hysteresis is 

observed in all nanohybrids at pp0
–1 > 0.45, indicating the presence of mesoporous 

structure. 

 

Fig. 5.10: N2 adsorption-desorption isotherms of (a) pristine Ni-Cr-LDH, (b) 
NCW-1, (c) NCW-2, and (d) NCW-3 nanohybrids. 
 

According to IUPAC classification, NCW nanohybrids display type IV 

isotherm with a H3 type hysteresis. The observed combination of type IV isotherm 

with a H3 type hysteresis is attributed to the presence of well-ordered slit-shaped 

mesopores having a high energy of adsorption with narrow and wide sections [38]. 

This highlights that most of the porosity is originated from the mesoporous nature 

formed by the interconnected stacking structure of LDH NSs [7, 25]. These results 
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are well-matched with the surface morphological results [7]. The specific surface 

areas for NCW-1, NCW-2, and NCW-3 nanohybrid are found to be, 24, 30, and 27 

m2 g–1, respectively which are larger than that of the pristine Ni-Cr-LDH (14 m2 g–

1). According to the BJH analysis method, the NCW nanohybrids display the wide 

pore distribution in the 2 to 50 nm range of pores, as shown in Fig. 5.11. The wide 

pores in NCW nanohybrid indicate the multiple origin of pores from intercalative 

stacking structure as well as interconnected NS surface morphology of NCW 

nanohybrids. 

 

 

Fig. 5.11: Pore size distribution plots of the (a) pristine Ni-Cr-LDH (b) NCW-1, (c) 
NCW-2, and (d) NCW-3 nanohybrids. 
 

5.3.8 XPS study 

The XPS was used to probe chemical composition and characteristics 

within materials. 
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Fig. 5.12: (a) Survey, (b) Ni2p, (c) Cr2p, (d) O1s, and (e) W4f  XPS spectra of 
pristine Ni-Cr-LDH, NCW-1, NCW-2, and NCW-3 nanohybrids. 
 

The full survey XPS spectra of NCW nanohybrids (Fig. 5.12a) display 

characteristic XPS features at the binding energies of the elements Ni, Cr, O and, W.  

The high-resolution XPS spectra of the pristine Ni-Cr-LDH and NCW nanohybrids 
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for Ni, Cr, O and W are plotted in Fig. 5.12(b-e). As illustrated in Fig. 5.12b, Ni-Cr-

LDH and NCW nanohybrids exhibit two strong peaks of Ni 2p3/2 (855.9eV) and Ni 

2p1/2 (873.4 eV), with a spin-energy difference of 17.5 eV and satellite peaks at P’ 

(861.6 eV) and Q’ (879.7 eV) which indicates the divalent Ni in the Ni-Cr-LDH NS 

[17, 34]. The Cr 2p spectra Ni-Cr-LDH and NCW nanohybrids (Fig. 5.12c) show two 

broad peaks corresponding to Cr 2p1/2 (P =587.0 eV) and Cr 2p3/2  (Q=577.3 eV). 

The binding energy (BE) of Cr 2p at 587.0 eV is attributed to Cr3+ in Ni-Cr-LDH NS 

[35]. The O 1s broad spectra of Ni-Cr-LDH and NCW nanohybrid samples (Fig. 

5.12d) is centered at BE of P (531.4 eV), which is ascribed to the lattice oxygen 

(530.4 eV), hydroxyl group (531.5 eV) and bound water (532.6 eV) [36]. 

Furthermore, as shown in Fig. 5.12e, high-resolution W 4f core-level spectra which 

are only discernable for NCW nanohybrids, show doublet at P (35.3 eV) and Q (37.7 

eV) due to the W 4f7/2 and W 4f5/2. The presence of doublets at BE values of P and 

Q indicates W-O bond configuration and is observed typically for W6+ in the POW 

chains [37]. The observed XPS characteristic confirms the intercalation of the POW 

anions into the interlayer space of the Ni-Cr-LDH. 

 

5.4 Conclusions 

In conclusion, mesoporous nanohybrids of 2D Ni-Cr-LDH NSs hybridized 

with POW anions are prepared by the electrostatically driven exfoliation-

restacking process at ambient temperature. Powder XRD and HRTEM analysis 

confirmed the formation of layer-by-layer stacking of Ni-Cr-LDH NSs and POW 

anions. FESEM microscopy and BET analysis revealed house-of-card type 

morphology and mesoporous structure of NCW nanohybrids.  EDS mapping result 

shows the presence of all constituent elements (Ni, Cr, and W) which are uniformly 

distributed across the entire part of the elemental mapping area of NCW 

nanohybrids. Present elemental mapping results demonstrate the homogeneous 

hybridization of the Ni-Cr-LDH NSs and POW anions without any spatial phase 

separation. FTIR, Micro-Raman features, and XPS analysis indicate the 

maintenance of Ni-Cr-LDH NSs and intercalation of POW anions into the interlayer 

spaces of the Ni-Cr-LDH.  

 

 



Synthesis, characterization and electrochemical performance evaluation of Ni-Cr-
LDH hybridized with POW anions and HSC 

 

Chapter 5 Page 150 
 

5.5 Electrochemical performance evaluation of NCW nanohybrids 

5.5.1 Preparation of NCW electrodes 

The active materials (Ni-Cr-LDH or NCW), AB, and PVDF were mixed together in 

an 80:15:5 mass ratio for fabrication of working electrodes. The mixtures were 

grounded for 1 h in NMP to become homogeneous slurry. Further, it was used to 

prepare the HSC electrode by simple doctor blade method on SS substrate, and 

finally dried in a vacuum oven at 80°C for 6h. 

 

5.5.2 Results and discussion  

5.5.2.1 CV study  

 To examine the potential application of the as-prepared pristine Ni-Cr-

LDH and NCW nanohybrids, the samples were designed for EES electrodes and 

characterized by using CV, GCD, and EIS measurements. Fig. 5.13 displays CV 

curves of Ni-Cr-LDH and NCW nanohybrids electrodes at sweep rate of 20 mV s–1. 

All the tested electrodes show well-defined redox peaks due to redox transition of 

Ni+2/Ni+3 between Ni(OH2) and NiOOH according to following reaction mechanism 

(equation 3.1).  

 

 

 

Fig. 5.13: The comparative CV curves of pristine Ni-Cr-LDH, NCW-1, NCW-2, and 
NCW-3 nanohybrid electrodes at a scan rate of 20 mV s–1. 
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 Interestingly, NCW nanohybrid electrodes show larger current 

distribution than the pristine Ni-Cr-LDH electrode, indicating the beneficial role of 

POW intercalation for improved charge storage in NCW nanohybrids. Improved 

electrode performance of NCW nanohybrids is attributed to the high surface area 

interconnected sheets morphology and high access of bulk electrode material due 

to expanded gallery space of NCW nanohybrids. Among the NCW nanohybrids, 

NCW-2 nanohybrid shows the highest current under CV highlighting the 

importance of optimum POW content for the improvement of electrochemical 

activity of NCW nanohybrids. The effect of scan rate on CV profiles for pristine Ni-

Cr-LDH and NCW nanohybrids is examined by varying the scan rate from 4 to 20 

mV s–1, as shown in Fig. 5.14.  

 

 
Fig. 5.14: CV curves of (a) pristine Ni-Cr-LDH (b) NCW-1, (c) NCW-2, and (d) NCW-
3 nanohybrid electrodes at various scan rates from 4 to 20 mV s–1. 
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 The integral area under CV with shifting of cathodic peak towards positive 

potential and anodic peak towards negative potential can be clearly discernible 

with increasing scan rates. This further indicates the presence of both capacitive 

and diffusion-controlled battery-type charge storage mechanisms in pristine Ni-Cr-

LDH and NCW nanohybrids. Further to explore the charge storage kinetics for all 

electrodes, an attempt was made to quantify the individual contribution of the 

diffusion-controlled Faradaic and the surface-dominant capacitive (non-Faradaic) 

responses to the total charge accumulated in these materials [39, 40]. Total charge 

(Qt) stored by an electrode can be resolved as contribution from surface-capacitive 

(Qs) and diffusion-controlled (Qd) charges as shown in equation (4.2), 

 From a graph of Qt versus ν −1/2 (Fig. 5.15), the fraction of outer Qs can be 

judged by the Y-axis intercept at infinite scan rate. The high scan rates CV curves 

(>20 mV s–1) are not included in the fitting to avoid polarization effects [41].  

 

 

Fig. 5.15:  The Plots of total gravimetric charge against the reciprocal of the square 
root of potential sweep rate for pristine Ni-Cr-LDH(black), NCW-1(red), NCW-
2(green), and NCW-3(blue) nanohybrids. 
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Fig. 5.16: The fraction of the capacitive (solid) and diffusion-controlled (pattern) 
contributions of pristine Ni-Cr-LDH (black), NCW-1(red), NCW-2(green), and 
NCW-3(blue) nanohybrids (values in bar assigned for the respective charge 
contributions). 
  

 Distinct contributions of Qs and Qd to the total charge stored in pristine Ni-

Cr-LDH and NCW nanohybrid electrodes are illustrated in Fig. 5.16.  At low scan 

rate of 4 mV s–1, pristine Ni-Cr-LDH, NCW-1, NCW-2, and NCW-3 nanohybrids 

display a low surface capacitive contribution of 13, 26, 50, and 34%, respectively, 

while at higher scan rate of 20 mV s–1 they show high capacitive contribution of 25, 

54, 76, and 65%, respectively. These results indicate dominance of diffusion 

controlled processes at lower scan rate and capacitive processes at higher scan 

rate. All the NCW nanohybrids display higher charge storage with increased 

capacitive charge contribution as compared to the pristine Ni-Cr-LDH indicating 

rapid charge storage and delivery kinetics in NCW nanohybrids. The superior 

charge transfer kinetics of NCW nanohybrids can be attributed to the high surface 

area interconnected sheet morphology with expanded interlayer space of NCW 

nanohybrids. 

 

5.5.2.2 GCD study 

 Further, GCD measurement was used to investigate the charge storage 

performance of the pristine Ni-Cr-LDH and NCW nanohybrid samples (Fig. 5.17).   
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Fig. 5.17: GCD curves of pristine Ni-Cr-LDH, NCW-1, NCW-2, and NCW-3 
nanohybrids at current density of 1 A g–1.  
 

 The pristine Ni-Cr-LDH shows a non-linear charge-discharge profile with 

characteristic plateau and sudden potential drop, indicating battery-type charge 

storage mechanism [20]. On the other hand, all the NCW nanohybrids exhibit non-

linear charge-discharge profile with longer charging and discharging times, 

revealing the pseudocapacitive charge storage behavior of NCW nanohybrids. The 

specific capacities of tested electrodes were calculated from equation 2.9. The 

specific capacities of 476, 736, and 570 C g–1 were estimated for NCW-1, NCW-2, 

and NCW-3 nanohybrids, respectively, which are significantly higher than that of 

the pristine Ni-Cr-LDH (356 C g–1). The NCW-2 nanohybrids with optimum POW 

exhibit a maximum specific capacity of 736 C g–1 which is consistent with the CV 

analysis. 

 In addition, the GCD performance of pristine Ni-Cr-LDH and NCW 

nanohybrid electrode at various current densities was measured to study the 

charge transfer kinetics and results are shown in Fig. 5.18. The specific capacities 

for all electrodes decrease with charging-discharging current density, indicating 

the less utilization of active material at fast charging-discharging rates. In contrast 

to the pristine Ni-Cr-LDH with decrease of specific capacity from 296 C g–1 at 1 A g–

1 to 75 C g–1 at 5 A g–1, the NCW-2 nanohybrid displays the specific capacity of 736 
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C g–1 at 1 A g–1 that decreases to 416 C g–1 at 5 A g–1, indicating high-rate capability 

of NCW nanohybrids (Fig. 5.19).  

 

Fig. 5.18: The GCD curves of (a) pristine Ni-Cr-LDH, (b) NCW-1, (b) NCW-2, and (c) 
NCW-3 nanohybrid electrode at different current densities (1-5 A g–1). 
 
   

 

Fig. 5.19: Specific capacity of pristine Ni-Cr-LDH, NCW-1, NCW-2, and NCW-3 
nanohybrids at different current densities (1 to 5 A g-1). 



Synthesis, characterization and electrochemical performance evaluation of Ni-Cr-
LDH hybridized with POW anions and HSC 

 

Chapter 5 Page 156 
 

 
 The high rate capability of NCW nanohybrids is ascribed to the increase 

gallery space upon the POW intercalation, together with the formation high surface 

area interconnected sheet morphology as they are expected to enable the easy 

diffusion of electrolyte ions at the interior of Ni-Cr-LDH. Present electrode 

performance of NCW nanohybrids underscores the advantage of exfoliation-

restacking strategy for the enhancement of electrochemical performance.  

 Further, the comparative study reveals that the electrochemical 

performance of NCW nanohybrid is far superior to that of the previously reported 

Ni-based LDH and their hybrid materials (listed in chapter 1-Table 1.3. and 1.4). 

This novel nanohybrid demonstrates its applicability as a potentially appealing 

electrode material for high performance electrochemical energy storage system. 

Considering the obtained results, it is concluded that the enhancement in the 

electrochemical performance of pristine LDH material can be achieved by rational 

intercalation of POW anions in Ni-Cr-LDH. The unique integrated architectures 

obtained by above strategy substantially expand freely accessible interlayer gallery 

space of the Ni-Cr-LDH lattice, leading accelerated redox-reactions and facilitated 

diffusion of electrolytic ions. Electrostatically driven self-assembly between 

monolayer host LDH NSs and guest POW anions induces superstructures with 

interconnected sheet-like structured morphology, having plenty of redox-active 

sites that further contribute to superior electrode performance nanohybrid 

materials. 

5.5.2.3 EIS study 

 The charge transport features of pristine Ni-Cr-LDH and NCW-2 

nanohybrid were investigated using the EIS analysis and corresponding Nyquist 

plots with curve simulation fitting analysis are displayed in Fig. 5.20. Both pristine 

Ni-Cr-LDH and NCW-2 nanohybrid display characteristic semicircle and a straight 

line at high and low frequency regions, respectively. The diameter of semicircle and 

its intercept on Zre axis at high frequency side signifies the Rct and Rs, respectively. 

In contrast to Ni-Cr-LDH with higher Rs (0.46 Ω) and Rct (14.20 Ω), the NCW-2 

nanohybrid shows lower Rs (0.42 Ω) and Rct (8.18 Ω) with steeper slope of the 

straight line in low frequency region. The observed low values of Rs and Rct, with 

steeper slope of the straight line in low frequency region in NCW-2 nanohybrids 
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clearly indicate higher electrical conductivity of the nanohybrids electrodes with 

lower resistance (Warburg impedance) for electrolyte ion diffusion. These features 

are attributed to the expanded gallery height and porous interconnected 

morphology of NCW nanohybrid that enables easy charge transfer into nanohybrid 

lattice.  

 

 

Fig. 5.20: Nyquist plots of pristine Ni-Cr-LDH (black) and NCW-2 (green) 
nanohybrid (inset: fitted circuit). 
 
 
5.5.2.4 Stability study 

 

Fig. 5.21: GCD stability graph of pristine Ni-Cr-LDH and NCW-2 nanohybrid 
electrode for 5000 cycles. 
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 The cycling stability of pristine Ni-Cr-LDH and NCW-2 nanohybrid is 

estimated by performing GCD tests at a 5 A g–1, as presented in Fig. 5.21. The NCW-

2 nanohybrid exhibits a good capacity retention of 81% over 5000 continuous GCD 

cycles as compared to the pristine Ni-Cr-LDH (capacity retention of 78% over 5000 

cycles) electrode. 

 

5.6. Electrochemical performance evaluation of hybrid supercapacitor 

device 

To validate the capability of NCW nanohybrids at real-time device, the HSC 

device with a full cell configuration was fabricated using rGO as the anode and 

NCW-2 nanohybrid as the cathode in aqueous 2 M KOH solution, the corresponding 

HSC cell is denoted NCW-2‖rGO HSC as shown in Fig. 5.22.  

 

Fig. 5.22: Schematic illustration of NCW-2‖rGO HSC device. 
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Considering excellent performance, NCW-2 nanohybrid was used for the 

HSC cathode. Prior to construction of HSC, the electrochemical performance of rGO 

was evaluated with a half-cell configuration by CV, GCD, and EIS tests. The 

electrochemical capacitive performance of rGO is provided in chapter 3rd. For 

stable and efficient working of HSC device, the charge balance between anode and 

cathode was attained by adjusting the active electrode mass of respective 

electrodes using equation 4.3. 

 

5.6.1 CV study 

 

Fig. 5.23: The CV curves of rGO (black) and NCW-2 (red) nanohybrid electrode at 
a scan rate of 10 mV s–1. 
 

As shown in Fig. 5.23, judging from the individual working potential 

windows of (0 to -1 V versus Hg/HgO) rGO and (0.15 to 0.6 V versus Hg/HgO) NCW-

2 nanohybrid electrodes, the NCW-2‖rGO HSC can expect to operate up to 1.6 V. 

The operating voltage limit for NCW-2‖rGO HSC was fixed by measuring CV curves 

within various voltage windows between 0 and 1.7 at 100 mV s–1 (Fig. 5.24).  
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Fig. 5.24: CV curves of the HSC performed in different potential windows at 100 
mV s–1. 

The NCW-2‖rGO HSC operates between 0 to 1.6 V CV without any 

polarization of electrolyte. The effect of scan rate on CV shape and current response 

is shown in Fig. 5.25. The current under CV curves increases with scan rate without 

any shape alteration and redox peak positions, indicating the rapid charge storage 

and delivery with good reversibility of NCW-2‖rGO HSC [42]. 

  

Fig. 5.25: The CV curves of HSC at different sweep rates from 5 to 100 mV s–1.  
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5.6.2 GCD study 

 

Fig. 5.26: (a) GCD curves at current densities 2-6 A g–1, (b) The plot of Cs verses 
current densities of HSC device. 

 

The Cs, ED and PD of NCW-2‖rGO HSC were assessed by measuring the GCD 

curves at various current densities, as shown in Fig. 5.26(a, b). The NCW-2‖rGO 

HSC delivers a Cs of 120 F g–1 at a current density of 2 A g–1 with maximum ED of 

43 Wh kg–1 at PD of 1.3 kW kg–1.  

5.6.3 Ragone plots  

 

Fig. 5.27: Comparative Ragone plot the NCW-2‖rGO HSC device with available 
literature. 
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The electrochemical performance of this device is competitive or even 

superior to recently reported HSCs such as  NiAl-LDH-rGO‖AC (15.4 Wh kg–1 @ 

0.23 W kg–1) [43], CoMn-LDHs‖AC (4.4 Wh kg–1 @  2.5 kW kg–1) [44], NiAl-LDHs‖AC 

(21 Wh kg–1 @  0.8 kW kg–1) [45], NiCoO2‖AC (38.4 Wh kg–1 @ 0.8 kW kg–1) [46], 

ZIF-67-LDH-CNP-110‖AC (33.29 Wh kg–1 @ 0.15 kW kg–1) [47], NiAl-LDH-

NF‖GNS-NF (30.2 Wh kg–1 @ 0.8 kW kg–1) [48], and NiV LDH‖AC (30.6 Wh kg−1 @ 

0.78 kW kg–1) [49], which are represented in Ragone plot, Fig. 5.27. 

5.6.4 Stability study 

Moreover, the rate capability, cycling stability of HSC is shown in Fig. 5.28 

and 5.29. As plotted in Fig. 5.28 even after subjecting to high charge-discharge 

current densities, the NCW-2‖rGO HSC retains the high-capacity with negligible 

capacity fading.  

 

Fig. 5.28: The capacity rate capability of the HSC device with lower to higher and 
reverse back to the different current density.  
 

The cycling stability and coulombic efficiency of NCW-2‖rGO HSC 

monitored over 10000 GCD cycles at 5 A g–1 are shown in Fig. 5.29 (inset shows 

initial and final five GCD cycles). The NCW-2‖rGO HSC retains 84% of the initial 

specific capacity and ~97% coulombic efficiency after 10000 GCD cycles, indicating 

excellent cycling stability and reversibility of both NCW-2 and rGO electrodes.   



Synthesis, characterization and electrochemical performance evaluation of Ni-Cr-
LDH hybridized with POW anions and HSC 

 

Chapter 5 Page 163 
 

 

Fig. 5.29: Cycling stability/coulombic efficiency plots for the HSC device. The inset 
shows the initial and final five GCD cycle at a high current density of 5 A g–1. 
 

5.6.5 EIS study 

 

Fig. 5.30: Nyquist plot (Inset: fitted circuit) for the HSC before (red) and after 
(blue) stability.  
 

 The EIS plots of NCW-2‖rGO HSC device before and after 10000 GCD cycles 

are shown in Fig. 5.30 (Inset: best fitted circuit). Based on the fitting analysis before 

cycling NCW-2‖rGO HSC exhibits Rs and Rct of 0.53 and 19.5 Ω, respectively. 

Moreover, after cycling the NCW-2‖rGO HSC upholds the Rs and Rct of 0.58 Ω and 



Synthesis, characterization and electrochemical performance evaluation of Ni-Cr-
LDH hybridized with POW anions and HSC 

 

Chapter 5 Page 164 
 

31.2 Ω, respectively. The lower values of Rs and Rct indicate a high electrical 

conductivity and fast charge transfer reaction, respectively. 

5.6.6 Practical demonstration of HSC 

Practical application of NCW-2‖rGO HSC device prototype was tested by 

lightening up LED lamp (Fig. 5.31). All of these findings emphasize the potential of 

this simple and straightforward technique for next-generation eco-friendly 

sustainable energy storage with power output device using nanohybrid materials.  

 

Fig. 5.31 Photograph of practical demonstration of HSC device. 

 

5.7 Conclusions 

In summary, we demonstrated the preparation of a novel NCW nanohybrid 

electrode material via exfoliation-reassembling based electrostatic self-assembly 

strategy for high ED HSCs. We have successfully fabricated aqueous HSC device 

comprising mesoporous NCW nanohybrid as a cathode and rGO as an anode with 

KOH electrolyte. The 2D intercalative layered nanohybrids exhibited enhanced 

electrode activity, thereby underscoring the beneficial influence of controlled POW 

intercalation on the electrochemical performance of pristine Ni-Cr-LDH. The 

optimized NCW-2 nanohybrid electrode delivered the highest specific capacity of 

736 C g–1. The synergetic enhancement in the electrochemical activity of Ni-Cr-LDH 

upon POW intercalation is not only attributed to the formation of highly 
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mesoporous interconnected network microstructure, but also to the expansion of 

freely accessible large interlayer space for effective intercalation-deintercalation 

of electrolytic ions. The NCW-2‖rGO HSC device exhibited the highest Cs of 120 F 

g–1 at 2 A g–1 current density, a high ED of 43 Wh kg−1 while delivering 1.33 kW kg−1 

PD, and long-term cycling stability (over 84% after 10000 GCD cycles). Based on 

the outstanding electrochemical performance delivered by HSC device, it is 

proposed that the highly mesoporous nanohybrid materials obtained by above 

synthetic strategy could pave a new way to fabricate efficient energy storage 

devices with both high ED and PD. 
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6.1 Introduction 

Energy storage via batteries and SC focuses on an enormous amount of 

research activity due to their usefulness in new-generation electric automobiles, 

portable electronics, healthcare, and defense equipment [1–3]. SCs or 

electrochemical capacitors garnered colossal attention because of their advantages 

like high power delivery, extended cycle life, good operational safety, and high rate 

characteristic [4]. However, the lower ED associated with commercially available 

carbon-based SCs cannot meet the requirement of advanced applications, 

especially hybrid electric vehicles [5]. Thus, numerous efforts are put forward on 

the HSCs with one pseudocapacitor or battery-type and other EDLC-type electrode 

[6–11]. As SCs electrode materials design significantly impacts its performance, 

exploration of the novel electrode materials possessing characteristics of high ED, 

PD and electrochemical stability is the key to achieving desired electrochemical 

performance. The expanded surface area carbon-based materials perform 

exceptionally well as an EDLC-type electrode in HSC [12]. However, materials like 

transition metal oxide, hydroxides, and conducting polymers are potential 

pseudocapacitive or battery-type electrode materials in HSC [13–16].  

LDHs are a class of 2D lamellar compounds, which comprise stacking of 

positively charged brucite-like metal hydroxide monolayers and charge-balancing 

anions sandwiched between the monolayers. LDHs are regarded as high-

performance pseudocapacitive or battery-type SCs electrodes due to their unique 

properties like flexible chemical composition, anions intercalated layered 

structure, and tunable interlayer space [17,18]. Though many efforts have been 

taken to improve the electrochemical activity of LDHs-based electrodes, their 

performances are far below theoretical capacity due to their compact stacking 

structure, low surface area, and conductivity [19]. Consequently, several attempts 

have been made to hybridize LDHs with carbonaceous materials to enable high 

conductivity and electrochemical stability [20–22]. These research efforts mainly 

included direct growth or anchoring of LDHs on carbonaceous materials, in which 

control of chemical composition, particle size, surface area, morphology, and 

stacking structure are critical factors.   
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Recently explored exfoliation routes for LDHs leading a positively charged 

2D monolayer LDH NSs [23]. On the other hand, GO, synthesized by the chemical 

oxidation of graphene, possess exfoliation capability in water and leads to 

negatively charged GO NSs [24–26]. Thus, exfoliation of these NSs with opposite 

electrostatic charges opens up a window of opportunity to design and develop a 

unique kind of 2D-2D LDH-GO nanohybrids by simply mixing two kinds of NSs 

(self-assembling). Such a 2D-2D LDH-GO nanohybrids can enable expanded surface 

area by random restacking of constituent NSs, high electrical conductivity via 

intimate coupling between NSs, tunable chemical composition, and stacking 

structure [27,28]. Consequently, such self-assembling provides better control over 

chemical composition, particle size, surface area, morphology, and stacking 

structure. Furthermore, these self-assembled LDH-GO nanohybrids can 

demonstrate enhanced electrochemical activity when used as SCs electrodes. On a 

few instances, self-assembled LDH-GO nanohybrids were explored as 

photocatalysts, SCs electrodes, CO2 capture and Li-ion battery electrodes [29–32].  

 Herein, we prepared 2D-2D layered nanohybrids of Ni-Cr-LDH 

wrapped by GO NSs (NCG nanohybrids) via electrostatic self-assembly between 

cationic Ni-Cr-LDH NSs and anionic GO NSs. The NCG nanohybrids are tested for 

their application in HSC electrodes. Additionally, we explored the effect of GO on 

the physicochemical properties and electrochemical performance of the NCG 

nanohybrid electrodes. Further, the HSC device is developed using the NCG 

nanohybrids as a positive electrode and hydrothermally rGO as the negative 

electrode. This is the first report on a synthesis of NCG nanohybrid and their use as 

an HSC electrode. 

6.2. Experimental details 

6.2.1 Chemicals 

 Graphite flakes, nickel nitrate Ni(NO3)2, chromium nitrate Cr(NO3)3, 

sodium nitrate (NaNO3), and sodium hydroxide (NaOH) were purchased from 

Sigma-Aldrich and used without further purification. The SS (304 grade) was used 

as a substrate. 
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6.2.2 Synthesis of Ni-Cr-LDH hybridized with graphene oxide 

 The colloidal suspension of GO NSs was obtained by ultrasonic shaking of 

GO in water. As another precursor, the colloidal suspension of the exfoliated Ni-Cr-

LDH monolayer was prepared by vigorous shaking of Ni-Cr-LDH (1mg ml–1) in 

formamide solution [33]. 

 

Fig. 6.1: The schematic for the synthesis of self-assembled NCG nanohybrids. 

 

The self-assembled NCG nanohybrids (Fig. 6.1) were synthesized by mixing 

the NSs suspensions of Ni-Cr-LDH and GO under constant stirring at ambient 

temperature. Instantaneous flocculation was observed just after mixing the two 

NSs suspensions. Subsequently, the flocculated NCG nanohybrids product was 

collected by centrifugation at 7000 rpm, washed with absolute ethanol and water 

three times, and then freeze-dried to ensure solid powder of NCG nanohybrids. 

Additionally, the various chemical compositions of NCG were obtained by varying 

Ni-Cr-LDH to GO weight % (wt%). The NCG nanohybrids prepared at GO wt% of 2, 

4, and 6 are denoted as NCG-1, NCG-2 and NCG-3, respectively. 

6.3 Results and discussion 

6.3.1 XRD study 
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Fig. 6.2: XRD patterns of (i) pristine Ni-Cr-LDH, (ii) GO, (iii) NCG-1, (iv) NCG-2, and 
(v) NCG-3 nanohybrids.  

 

Powder XRD analysis is performed to elucidate the crystal structure of 

pristine Ni-Cr-LDH, GO NSs, and NCG nanohybrids, as shown in Fig. 6.2. The 

observed Bragg reflections of pristine Ni-Cr-LDH can be indexed to hexagonal 

lattice having an R-3m space group with rhombohedral symmetry [34]. The 

presence of (00l) Bragg reflection series corresponds to the basal spacing of 0.88 

nm, which indicates the nitrate anions intercalated Ni-Cr-LDH structure [34]. The 

formation of nitrate intercalated Ni-Cr-LDH enables its exfoliation capability in 

formamide. Further dispersion of the nitrate intercalated Ni-Cr-LDH in formamide 

yields a colloidal suspension of exfoliated Ni-Cr-LDH NSs. The zeta potential 

measurement reveals the positive zeta potential (43 mV), indicating the formation 

of positively charged exfoliated Ni-Cr-LDH NSs (Chapter 4, Fig. 4.1(b)). The lattice 

dimensions a=b=0.3 nm and c=0.88 nm are calculated for pristine Ni-Cr-LDH. The 

GO sample shows a typical XRD pattern with the intense (00l) reflection at 2θ = 

11.5°, confirming the formation of GO with exfoliation capability [35]. All the NCG 

nanohybrids commonly show well-developed (00l) Braggs reflections 

corresponding to the basal spacing of ~0.78 nm. The decreased basal spacing of 

NCG nanohybrids is attributed to the intercalation of divalent carbonate ions into 

the restacked LDH crystals [36]. The intercalation of carbonate ions can be 

understood from the high solvation of CO2 during the synthesis and washing 
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process of GO suspension [36]. In addition, all nanohybrid materials exhibit a broad 

hump at 2θ ~30–40°, which is attributable to the disordered stacking structure of 

NSs. Also, all the nanohybrids display characteristic inplane Braggs reflection at 

61° assigned to the (110) plane. This peak indicates the retention of the in-plane 

structure of the LDH NSs upon hybridization with anionic GO NSs. Interestingly, the 

absence of any peak associated with GO indicates the homogeneous distribution of 

GO without agglomeration or phase separation. 

6.3.2 FTIR study 

 

Fig. 6.3: FTIR spectra of the (i) pristine Ni-Cr-LDH (ii) GO (iii) NCG-1, (iv) NCG-2 
and (v) NCG-3 nanohybrids. 
 

The nature of chemical bonding and grafted functional groups present in the 

NCG nanohybrids are probed using FTIR and Micro-Raman spectroscopy. Fig. 6.3 

shows the FTIR spectra of pristine Ni-Cr-LDH and NCG nanohybrids. Ni-Cr-LDH and 

NCG nanohybrid commonly show low-frequency peaks ν1 (515 cm–1), ν2 (576 cm–

1), and ν3 (670 cm–1) which are associated with metal-oxygen and metal-oxygen-

metal lattice vibrational modes of Ni-Cr-LDH lattice [37,38]. The intense peak ν4 

(1384 cm–1) is assigned to the intercalated NO3
1– anions in Ni-Cr-LDH [39]. The 

reference GO displays IR peaks in the 1800-900 cm–1, which are ascribed to the 

carbon-oxygen functional groups attached to the GO during the chemical oxidation 

of graphene [36]. All NCG nanohybrid and pristine Ni-Cr-LDH exhibit a broad peak 

at ν6 (3334 cm–1) and ν5 (1645 cm–1), which are ascribed to the O-H stretching 
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mode and bending mode of adsorbed water molecules, respectively [39,40]. All 

NCG nanohybrids exhibit sharp peaks at ν7 (1390 cm–1), which is assigned to the 

stretching mode of intercalated carbonate anions. The presence of peak ν7 

indicates the intercalation of carbonate anions in LDH crystals during the self-

assembly process [40,41]. Similarly, all NCG nanohybrids display only weak 

intensity for these IR peaks related to the carbon-oxygen bonds due to the probable 

reduction of GO during the hybridization with Ni-Cr-LDH NSs. 

6.3.3 Micro-Raman study 

Fig. 6.4 shows Micro-Raman spectra of NCG nanohybrid as compared to 

pristine Ni-Cr-LDH and GO. The pristine Ni-Cr-LDH display characteristic Raman 

peaks at 311 and 460 cm–1, assigned to the Eg and A1g vibration mode of Ni(OH)2, 

respectively [42]. The broad and high-intensity peak at 560 cm–1 formed by the 

superposition of two peaks at 530 and 557 cm–1 are assigned to the Cr-O-H bending 

mode and second-order acoustic mode of Ni(OH)2 in Ni-Cr-LDH lattice, respectively 

[43]. Moreover, the pristine Ni-Cr-LDH display a sharp peak at 1050 cm–1, 

attributed to the symmetric vibrations of intercalated NO3
– anions in pristine Ni-

Cr-LDH [44,45]. All NCG nanohybrids show characteristic peaks at 351 cm–1 and 

560 cm–1, assigned to the A1g Ni-O stretching and lattice vibrational mode of α-

Ni(OH)2, respectively [46]. The Raman peak at 790 cm–1 observed for Ni-Cr-LDH 

and NCG nanohybrids is assigned to the second-order lattice mode of Ni-Cr-LDH 

[47]. In addition to the LDH related peaks, the NCG nanohybrids additionally show 

characteristic peaks related at 1350 cm–1 and 1600 cm–1 corresponding to the D 

(breathing mode of A1g) symmetry and G band (E1g symmetry of SP2 of carbon 

atom) of GO, respectively [35]. Interestingly, the NCG nanohybrids show a higher 

D/G intensity ratio than pristine Ni-Cr-LDH, reflecting the significant reduction of 

GO after hybridization. 
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Fig. 6.4: Micro-Raman spectra of the (i) pristine Ni-Cr-LDH, (ii) GO (iii) NCG-1, (iv) 
NCG-2 and (v) NCG-3 nanohybrids. 
 
6.3.4 FESEM study 

The surface morphology of the NCG nanohybrids, GO and pristine Ni-Cr-

LDH is examined by the FESEM technique. As sown in Fig. 6.5(c-e), all NCG 

nanohybrids display highly porous morphology composed of restacked Ni-Cr-LDH 

NSs crystallites wrapped by the ultrathin GO NSs. As seen from the micrographs of 

Ni-Cr-LDH and GO NSs (Fig. 6.5a,b), the lateral crystallite size of pristine Ni-Cr-LDH 

is ~50-150 nm, and that of GO NSs is ~5-10 m. Such ultralong lateral dimensions 

of GO establish conducting channels among the restacked Ni-Cr-LDH crystallites 

upon the self-assembly. Eventually, NCG nanohybrids are expected to display high 

electrical conductivity. This type of porous morphology is commonly observed in 

nanohybrid materials prepared by exfoliating-reassembling 2D inorganic NSs with 

GO or rGO NSs [17,20,36]. Moreover, this type interconnected restacked Ni-Cr-LDH 

crystallites wrapped by GO NSs morphology can provide large contact area 

between redox-active sites and electrolyte, and efficient charge transport when 

used as an electrode in the electrochemical cell [17,20]. 
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Fig. 6.5: FESEM images of the (a) pristine Ni-Cr-LDH, (b) GO, (c) NCG-1, (d) NCG-
2, and (e) NCG-3 nanohybrids. 
 

6.3.5 HRTEM study 

The local crystal structure and crystal shape of the as-prepared NCG-2 

nanohybrid at the nanometer scale are examined by TEM and cross-sectional 

HRTEM. The pristine Ni-Cr-LDH shows (Chapter 3, Fig. 3.6) compact sheet-like 

non-porous morphology, frequently observed in LDH synthesized by the 

coprecipitation method [39].  
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Fig. 6.6: (a, b) TEM images of NCG-2, (c, d) top view HRTEM images of NCG-2, (e, f) 
cross-sectional HRTEM images of the NCG-2 nanohybrid. 

 

As presented in Fig. 6.6(a) and (b) the NCG-2 nanohybrid vividly displays 

randomly aggregated clusters composed of restacked Ni-Cr-LDH nanosheet 

crystallites wrapped by the ultrathin GO NSs. In addition, a highly porous structure 
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made up of edge-to-face interaction of aggregated Ni-Cr-LDH and GO NSs is clearly 

visible. As illustrated in Fig. 6.6(c-f), the NCG nanohybrid shows two high-

resolution sets of parallel lattice fringes. One set with the fringe spacing of 0.15 nm 

corresponds to the in-plane lattice distance of Ni-Cr-LDH. The other set with the 

fringe spacing of 0.76 nm well matches with the c-axis parameter of the Ni-Cr-LDH 

lattice calculated from the XRD study. However, no fringes for GO are observed in 

HR-TEM analysis due to the high dispersion of GO NSs throughout the nanohybrid. 

This observation clearly demonstrates the advantages of the self-assembled NCG 

nanohybrids for forming layer-by-layer stacked porous structures and wrapping 

effect of Ni-Cr-LDH by GO NSs. 

 

6.3.6 Surface area study 

 

 

Fig. 6.7: (a) N2 adsorption-desorption isotherms, (b) pore size distribution plot of  
NCG-2 nanohybrid. 
 

N2 adsorption-desorption isotherm analysis is used to investigate the pore 

architectures and surface area of pristine Ni-Cr-LDH and NCG-2 nanohybrid. N2 

adsorption-desorption isotherms of pristine Ni-Cr-LDH and NCG-2 nanohybrid are 

presented in Fig. 6.7(a). As compared to the pristine Ni-Cr-LDH, NCG-2 nanohybrid 

displays significant N2 adsorption in the PP0
–1<0.45 region and vivid hysteresis in 

the PP0
–1>0.45 region [48]. The observed isotherm is classified as BDDT type-IV 

isotherms and H3-type hysteresis loop, which is the characteristics of mesoporous 

materials, open slit-shaped capillaries with wide bodies and narrow short necks 
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[23]. In contrast, pristine Ni-Cr-LDH displays only minute N2 adsorption and the 

absence of hysteresis, a typical characteristic of non-porous materials. According 

to the surface area measurements based on the BET equation, NCG-2 nanohybrid 

exhibit remarkably expanded surface areas of 49 m2 g–1, which is greater than that 

of pristine Ni-Cr-LDH (14 m2 g–1). The corresponding distribution of the pore size 

is analyzed using the BJH method. The NCG-2 nanohybrids display an average pore 

diameter of 15 nm (Fig. 6.7b). This result provides strong evidence for the 

beneficial role of GO matrix in expanding the surface area of NCG-2 nanohybrids. 

6.3.7 XPS study  

 

 

 

Fig.6.8: Full survey of XPS spectra of (i) pristine Ni-Cr-LDH, (ii) NCG-2 nanohybrid.  

XPS study is used to probe the surface electronic states of NCG nanohybrids, 

pristine Ni-Cr-LDH and GO. The full survey of XPS spectra for the pristine Ni-Cr-

LDH and NCG-2 nanohybrid in Fig. 6.8 shows spectral features of the Ni, Cr, O, and 

C elements. As shown in Fig. 6.9(a), the pristine Ni-Cr-LDH and NCG-2 nanohybrids 

show two sharp peaks at BE P (856 eV) and Q (873.5 eV), which correspond to the 

spin-orbit splitting of Ni 2p1/2 and Ni 2p3/2. In addition, two shakeup-type peaks at 
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P' (861 eV) and Q' (879.8 eV) are separated by BE difference of 15 eV. This BE 

difference indicates Ni2+ oxidation state in Ni-Cr-LDH and NCG-2 nanohybrid [49]. 

The High-resolution Cr 2p spectrum of pristine Ni-Cr-LDH and NCG-2 nanohybrid 

in Fig. 6.9(b) show two broad peaks at P (577 eV) and Q (587 eV) ascribed to the 

spin-orbit doublet of Cr 2p1/2 and Cr 2p3/2, respectively. The broad peak P at BE of 

577 eV is attributed to the Cr3+ hydroxide [50]. The O 1s XPS spectra of NCG-2 

nanohybrid, pristine Ni-Cr-LDH and GO are plotted in Fig. 6.9(c). The pristine Ni-

Cr-LDH displays a broad peak at P (531.5 eV) due to the presence of oxygen from 

metal hydroxide (530.4 eV), surface hydroxyl group (531.5 eV) and bound water 

(532.6 eV) [51]. On the other hand, the pristine GO displays a broad peak at 532.07 

eV due to 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) [52]. Similar to pristine Ni-Cr-LDH, the NCG-2 

nanohybrid exhibits a broad peak P (531.5 eV) ascribed to the major contribution 

of the LDH related O 1s features of metal hydroxide (530.4 eV), surface hydroxyl 

group (531.5 eV) and bound water (532.6 eV). The C 1s XPS spectra of NCG-2 

nanohybrid and pristine GO are plotted in Fig. 6.9(d). The pristine GO shows 

characteristic C 1s peaks at BE of 284.4 eV, 285.33 eV, and 286.8 eV, which are 

assigned to the C–C (non-oxygenated ring), C–O (hydroxyl C-OH and epoxy C–O–C 

moieties), C=O (carbonyl) functional groups [36]. Remarkably, the NCG-2 

nanohybrid shows an intense peak at BE of 284.5 and a low-intensity peak at 285.8 

eV, which are ascribed to the C–C (non-oxygenated ring) and (hydroxyl C-OH and 

epoxy C–O–C moieties). Moreover, NCG-2 nanohybrid also displays one broad peak 

at 288.25 eV, assigned to the intercalated carbonate anions [53]. The C 1s XPS 

feature of C–O (hydroxyl C-OH and epoxy C–O–C moieties) and C=O (carbonyl) 

functional groups are observed to be quenched in nanohybrids underscoring the 

reduction of GO. A similar reduction of GO was observed for the self-assembled 

ZnCr-LDH-GO nanohybrids [36]. 
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Fig. 6.9: (a) Ni 2p, (b) Cr 2p, (c) O 1s and (d) C 1s core-level XPS spectra of (i) 
pristine Ni-Cr-LDH and (ii) NCG-2 nanohybrid (in panel c and d, (iii) corresponds 
to pristine GO). 

 

6.4 Conclusions 

 In the present work, mesoporous Ni-Cr-LDH-GO nanohybrids were 

succefully synthesized by the electrostatically derived self-assembly of positively 
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charged (cationic) Ni-Cr-LDH nanoplates with negatively charged (anionic) GO 

NSs. Structural study of NCG revealed the formation anchored assembly of Ni-Cr-

LDH and GO NSs. Interestingly, the absence of any peak associated with GO 

indicates the homogeneous distribution of GO without agglomeration or phase 

separation. All NCG nanohybrids display highly porous morphology composed of 

restacked Ni-Cr-LDH NSs crystallites wrapped by the ultrathin GO NSs. FTIR and 

Micro-Raman analysis indicate the incorporation of carbonate ions into the 

interlayer space of the Ni-Cr-LDH component upon the self-assembly process.  

Surface area study clearly indicates the exfoliation-hybridization process 

remarkably enhanced the surface area of pristine Ni-Cr-LDH. In summery 

nanohybrids of 2D Ni-Cr-LDH wrapped by GO NSs (NCG) are successfully prepared 

by electrostatic self-assembly between cationic Ni-Cr-LDH NSs and anionic GO NSs. 

 

6.5 Electrochemical performance evaluation of Ni-Cr-LDH hybridized with 

GO nanosheets 

6.5.1 Preparation of NCG electrodes  

The electrochemical tests of NCG nanohybrids and Ni-Cr-LDH were 

conducted using a three-electrode electrochemical cell in a 2M KOH electrolyte. 

Hg/HgO electrode and pt mesh (2 cm × 2 cm) were used as the reference and 

counter electrodes, respectively. The working electrodes of Ni-Cr-LDH/NCG were 

prepared by making slurry with a composition of 85 wt% of active materials, 10 

wt% of AB and 5 wt% of PVDF binder, dissolved in NMP. The slurry was coated on 

SS substrate (1cm × 1cm in area) and dried under a vacuum oven at 70°C for 10 h.  

 

6.5.2 Results and discussion  

6.5.2.1 CV study   

The electrochemical performance of the Ni-Cr-LDH and NCG nanohybrids 

electrodes is evaluated by CV, GCD, and EIS tests in an aqueous 2 M KOH solution 

using a three-electrode electrochemical cell. Fig. 6.10 presents the comparative CV 

profiles of the Ni-Cr-LDH and NCG nanohybrid electrodes at a scan rate of 20 mV s–

1. All the electrodes display characteristic CV shapes with pairs of redox peaks 
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ascended due to quasi-reversible redox transformation between Ni2+/Ni3+based on 

the equation 3.1.  

 

 

Fig. 6.10: The CV curves of pristine Ni-Cr-LDH, NCG-1, NCG-2, and NCG-3 
nanohybrid electrodes at a scan rate of 20 mV s–1. 

 

The integral area enclosed by the CV curve relates to the capacity of 

electrode material. Interestingly, all NCG nanohybrid electrodes display 

significantly increased integral area enclosed by the CV curves than pristine Ni-Cr-

LDH, indicating higher charge storing ability of nanohybrids. Moreover, the integral 

area enclosed by the CV curves varies with the GO Wt %. The NCG-1 nanohybrids 

prepared at 2 wt % GO display the smallest area that increases to a maximum for 

NCG-2 at 4 wt % GO. Further increase in GO to 6 wt % (NCG-3) leads to a decrease 

in integral area. The present result underscores the beneficial effect of optimum 

GO content in NCG-2 nanohybrids for increased electrode performance. Moreover, 

excess GO incorporation in NCG-3 nanohybrid negatively affects its charge storing 

ability, as seen by reducing the area under CV. 
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Fig. 6.11: The CV curves of (a) Ni-Cr-LDH, (b) NCG-1, (c) NCG-2, and (d) NCG-3 
nanohybrid electrodes at various scan rates (4-20 mV s–1). 

  

The effect of scan rate on CV profile for all the samples is shown in Fig. 6.11. 

The positive cathodic peak shift, peak broadening, and increased area under CV 

with the scan rate are clearly observable, which indicates a hybrid charge storage 

mechanism involving capacitive and battery-type charge storage in all samples. 

Consequently, the electrochemical kinetics analysis determines the contribution of 

capacitive (Qs) and battery-type (Qd) charge storage. The total charge (Qt) stored 

by the electrode can be expressed by eqution 4.2.  

According to eqution 4.2, the Qs contribution is determined by plotting the 

graph of total charge stored versus the reciprocal of the square root of the scan rate 
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and extrapolating 𝑣 to infinity by assuming semi-infinite linear diffusion (Fig.6.12) 

[54].  

 

Fig. 6.12: Plots of total charge (Qt) enclosed under CV against the reciprocal of the 
square root of the potential scan rate for pristine Ni-Cr-LDH (black) and  NCG-1 
(red), NCG-2 (green), NCG-3 (blue) nanohybrids. 

 

Fig. 6.13 displays the capacitive and diffusion-controlled contributions of 

NCG nanohybrids and Ni-Cr-LDH electrodes at various scan rates (4 to 20 mV s–1). 

All the samples display predominant diffusion-controlled and capacitive 

contributions at lower and higher scan rates, respectively. Interestingly, NCG-2 

nanohybrid exhibits increased charge storage than Ni-Cr-LDH. Moreover, at each 

scan rate, all NCG nanohybrids demonstrated higher capacitive contributions than 

the Ni-Cr-LDH, indicating more capacitive-dominant reactions in nanohybrids. 

Present results are attributed to the unique GO-wrapped structure of NCG 

nanohybrids that enables faster charge transfer kinetics by expanded surface area 

interconnected morphology and higher electrical conductivity provided by the 

wrapped GO channels.  
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Fig. 6.13: The fraction of the capacitive (solid) and diffusion-controlled (pattern) 
contributions of Ni-Cr-LDH (black) and NCG-1(red), NCG-2(green), NCG-3(blue) 
nanohybrids (values in bar assigned for the respective charge contributions). 
 

6.5.2.2 GCD study 

The beneficial role of GO incorporation on the electrode performance and 

charge transport rate kinetics of LDH is additionally examined by galvanostatic 

charge-discharge (GCD) cycling and EIS analysis. Fig. 6.14 showed the comparative 

GCD curves of pristine Ni-Cr-LDH and NCG nanohybrids with a potential range of 0 

to 0.5 V at a fixed current density of 1 A g–1. 

 

 

Fig. 6.14: The GCD curves of pristine Ni-Cr-LDH, NCG-1, NCG-2, and NCG-3 
nanohybrids at current density of 1 A g–1.  
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Pristine Ni-Cr-LDH shows typical charge-discharge curves with a 

characteristic plateau at the middle, followed by a sudden potential drop 

suggesting the battery-type behavior of the material. All NCG nanohybrids 

demonstrated characteristic non-linear GCD curves with extended charge-

discharge periods indicating an improved charge storing ability upon GO 

incorporation and significant contribution of the reversible Faradaic reactions 

therein. In addition, the NCG nanohybrids exhibit specific capacities of 645, 815, 

and 660 C g–1 for NCG-1, NCG-2 and NCG-3, respectively, which are significantly 

larger than pristine Ni-Cr-LDH (356 C g–1). GCD performances of pristine Ni-Cr-

LDH and NCG nanohybrids are tested at higher current densities from 1 to 5 A g–1, 

as shown in Fig. 6.15. The corresponding specific capacities are plotted in Fig. 6.16. 

At the high charging-discharging rate of 5 A g–1, all NCG nanohybrids maintain 

higher specific capacities than pristine Ni-Cr-LDH, indicating quick charge-

discharge ability (high rate capabilities) of NCG nanohybrids. The high rate 

capability of NCG nanohybrids can be ascribed to the unique porous morphology 

composed of restacked Ni-Cr-LDH crystallites wrapped by the ultrathin conducting 

GO NSs, which enables rapid diffusion of electrolyte ions and facilitates quick 

charge transport through nanohybrid electrodes. NCG-2 nanohybrid displays the 

highest specific capacity of 815 C g–1 (at 1 A g–1), which is attributed to the more 

conducting channels for the charge transport via optimum GO incorporation. 

Conversely, in comparison to NCG-2, low specific capacities are observed for 

NCG-1 and NCG-3 nanohybrids due to insufficient and excess GO incorporation, 

respectively. Excess incorporation of GO decreases the active mass of Ni-Cr-LDH in 

NCG nanohybrids and may lead to pores-blocking masking effect due to more 

wrapping of restacked Ni-Cr-LDH NSs. The present NCG nanohybrids 

electrochemical performance is superior to the recent LDH-GO hybrid electrode 

materials listed in previous Table 1.3 and 1.4.  

 



Synthesis, characterization and electrochemical performance evaluation of Ni-Cr-
LDH hybridised with GO and HSC 

 

Chapter 6 Page 188 
 

 

Fig. 6.15: The GCD curves of (a) Ni-Cr-LDH (b) NCG-1, (c) NCG-2, and (d) NCG-3 
nanohybrid electrode at different current densities (1-5 A g–1). 

 

 

Fig. 6.16: specific capacity of pristine Ni-Cr-LDH and NCG-1, NCG-2, NCG-3 
nanohybrids at different current densities (1 to 5 A g–1). 
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6.5.2.3 Stability study 

 

Fig. 6.17: GCD stability graph of pristine Ni-Cr-LDH (pink) and NCG-2(blue) 
nanohybrid electrode for 5000 cycles.  
 

The cycling stability of pristine Ni-Cr-LDH and NCG-2 nanohybrid 

electrodes were tested at a constant current density of 5 A g–1, as shown in Fig. 6.17. 

NCG-2 nanohybrid retain 80% of the initial capacity even after 5000 GCD cycles 

which is much better than Ni-Cr-LDH (78%). The improvement of the cyclic 

stability for NCG-2 nanohybrid material is attributed to the anionic GO NSs provide 

charge-transporting conducting channels by wrapping restacked Ni-Cr-LDH. 

6.5.2.4 EIS study 

 EIS analysis was used to probe the charge transport rate kinetics of NCG 

nanohybrids, and the corresponding Nyquist plots are shown in Fig. 6.18. All the 

tested electrodes display typical Nyquist plots characterized by semicircles in the 

high-frequency region and straight lines in the low-frequency region. The 

semicircle diameter corresponds to the Rct and the x-axis intercept at high 

frequency relates to the Rs. The NCG nanohybrids show smaller Rs and Rct of 0.30 

and 3.15 for NCG-1, 0.27 and 2.18 for NCG-2, and 0.28 and 2.84 for NCG-3, 

as compared to pristine Ni-Cr-LDH (0.46 and 15.5 . Moreover, NCG nanohybrids 

display steeper straight lines in the low-frequency region than the pristine Ni-Cr-



Synthesis, characterization and electrochemical performance evaluation of Ni-Cr-
LDH hybridised with GO and HSC 

 

Chapter 6 Page 190 
 

LDH, which indicates lower electrolyte diffusion resistance (Warburg impedance) 

in nanohybrid samples. 

 

 

Fig. 6.18: EIS spectra of pristine Ni-Cr-LDH and NCG nanohybrids (Inset: magnified 
view and fitted electronic circuit). 
 

  

6.6 Electrochemical performance evaluation of hybrid supercapacitor device  

 

 The usefulness of NCG nanohybrid as a high-ED electrode material is tested 

by fabricating HSC using optimized NCG nanohybrid (NCG-2) as a positive 

electrode and rGO as a negative electrode. 2 M KOH is employed as an electrolyte. 

The schematic representation of HSC is shown in Fig. 6.19 and denoted by NCG-

2‖rGO. The hydrothermally rGO was employed due to its excellent EDLC-type 

charge storage performance (see chapter 3, section 3.9). So, prior to assembling 

HSC, the electrochemical performance of rGO was measured with a three-electrode 

system by CV, GCD, and EIS tests (See chapter 3, section 3.9). The balanced charge 

delivery is essential to achieve maximum electrode performance and cell stability 

of HSC. It is achieved by adjusting the masses of respective electrodes in HSC. Thus, 

the NCG-2‖rGO mass ratio of 0.33 is calculated from the charge balance 

calculations (equation 4.4). 
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Fig. 6.19: Schematic representation of HSC device. 

 

6.6.1 CV study 

 

Fig. 6.20: CV curves of rGO (black) and NCG-2 (red) at a scan rate of 10 mV s–1. 

As reflected from the half-cell electrochemical performance of NCG-2 and 

rGO electrodes, these electrodes worked in separate potential windows, which is 

beneficial for boosting the potential window of the HSC device. As illustrated in Fig. 
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6.20, the NCG-2 electrode operates in a positive potential window of 0 to 0.6 V (vs 

Hg/HgO) while the rGO electrode operates in a negative potential window of -1 to 

0 V (vs Hg/HgO). Thus, in-principle operational potential window of the HSC device 

can be extended up to 1.6V. 

 

Fig. 6.21: CV curves of the HSC performed in diffrent potential windows at 100 mV 
s–1. 

The actual operating potential window of HSC is judged by measuring the 

CV curves of HSC within different potential windows (0 to 1.3-1.7V) at scan rate of 

100 mV s–1 (Fig. 6.21). The HSC exhibit stable CV curves without any abrupt current 

response up to a potential window of 1.6 V. Consequently, the electrochemical 

performance of HSC is tested within a potential window of 0 to 1.6 V.  

 

Fig. 6.22: CV curves of the HSC device at 5-100 mV s–1. 
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Fig. 6.22 displays the typical CV profiles of the HSC device at various scan 

rates (5 to 100 mV s–1). The HSC device exhibits a non-rectangular CV shape and 

linearly increased current responses with scan rate without any significant change 

in redox peak positions. These results reflected both battery and EDLC-type charge 

storage in the device and good compatibility between the electrode and electrolyte. 

6.6.2 GCD study 

 Fig. 6.23(a) illustrate the GCD curves of HSC device at different current 

densities of 2, 3, 4, 5, and 6 A g–1 within a potential window of 0 to +1.6 V. The GCD 

curves exhibit non-linear charging-discharging characteristic and mild plateau at 

the middle reflecting pseudo-triangular GCD profiles. Present results reflect a 

typical characteristic of HSC devices involving both battery and EDLC-type charge 

storage. Also, the HSC device exhibits extended charging-discharging periods 

indicating the high energy storage capacity of the HSC device. The Cs of the HSC 

device is calculated from GCD curves and represented in Fig. 6.23(b). The HSC 

device demonstrates maximum Cs of 145 F g–1 at 2 A g–1 that decreased to 53 F g–1 

for 6 A g–1 suggesting better rate capability (36%) of the HSC device.   

 

 

Fig. 6.23: (a) The GCD curves of HSC device at 2-6 A g–1, (b) The plot of Cs  at 
various current densities (2-6 A g–1) for HSC device.  
 

 6.6.3 Ragone plot 
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Fig. 6.24: Ragone plots of HSC device in comparison with previously reported 
devices. 
 

 The PD and ED are two crucial factors in HSC performance evaluation. As 

presented in Fig. 6.24 (Ragone plot), the HSC device possess a high ED (51.85 Wh 

kg–1) and PD (1.34 kW kg–1) at 2 A g–1, which are comparable to other graphene-

based LDH hybrids reported previously such as, Co-Al LDH/rGO‖AC (44.6 Wh kg–1 

at 0.79 kW kg–1) [54], NiCoAl-LDH‖AC (42.25 Wh kg–1 at 0.8 kW kg–1) [55], ZIF-

LDH/GO‖ZIF-C/F (50.5 Wh kg–1 at 0.85 kW kg–1) [56], rGO/CoAl-LDH‖rGO (22.6 

Wh kg–1 at 0.09 kW kg–1) [57], CoAl-LDH/PG-4‖NPCF (46.8 Wh kg–1 at 1.2 kW kg–

1) [58], Ni-Fe LDH/GHA‖AC (21.3 Wh kg–1 at 0.35 kW kg–1) [59], NiAl-LDH-GO(LG9) 

‖AC (21 Wh kg–1 at 0.8 kW kg–1) [60], NiCo LDH@NG/CC‖NG/CC (49 Wh kg–1 at 

0.46 kW kg–1) [61].  

 

6.6.4 Cycling stability 

 Furthermore, the long-term cycling stability of HSC over 10000 GCD cycles 

is tested by GCD at 5 A g–1. As shown in Fig. 6.25, the HSC displays 85% of 

capacitance retention and 94 % of Coulombic efficiency after 10000 GCD cycles, 

suggesting a long operational life of the device without significant performance 

degradation. 
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Fig. 6.25: Prolonged cyclic performance and Coulombic efficiency of HSC device at 
5 A g–1 (inset: initial and final five cycles). 
 

  

 

Fig. 6.26: The rate capability plot of HSC device. 

 

The rate capability of HSC device was assessed by testing the performance 

of the device by applying various charging-discharging current densities and 

reversing the sequence, as shown in Fig. 6.26. At every current density, the HSC 

recovers its original Cs with minor alterations, which suggests the excellent rate 

capability of the device. 
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6.6.5 EIS study 

 

Fig. 6.27: Nyquist plots (Inset: fitted circuit) for the HSC before (green) and after 
(black) stability. 
 

Additionally, the rate kinetics of HSC is probed using EIS analysis, and the 

corresponding Nyquist plot and the simulated equivalent electric circuit are shown 

in Fig. 6.27. The HSC device shows low Rs (0.62  and Rct (6.3 indicating 

superior capacitive behavior and good electric conductivity of NCG-2‖rGO 

electrodes.  

6.6.6 Practical demonstration of HSC 

 

 

Fig. 6.28: Digital photograph of the demonstration of HSC to light a LEDs lamp. 
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To further evaluate the practical application of the HSC device, two HSC 

devices are connected in series to achieve a total potential of 3.2 V. These serially 

connected HSC devices are used to power commercial LED lamp, as shown in Fig. 

6.28.   

 

6.7 Conclusions 

 This report develops an exfoliation-restacking strategy to design 2D-2D 

nanohybrids of Ni-Cr-LDH wrapped by GO NSs for HSC electrodes. The resultant 

NCG nanohybrids possess high electrical conductivity due to the wrapping of 2D 

Ni-Cr-LDH by GO NSs and expanded surface area due to interconnected porous 

morphology. Fine-tuning of chemical composition (GO wt %) is an effective method 

for enhancing the electrochemical performance of NCG nanohybrids. The enhanced 

electrochemical performance of NCG nanohybrids is attributed to the high 

electrical conductivity, expanded surface area, ample active electrochemical sites, 

and fast charge-transporting channels. Consequently, the best optimized NCG-2 

nanohybrid exhibits outstanding electrochemical performance with a high specific 

capacity of 815 at 1 A g–1, superior to pristine Ni-Cr-LDH (356 C g–1). Furthermore, 

HSC is fabricated using the best optimized NCG-2 nanohybrid as a cathode and h-

rGO as an anode. As a result, the HSC demonstrates excellent electrochemical 

performance with high ED of 51.85 Wh kg–1 and PD of 1.34 kW kg–1. Furthermore, 

HSC device display good cycling stability of 85% capacitance retention after 10000 

GCD cycles. The present exfoliation-restacking strategy provides a useful method 

for 2D-2D GO-wrapped LDH structure for a highly active next-generation hybrid-

type SC. This exfoliation-reassembling strategy can be readily applicable to develop 

numerous nanohybrids based on cationic 2D LDH NSs and GO NSs. Moreover, LDH-

GO nanohybrids with the above unique physicochemical properties might have 

numerous excellent functionalities for other applications such as electrocatalysts, 

biosensors, and Li-ion batteries. 
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Summary and conclusions 

 With the impending energy crisis, efforts are undertaken to find alternative 

sustainable and green energy sources that are renewable. Efficient utilization and 

efficient energy storage from renewable sources are heavily dependent on storing 

the harvested energy in energy storage devices and retrieves when needed. Thus 

there is an impetus to the research on the development of charge storage devices 

such as batteries, capacitors, and supercapacitors in recent times. The conventional 

rechargeable batteries with high ED are very expensive, with limited cycle life and 

not suitable for high power applications.  Out of these different energy storage 

devices, the HSCs that combine high power capability, short charging/discharging 

periods, ED comparable to the batteries, and long cycle life are attractive devices 

for the next-generation energy storage appliances. These advantages performance 

make the HSC act as a supplement or alternative to batteries in portable electronic 

devices, memory backup systems, long-time constant circuits, flash cameras, 

hybrid electric vehicles etc. Moreover, the performance of the HSC device is highly 

reliable on the electrode activity of comprising electrodes. Thus efforts are put 

forward to find efficient electrode materials that fulfilled the desired 

characteristics. Ni-Cr-LDH is one of the potential candidates as a redox-type 

(cathode) electrode in HSC. However, its performance is restricted by the compact 

structure, nonporous morphology, limited interlayered gallery space and low 

conductivity. Thus, the present study focused on improving electrode performance 

of Ni-Cr-LDH via expanding surface area and interlayer gallery space by 

hybridizing exfoliated Ni-Cr-LDH NS with POM anions (POV anions and POW 

anions). Also, analogous efforts are taken to tune the electrical conductivity and 

surface area by hybridizing exfoliated Ni-Cr-LDH NS with GO NSs. Further, 

preparative parameters such as the chemical composition, surface area and gallery 

space are optimized to get the optimum electrochemical performance of Ni-Cr-

LDH-based nanohybrid electrodes. In addition, the Ni-Cr-LDH-POV, Ni-Cr-LDH-

POW and Ni-Cr-LDH-GO redox-type electrodes with higher electrochemical 

performance are used to fabricate HSC devices.  The rGO prepared by the 

hydrothermal method was used as an EDLC-type electrode in HSCs. Thus, the three 

types of HSCs are fabricated with cell configuration Ni-Cr-LDH-POV‖rGO, Ni-Cr-

LDH-POW‖rGO and Ni-Cr-LDH-GO‖rGO. Also, a practical demonstration of LED 
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lamp illumination is carried out using HSC devices. The present thesis work has 

been distributed in eight chapters. 

Chapter 1 discusses the general introduction, energy demands of the future 

generation, and overview of various energy storage systems. Furthermore, it 

describes the historical background, current status, working principle, salient 

features and classification of SCs based on the charge storage mechanism are 

discussed in detail. The fundamental requirements of electrode, electrolyte and 

current collector properties are discussed briefly.  Furthermore, the literature 

review on the usage of LDHs and LDH-based nanohybrid electrodes for HSC is 

summarized. Ultimately, the orientation and purpose of the dissertation with 

existed a research gap indicating an immediate urge to investigate LDH-based 

hybrids electrodes are stated at the end of chapter 1. 

In Chapter 2, an introduction of layered material, synthesis strategies, and 

applications of 2D NSs and their hybrids are briefly presented. Moreover, the 

various characterization techniques and instruments with their theoretical 

background are described in this chapter, such as Zeta potential, powder PXRD, 

FTIR, Micro-Raman spectroscopy, FE-SEM with EDS, HR-TEM/SAED, XPS and BET. 

Finally, the theoretical background of electrochemical techniques (CV, GCD and 

EIS) used to evaluate HSC electrode performance is explained briefly. 

Chapter 3 focused on the synthesis, characterization and electrochemical 

performance evaluation of pristine Ni-Cr-LDH and rGO materials. The results of 

various physicochemical characterizations of pristine Ni-Cr-LDH and rGO are 

presented in this chapter. The pristine Ni-Cr-LDH demonstrated nitrate 

intercalated hexagonal layered nonporous structure. The rGO prepared by 

hydrothermal methods displayed characteristic features that validates the 

formation of the rGO NSs sponge with high conductivity and surface area. The 

pristine Ni-Cr-LDH demonstrates the highest specific capacity of 356 C g–1  at 1 A 

g–1 with 78% capacity retention over 5000 GCD cycles. The present electrochemical 

performance of pristine Ni-Cr-LDH is limited due to the compact plate-like 

nonporous morphology and restricted gallery heights. On the other hand, the rGO 

electrode exhibits a maximum Cs of 258 F g–1 at 3 A g–1 with better capacitance 

retention of 76% over 4000 GCD cycles. So, the rGO electrode is used as a negative 

(anode) electrode for HSC device fabrication. 



Summary and Conclusions 
 

Chapter 7 Page 203 
 

 Chapter 4 mainly focuses on the synthesis, characterization and 

electrochemical performance evaluation of pillared Ni-Cr-LDH-POV nanohybrids. 

The exfoliated Ni-Cr-LDH NSs colloidal suspension was achieved by the vigorous 

shaking of Ni-Cr-LDH powder (1 mg mL–1) in formamide. In this chapter, the 

synthesis process for mesoporous layer-by-layer self-assembled Ni-Cr-LDH-POV 

nanohybrids by the electrostatically-driven self-assembly of exfoliated Ni-Cr-LDH 

NSs and POV anions is described. The Tyndale effect, Zeta potential, XRD, FTIR, 

Micro-Raman, FE-SEM, HR-TEM/SEAD, BET, and XPS analysis are used to confirm 

prepared nanohybrid material. The formation of the colloidal suspension of 

positively charged exfoliated Ni-Cr-LDH NSs is evidenced by the observation of a 

clear Tyndall light scattering effect and Zeta potential measurements. The Ni-Cr-

LDH-POV nanohybrids demonstrate layer-by-layer stacking of Ni-Cr-LDH and POV 

anions, mesoporous interconnected surface morphology, and expanded surface 

area.  

Part 4.5 describes the electrochemical performance evaluation of pillared 

Ni-Cr-LDH-POV nanohybrid. The electrochemical measurements demonstrate that 

the NCV-2 nanohybrid electrode shows a high specific capacity of 1060 C g–1 at 1 A 

g–1. Moreover, it displays excellent capacity retention of 82% after 5000 GCD cycles. 

In addition, NCV-2 nanohybrid exhibits small values of Rs (0.34 Ω) and Rct (4.9 Ω) 

as compared to other samples. The enhancement in electrochemical performance 

is ascribed due to mesoporous house of card surface morphology, which provides 

more efficient pathways for easy penetration of electrolyte into the interior of 

active material. Hence, the present single electrode electrochemical performance 

of NCV nanohybrids vividly represents the effectiveness of POV pillared 

hybridization as a redox electrode material in an HSC. In part 4.6 describes the 

fabrication and electrochemical performance of HSC comprising Ni-Cr-LDH-POV as 

a positive electrode and rGO as a negative electrode which delivered an 

outstanding Cs of 162.5 F g–1 at a current density of 2 A g–1, ED of 57.78 Wh kg–1 at 

a PD of 1.59 kW kg–1 and cycling stability of 87% for 10,000 charge-discharge 

cycles. 

Chapter 5 deals with the synthesis, characterization and electrochemical 

performance evaluation of Ni-Cr-LDH hybridized with POW anions. The 

exfoliation-reassembling process for synthesizing porous nanohybrids of cationic 
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Ni-Cr-LDH 2D NSs and anionic POW 0D nanoclusters is described in detail. The 

analysis of various physicochemical characterization techniques indicates a highly 

porous layer-by-layer ordered pillared structure with an expanded basal spacing 

and surface area of Ni-Cr-LDH-POW nanohybrid. 

Part 5.5 describes the electrochemical performance evaluation of the Ni-Cr-

LDH-POW nanohybrid electrode. The optimized Ni-Cr-LDH-POW nanohybrid 

electrode delivers a maximum specific capacity of 736 C g–1 at 1 A g–1 with capacity 

retention of 81% over 5000 GCD cycles. The HSC is developed using NCW-2 

nanohybrid and rGO used as positive and negative electrodes, respectively in two 

electrode system with 2 M KOH electrolyte. Part 5.6 describes the electrochemical 

performance evaluation of HSC device. The fabricated NCW-2‖rGO HSC device 

works well up to 1.6 V and delivers high energy of 43 Wh kg−1 at 1.3 kW kg−1 with 

the stability of 84% after 10000 GCD cycles.  

Chapter 6 encloses the synthesis, characterization, and electrochemical 

performance evaluation of Ni-Cr-LDH hybridized with GO. In this chapter, the 

synthesis process of restacked Ni-Cr-LDH is anchored on negatively charged GO 

NSs via exfoliation-restacking strategy. The Ni-Cr-LDH-GO nanohybrids display 

formation of carbonate intercalated Ni-Cr-LDH, which is anchored on negatively 

charged GO NSs. The Ni-Cr-LDH-GO nanohybrids enable expanded surface area, 

homogeneous hybridization of Ni-Cr-LDH and GO NSs and high electrical 

conductivity.  

 The part 6.5 discusses the electrochemical performance evaluation of Ni-

Cr-LDH-GO nanohybrids. Ni-Cr-LDH-GO nanohybrids exhibits the outstanding 

specific capacity of 815 C g–1 at  2 A g–1 with superior capacity retention after 5000 

cycles. The HSC device based on NCG-2 and rGO delivers an ED 52 Wh kg–1 and PD 

of 1.4 kW kg–1 at a 2 A g–1 with capacity retention of 85% over 10000 GCD cycles. 

This assembly design strategy suggests that Ni-Cr-LDH-GO nanohybrid are 

promising electrode materials for high-performance HSC device. Finally, for an 

actual demonstration of the HSC device, LEDs are lightened up using a series 

combination of two aqueous devices. 

 In Chapter 7 all the results are summarized from the above chapters and 

conclusions are made on the analysis. It is concluded that exfoliation-restacking 

strategy is useful for synthesizing high surface area layer-by-layered Ni-Cr-LDH-
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POV,  Ni-Cr-LDH-POW, and Ni-Cr-LDH-GO nanohybrids and highly effective to 

improve the electrode performance of nanohybrid electrodes. The high 

performance HSCs are made by Ni-Cr-LDH-based redox-type and rGO-based EDLC-

type electrodes in KOH electrolytes. Therefore, it is concluded that Ni-Cr-LDH-POV, 

Ni-Cr-LDH-POW, and Ni-Cr-LDH-GO nanohybrids are beneficial as a redox-type 

electrode in HSC. From the analysis of physicochemical characterizations, it is 

concluded that high surface area morphology, expanded gallery space and high 

electrical conductivity of Ni-Cr-LDH-based hybrids are beneficial for the HSC 

performance increment. The comparitive of electrochemical performance of NCV-

2‖rGO, NCW-2‖rGO and NCG-2‖rGO HSC devices are presented in Table 7.1. From 

the analysis of Table 7.1, it is clear that NCV-2‖rGO HSC device displays maximum 

electrode performance. Thus the conclusion is drawn that among the tested Ni-Cr-

LDH-based hybrids, the POV anions are the best choice for hybridizing with Ni-Cr-

LDH.   

  

Table 7.1 

Sr. 

No. 

Device 

configuration 

Cs  (F g–1  

 at 2 A g–1) 

ED 

(Wh kg–1) 

PD 

(kW kg–1) 

No. of 

Cycles & 

Stability 

(%)  

1 NCV-2‖rGO 162.5 57.78 1.59 10000 (87) 

2 NCW-2‖rGO 120 43 1.3 10000 (84) 

3 NCG-2‖rGO 145 52 1.4 10000 (85) 

 

 



 

   

 

 

 

 

 

 

 

       80-Recommendation 

 

 

 

 

 

 

 

 

 

 

 



80-Recommendation 
 

Chapter 8 Page 207 
 

8.1 Recommendations 

Ni-Cr-LDH is one of the potential electrode materials for the SC. Though Ni-

Cr-LDH demonstrated battery-type charge storage behavior, its electrode 

performance is highly limited by the low surface area morphology, compact 

layered structure, and high electrical conductivity. Thus, with the aim to enhance 

electrode performance of the Ni-Cr-LDH, Ni-Cr-LDH hybridized with POM (POV 

and POW) and GO via exfoliation-restacking route are prepared and tested as 

electrodes for SCs. The exfoliation-restacking route offers advantages like forming 

a highly mesoporous structure, controlled chemical composition, flexibility to 

choose the type of hybridized species, and high electronic coupling between the 

hybridized components. Several recommendations are proposed based on the 

findings and conclusion of the synthesis, characterization, and electrochemical 

performance of Ni-Cr-LDH-based HSC. The Ni-Cr-LDH hybridized with POV (Ni-Cr-

LDH-POV) and that hybridized with POW (Ni-Cr-LDH-POW) exhibited layer-by-

layer stacking of Ni-Cr-LDH NSs and POV/POW anions. As a result, Ni-Cr-LDH-POV 

and Ni-Cr-LDH-POW nanohybrids displayed expanded gallery height and high 

surface area mesoporous interconnected NS morphology. 

Similarly, Ni-Cr-LDH hybridized with GO NSs (Ni-Cr-LDH-GO) displayed 

anchored assembly of restacked Ni-Cr-LDH anchored on GO NSs. In addition, the 

Ni-Cr-LDH-GO possessed high electrical conductivity due to the wrapping of 

restacked Ni-Cr-LDH by GO NSs and expanded surface area due to interconnected 

porous morphology. All the Ni-Cr-LDH-based nanohybrid electrodes displayed 

enhanced electrode performance with a redox-type charge storage mechanism. 

Thus, the HSC devices are formed using either Ni-Cr-LDH-POV or Ni-Cr-LDH-POW 

or Ni-Cr-LDH-GO nanohybrids as redox-type electrodes and rGO as an EDLC-type 

electrode in KOH electrolyte. The three types of HSCs are fabricated with cell 

configuration Ni-Cr-LDH-POV‖rGO, Ni-Cr-LDH-POW‖rGO and Ni-Cr-LDH-GO‖rGO. 

All of the Ni-Cr-LDH-POV‖rGO, Ni-Cr-LDH-POW‖rGO and Ni-Cr-LDH-GO‖rGO HSC 

devices performed outstandingly. Among the tested HSC devices, the Ni-Cr-LDH-

POV‖rGO device displayed the highest electrode performance with Cs of 162.5 F g–

1, ED of 57.78 Wh kg–1, and PD of 1.59 kW kg–1, thus recommending POV as the best 

pillaring anions choice to improve electrode performance of Ni-Cr-LDH.  
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Consequently, an exfoliation-restacking strategy is recommended to 

achieve high surface area porous Ni-Cr-LDH-based nanohybrid electrodes with 

tunable chemical composition and electrical properties. Furthermore, this 

synthesis method enables expanded gallery space of nanohybrids when hybridized 

with POV or POW anions. Also, an exfoliation-restacking strategy is recommended 

to attain 2D-2D nanohybrids of Ni-Cr-LDH wrapped by GO NSs 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 SCs suffer 

from low Cs and limited cycle life, exploring pseudocapacitive-type electrode 

materials is necessary. Though Ni-Cr-LDH exhibited a redox-type charge storage 

mechanism, its electrode performance is  limited by the low surface area 

morphology, compact layered structure, and high electrical conductivity. 

Accordingly, efforts are needed to address these issues via hybridization with other 

guest species to improve electrode performance and related characteristics.   

2. The coprecipitation method is useful for synthesizing nitrate anions intercalated 

the Ni-Cr-LDH. Nitrate anions intercalated Ni-Cr-LDH exhibited exfoliation ability 

in formamide. Hydrothermally prepared rGO was successfully prepared. The 

electrochemical properties of Ni-Cr-LDH and rGO electrodes displayed redox-type 

and EDLC-type charge storage mechanisms. The maximum specific capacity of 356 

C g–1 at 1 A g–1 with capacity retention of 78 % ( 5000 GCD cycles) is observed for 

Ni-Cr-LDH electrodes. The rGO electrode showed excellent electrochemical 

performance with a maximum specific capacitance of 258 F g-1 at of 3 A g–1 with 

capacity retention of 76 % over 4000 GCD cycles. 

3. Mesoporous nanohybrids of 2D Ni-Cr-LDH NSs pillared with POV anions (Ni-Cr-

LDH-POV nanohybrids) are successfully prepared by the electrostatically driven 

exfoliation-restacking process. The physicochemical characterizations confirmed 

the intercalation of POV anions in Ni-Cr-LDH, high surface area mesoporous house-

of-card-type morphology, tunable pore distribution and flexible chemical 

composition of Ni-Cr-LDH-POV nanohybrids. The highest specific capacity of 1060 

C g–1 at a 1 A g–1 was obtained for the NCV-2 nanohybrid electrode, which was much 

higher as compared to that of pristine Ni-Cr-LDH (356 C g–1). Present single 
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electrode electrochemical performance of NCV nanohybrids vividly represents the 

effectiveness of POV pillared hybridization as a redox-type electrode in HSC. The 

HSC with NCV nanohybrid as a positive electrode and rGO as a negative electrode 

(NCV-2‖rGO HSC device) delivered an outstanding Cs of 162.5 F g–1 at a current 

density of 2 A g–1. Additionally, the HSC exhibited an ED of 57.78 Wh kg–1 at a PD of 

1.59 kW kg–1 and capacitance retention of 87% after 10,000 charge-discharge 

cycles. The NCV-2‖rGO HSC device exhibits excellent ED, PD, good rate capability, 

and superior cyclic stability. These features suggest the significant potential of 

NCV-2‖rGO HSC for application in various portable and flexible electronic devices. 

4. Mesoporous nanohybrids of 2D Ni-Cr-LDH NSs hybridized with POW anions 

(NCW nanohybrids) are prepared by the electrostatically driven exfoliation-

restacking process. The physicochemical characterizations confirmed the 

intercalation of POW anions in Ni-Cr-LDH, high surface area mesoporous house-of-

card-type morphology, tunable pore distribution, and flexible chemical 

composition of NCW nanohybrids. The optimized NCW-2 nanohybrid electrode 

displayed a maximum specific capacity of 736 C g–1 at a 1 A g–1, which was much 

higher as compared to that of pristine Ni-Cr-LDH (356 C g–1). The obtained 

electrochemical performance of NCW nanohybrids vividly signifies the efficacy of 

POV pillared hybridization as a redox-type electrode in HSC. The HSC with NCW-2 

nanohybrid as a positive electrode and rGO as a negative electrode (NCW-2‖rGO 

HSC device) delivered an enhanced Cs of 120 F g–1 F g–1 at a current density of 2 A 

g–1. Additionally, the NCW-2‖rGO HSC device exhibited an ED of 43 Wh kg–1 at a PD 

of 1.33 kW kg–1 and capacitance retention of 84 % after 10,000 charge-discharge 

cycles. These electrochemical features suggest the significant potential of NCW-

2‖rGO HSC for application in various portable and flexible electronic devices. 

5. Mesoporous Ni–Cr-LDH–GO (NCG) nanohybrids were successfully synthesized 

by the electrostatically derived self-assembly of positively charged (cationic) Ni–

Cr-LDH NSs with negatively charged (anionic) GO NSs. The physicochemical 

characterizations confirmed the formation anchored assembly of Ni-Cr-LDH and 

GO NSs, high surface area porous morphology composed of restacked Ni-Cr-LDH 

NSs crystallites wrapped by the ultrathin GO NSs, tunable pore distribution, and 

flexible chemical composition of NCG nanohybrids. The best optimized NCG-2 

nanohybrid exhibited enhanced electrochemical performance with a high specific 
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capacity of 815 at 1 A g–1, superior to pristine Ni-Cr-LDH (356 C g–1). Furthermore, 

HSC is fabricated using the best optimized NCG-2 nanohybrid as a cathode and rGO 

as an anode (NCG-2‖rGO). As a result, the NCG-2‖rGO HSC demonstrates excellent 

electrochemical performance with high ED of 51.85 Wh kg–1 and PD of 1.34 kW kg–

1 with 85% capacitance retention after 10000 GCD cycles. The present exfoliation-

restacking strategy provides a useful method for 2D-2D GO-wrapped LDH 

structure for a highly active next-generation hybrid-type SC.  

It is concluded that exfoliation -restacking strategy is useful for synthesizing 

high surface area layer-by-layered NCV,  NCW and NCG nanohybrids and highly 

effective to improve the electrode performance of nanohybrid electrodes. The 

high-performance HSCs are made by Ni-Cr-LDH-based redox-type and rGO-based 

EDLC-type electrodes in KOH electrolytes. Therefore, it is concluded that NCV,  

NCW and NCG nanohybrids are beneficial as a redox-type electrode in HSC. From 

the analysis of physicochemical characterizations, it is concluded that high surface 

area morphology, expanded gallery space and high electrical conductivity of Ni-Cr-

LDH-based hybrids are beneficial for the HSC performance increment. The 

comparative electrochemical performance of NCV-2‖rGO, NCW-2‖rGO and NCG-

2‖rGO HSC devices indicates that the NCV-2‖rGO HSC device displays maximum 

electrode performance. Thus the conclusion is drawn that among the tested Ni-Cr-

LDH-based hybrids, the POV anions are the best choice for hybridizing with Ni-Cr-

LDH. 

8.3 Summery 

1. Coprecipitation methods was used to synthesize nitrate intercalated Ni-Cr-LDH. 

2. The Ni-Cr-LDH showed redox-type electrode activity in 2 M KOH electrolyte and 

exhibited a maximum specific capacity of 356 C g–1 at a 1 A g–1.  

3. The GO was synthesized by modified Hummers method. Further, rGO was 

prepared by reduction of GO through the hydrothermal method.   

4. The rGO electrode showed excellent EDLC-type electrode activity in 2 M KOH 

electrolyte and exhibited maximum Cs of 258 F g–1 at a current density of 3.0 A g–1. 

5. An electrostatically driven exfoliation-restacking strategy was successfully 

synthesized Ni-Cr-LDH-POV (NCV) nanohybrid.  
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6. The best optimized NCV-2 nanohybrid exhibited the highest specific capacity of 

1060 C g–1 at 1 A g–1 with capacitance retention of 82 % after 5,000 GCD cycles in 2 

M KOH electrolyte.  

7. HSC device was successfully fabricated using NCV-2 as a positive electrode and 

rGO as a negative electrode in 2M KOH electrolyte (NCV-2‖rGO).  

8. The NCV-2‖rGO HSC delivered a Cs of 162.5 F g–1 at a 2 A g–1, ED of 57.78 Wh kg–

1 at a PD of 1.59 kW kg–1 and capacitance retention of 87% after 10,000 GCD cycles. 

9. An electrostatically driven exfoliation-restacking strategy was successfully 

synthesized the Ni-Cr-LDH-POW (NCW) nanohybrids.  

10. The best optimized NCW-2 nanohybrid exhibited the highest specific capacity 

of 736 C g–1 at 1 A g–1 with electrochemical stability up to 81% after 5,000 GCD 

cycles in 2 M KOH electrolyte.  

11. HSC device was successfully fabricated using NCW-2 as a positive electrode and 

rGO as a negative electrode in 2M KOH electrolyte (NCW-2‖rGO).  

12. The NCW-2‖rGO HSC delivered a Cs of 120 F g–1 at a 2 A g–1, ED of 43 Wh kg–1 

at a PD of 1.3 kW kg–1 and capacitance retention of 84% after 10,000 GCD cycles. 

14. An electrostatically driven exfoliation-restacking strategy was successfully 

synthesized the Ni-Cr-LDH-GO (NCG) nanohybrids.  

15. The best optimized NCG-2 nanohybrid exhibited the highest specific capacity of 

815 C g–1 at 1 A g–1 current density with electrochemical stability up to 80 % after 

5,000 GCD cycles in 2 M KOH electrolyte.  

16. HSC device was successfully fabricated using NCW-2 as a positive electrode and 

rGO as a negative electrode in 2M KOH electrolyte (NCG-2‖rGO). 

17. The NCW-2‖rGO HSC delivered Cs of 145 F g–1 at 2 A g–1, ED of 52 Wh kg–1 at a 

PD of 1.4 kW kg–1 with capacitance retention of 85% after 10000 GCD cycles. 

8.4 Future findings: 

 This research work successfully enhanced the electrode performance of 

Ni-Cr-LDH by making NCV,  NCW and NCG nanohybrids and applied them as 

positive electrodes in HSC. This research work opens up new horizons for 

exploring LDH-based electrodes for EES. The specific capacity and cycling stability 

of LDH-based electrodes need to be further increased for their applications in 

hybrids electric vehicles and power tools. The present exfoliation-restacking 
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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 for 

Ni-Cr-LDH-based hybrid electrodes, some challenges remained to further increase 

SCs Cs and ED without affecting its PD and safety. 

 Transition metal doping in Ni-Cr-LDH to design novel nanohybrids can further 

enhance electrode performance of Ni-Cr-LDH-based electrodes. 

 The asymmetric cell can be developed using organic electrolyte or redox 

electrolyte, so that operating potential reaches up to 4V, which leads to high ED 

of LDH-based HSC.  

 Negative electrode materials other than rGO can be employed to achieve higher 

PD and electrochemical stability.  
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