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   CHAPTER 1 

 Introduction 

This chapter presents a brief overview of energy storage, energy crisis 

and how to overcome the current and future energy demand. A brief 

review of the literature of the recent trends on various transition metals 

(TM)-based materials, energy storage devices, and their prospective 

applications are also explored. This chapter explains topics related to the 

choice of materials, their design, synthesis, characterization, fabrication, 

and evaluation of electrochemical energy storage performance. 

1.1 Background and Motivation 

To address environmental/ecological issues (global warming and 

carbon-capture), challenges associated with the energy economy, and 

their consequences on the quality of human life through sustainable 

development, has become the need of the hour. The unending global 

demand for energy generation and storage is regarded as one of the 

biggest challenges in the world, causing energy depletion. The 

tremendous risk of climate change, conjoined with the excessive use of 

fossil fuel, makes the continuous supply of energy increasingly difficult. 

This results in the emission of carbon dioxide, thereby, raising the earth’s 

temperature. The global economy is likely to consume more and more 

energy with the rise in energy demand of developing countries. 

According to a report by Bloomberg New Energy Finance (BNEF), the 

global energy storage market will be tripled by 2030, from the current 

energy demand of 125 gigawatts to 305 gigawatt-hours [1]. Therefore, 

efficient and large-scale energy storage systems are required to overcome 

the energy crisis. Energy storage converts energy from the forms which 

are difficult to store to a more conveniently or economically storable 

form [1]. There are a number of energy storage technologies such as; 

mechanical storage, thermal storage, electrochemical storage, and other 

chemical storage (hydrogen, biofuels, petroleum, natural gases, and coal, 

etc.) [2, 3]. The thesis limits its discussion to electrochemical energy 
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storage technology, which is one of the cleanest, considered to be the 

most feasible, environmentally friendly and sustainable [4]. The 

electrochemical energy storage device includes rechargeable-batteries, 

flow-batteries, supercapacitors (SCs), etc. Conventional energy storage 

systems, like Li-ion batteries (energy density up to 500 Wh/kg) are not 

suitable for future hybrid electric vehicles, portable electronics, and high-

end wearable systems due to their bulkiness, heavyweight and low 

performance. Batteries run out of energy; they die, overheat, take a long 

time to charge, and are environmentally disastrous, thus limiting the 

future use in high-end applications. SCs play a crucial role in bridging 

the gap between batteries and capacitors by providing higher power 

density (W/cm
2
) than those of batteries and higher energy density (range 

of mWh/cm
2
) than those of capacitors. SCs offer many advantages 

regarding superior charge-discharge rate, ultrahigh power densities (>10 

kW/kg), exceptional long cycle life (>10
6
 cycles) and efficiency, a wide 

range of operating temperatures, improved safety, high flexibility, no 

thermal breakdown, and are environmentally friendly. Due to the 

numerous advantages offered by SCs, they have attracted considerable 

attention in portable electronic devices, automotive/hybrid electric 

vehicles, digital telecommunication systems, uninterrupted power supply 

for computers and pulsed laser techniques, etc.  

It should be noted that no single energy source can match all power 

and energy region as depicted in Ragone plot (figure 1.1). For example, 

SCs (high power density) and batteries (high energy density) bridging the 

gap between conventional capacitors and fuel cells, are ideal emerging 

electrochemical energy storage systems. The common features of both 

the systems are that release of energy takes place at the interface of the 

electrode-electrolyte and ion transports are separated. They differ in the 

way of storing charge and type of electrode materials used. The 

characteristic performance of SCs set them apart from the batteries. 

The electrode materials play a crucial role in determining the charge 

storage properties. Currently, the scientific community and industries are 

aiming towards the development of highly efficient materials with 

economical sustainability, and to provide better performance. The 



 
 

3 

 

advanced electrode materials are found to have a place in electric 

vehicles which allow researchers to replace fossil fuels in vehicles to 

make electric vehicles (EV), and hybrid electric vehicles (HEV) and a 

variety of high-end applications. Some government agencies have 

announced national targets for the introduction of all electric vehicles, 

which are fast competing against combustion engines both regarding cost 

and range.  

 
Figure 1.1 Ragone plot of energy density and power density for various energy 

storage devices. 

1.2 Overview of electrochemical capacitors 

Electrochemical SCs are broadly classified regarding their charge 

storage mechanisms (i) electric double layer (EDL) charge storage 

mechanism also known as non-faradaic charge storage mechanism. 

Under certain conditions, in a given electrode-electrolyte interface, no 

charge transfer reactions take place because they are thermodynamically 

or kinetically unfavorable. Here, the adsorption-desorption process 

occur, and this process is called a non-faradaic process. (ii) Secondly, 

there is the pseudocapacitive charge storage mechanism, known as the 

faradaic charge storage mechanism, dependent on oxidation-reduction 

(redox) reaction. Electrodes at which faradaic processes occur are also 

called as charge-transfer electrodes.  

The concept of electrochemical SCs comes from the existence of the 

EDL present at the interface between a conductor and its electrolyte. The 

EDL theory is the basis of electrochemical charge storage to understand 
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the electrochemical processes occurring at electrode-electrolyte interface 

between a charged electrode material and an electrolyte. The ultrahigh 

capacitance is obtained, if the surface area at the interface, i.e., of the 

electrode material is significantly increased. The theory of EDL was first 

proposed by Hermann von Helmholtz and which was further developed 

by Gouy, Chapman, Grahame, and Stern. Helmholtz was the first to 

recognize the charge separation at interfaces and proposed that the 

counter ions/charge exist at the surface of the electrodes. Therefore, two 

layers of opposite polarity were formed, separated by a molecular order 

distance. In 1853, Helmholtz suggested it as an EDL which acts as a 

molecular dielectric and store charge electrostatically [5]. This 

pioneering model predicted as a constant differential capacitance is 

independent of the charge density depending on the dielectric constant of 

the electrolyte solvent and thickness of double layer [6, 7]. This interface 

model suggests the possibility of adsorption of ions onto the surface 

rather at an interface between the electrode and electrolyte, the 

interaction between the solvent dipole moments and the electrode. The 

next model is the Gouy-Chapman model (1910), it suggests that the 

capacitance is not constant and depends on the applied potential and 

ionic concentration. This model made noteworthy advances by 

introducing a diffuse model of the DL where the charge distribution of 

ions is a function of distance from the metal surface and follows 

Maxwell-Boltzmann statistics. Hence the electric potential exponentially 

decreases from the metal surface to fluid [6]. The Stern model (1924) 

overcomes the disadvantages of both the previous models and combines 

both. It suggests that some ions adhere to the electrode as suggested by 

Helmholtz, giving an internal Stern layer, while some ions form a diffuse 

layer [8]. This accounts for the finite size ion and the order of ionic 

radius. This model has its own limitations; it treats ions as a point charge. 

Therefore, it assumes that all the significant changes in the diffuse layer 

are coulombic and considers the dielectric permittivity to be constant 

throughout the double layer and the electrolyte viscosity. There are many 

models which lead to further development of this unique field of energy 

storage like Grahame model, Bockris/Devanathan/Muller (BDM) model, 
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Trasatti/Buzzanca model, and Conway model, etc. Grahame model 

(1947) is the modified version of the Stern model, suggesting that some 

ionic or uncharged species can penetrate the Stern layer. Stern coined the 

term ‘specifically adsorbed ions’ because of direct contact with the 

electrode. He proposed the existence of 3 regions; (1) Inner Helmholtz 

Plane (IHP), (2) Outer Helmholtz Plane (OHP), and (3) Diffuse Layer 

Regions (DLR) [9]. BDM (1963) proposed a model of the double layer, 

suggesting that the attached molecule of the solvent has fixed alignment 

to the electrode surface. The resulting first layer demonstrates a strong 

orientation towards the electric field depending on the charge. Thus, it 

has a great influence on the permittivity with the field strength [10]. 

Further, the Trasatti/Buzzanca model (1971) for the first time coined the 

term pseudocapacitance and observed the double layer effect on RuO2 

that the electrochemical charge storage behavior at low voltages with 

specifically adsorbed ions was like that of the capacitors [7]. These 

specifically adsorbed ions involve the partial charge transfer between the 

ion and electrode; this was the pioneering step towards the understanding 

of pseudocapacitance. Conway has carried out the extensive fundamental 

and development work on RuO2 electrochemical SCs. The model (1991) 

clearly describes the difference between ‘SC’ and ‘battery’ behavior in 

electrochemical energy storage [11]. In 1999, he coined the term SC to 

explain the increased capacitance by surface-confined redox reactions 

governed by the faradaic charge-transfer between electrodes and 

electrolytic ions [12]. The model proposed that electrical charge is 

partially stored in the Helmholtz double layer and partially as the result 

of faradaic reactions with the ‘pseudocapacitive’ charge transfer. The 

pseudocapacitive charge storage takes place using redox reactions, 

intercalation, and electrosorption mechanism. Figure 1.2 (a) shows the 

basic design of the electrochemical capacitor/SC that consists of two 

electrodes separated by an ion-permeable separator and an electrolyte. 

When an external voltage is applied, the electrode gets polarized by ions 

forming a double layer of opposite charges as depicted in figure 1.2 (a 

and b). For an ideal EDLCs, the specific capacitance, C (F/g) follows 

that of a parallel-plate capacitor and is given by the following eq (1.1):   
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𝐶 =
𝜀𝑟𝜀𝑜𝐴

𝑑
                                        (1.1) 

Where εr is relative permittivity and εo is the absolute permittivity 

(F/m) in a vacuum, A (m
2
/g) is the specific surface area of the electrode 

accessible to the ions, and d (m) is the effective thickness of EDL. It 

should be noted that the role of high specific surface area electrode is 

important in EDLCs and the devices store charge through adsorption of 

electrolytic ions over the surface of electrode material, carbon-based 

materials are considered as ideal materials due to their high electrical 

conductivity, huge surface area and low density properties desirable for 

making EDLCs involving electrostatic and no redox reactions [13]. 

 

Figure 1.2 Schematic illustration of the SC: (a) Basic design of SC, (b) Electric 

double layer model, IHP refers to the distance of the closest approach of 

specifically adsorbed ions (anions) and OHP refers to the non-specifically 

adsorbed ions and also to the plane where the diffuse layer begins. 
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In pseudocapacitors, the term ‘Pseudo’ comes from the ancient Greek 

‘Pseudés,’ which means ‘False’ or ‘Erroneous.’ The term 

pseudocapacitive refers to the electrode material that has most of the 

characteristics of conventional capacitive electrodes (i.e., capacitance 

originated from the electrochemical double layer), the main one being a 

linear change in the charge stored Q (in C or mAh/g) with the potential 

∆E (in V). The materials which primarily exhibiting the redox behavior 

are TM-based materials like RuO2, IrO2, MnO2, etc. and conducting 

polymer-based materials (like polyaniline, polythiophene, etc.). RuO2 

[15], MnO2 [16], and Nb2O5 [17], etc. electrode materials involve 

faradaic charge-transfer reactions due to the storage of protons from the 

electrolyte. Despite their faradaic nature, the cyclic voltammogram (CV) 

and galvanostatic charge-discharge (GCD) curve are similar to that of 

capacitors, i.e., rectangular and triangular shape; respectively, these 

materials are categorized as intrinsic pseudocapacitive material [18]. A 

report by Trasatti et al. [15], suggests RuO2·nH2O exhibits four unique 

features enabling the rapid faradaic reactions causing high specific 

capacitance: (1) the redox behavior of Ru
4+

 cationic contributes towards 

the redox reaction. (2) The high conductivity of RuO2 allows fast 

electron transportation. (3) The presence of structural water is beneficial 

for smooth and rapid proton transportation from the inner surface. (4) 

The high surface area is thereby reducing the diffusion distance. Conway 

et al. [19], highlighted several faradaic charge storage mechanisms: (1) 

underpotential deposition (metal ion forms an adsorbed monolayer at the 

different metal surface just above their redox potential). (2) Redox 

pseudocapacitance (electrochemical adsorption of ions on the surface of 

redox-active electrode material), and (3) intercalation pseudocapacitance 

(ion intercalation into the tunnels or layers of the redox-active electrode 

materials) accompanied by faradaic charge-transfer with no 

crystallographic phase transformation. It is believed that the cations can 

freely intercalate into the lattice on reduction and out of the lattice on 

oxidation [20]. These mechanisms occur due to the difference in physical 

processes with different materials, yet they have the similar 

electrochemical signatures due to the relationship (1.2) between the 
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potential and the extent of charge developed due to the 

adsorption/desorption processes occurred at electrode-electrolyte 

interface/at the inner surface of the material [21]. 

𝐸 ~ 𝐸0 −
𝑅𝑇

𝑛𝐹
ln (

𝑋

1 − 𝑋
)                                    (1.2) 

Where E is the potential (V), R is the ideal gas constant (8.314 J mol
-1 

K
-1

), T is temperature (K), n is the number of electrons, F is the 

Faraday’s constant (96485 Cmol
-1

), and X is the extent of fractional 

coverage of the surface/inner structure. Since the pseudocapacitive 

electrodes store energy via fast faradaic reactions, the specific 

capacitance (C; F/g) can be expressed via. eq (1.3), and defined in the 

regions where the plot E vs. X is linear: 

      𝐶 = (
𝑛𝐹

𝑚
)

𝑋

𝐸
                                                      (1.3) 

Where m is the molecular mass of active materials. The plot between 

E vs. X is not completely linear as it is in the capacitor that is why the 

capacitance is not constant, hence termed as pseudocapacitance. The 

above relationships (eq. 1.2 and 1.3) refer to the thermodynamic basis for 

material’s pseudocapacitive behaviors and their kinetic behavior for the 

utilization of energy storage applications. It suggests that the diffusion 

process slightly hinders the reactions that occur at the surfaces or are 

limited to the surfaces at the interface, which resulted in high-rate 

capability. That is the main difference between TM-based materials 

which exhibits the pseudocapacitive behavior and those that do not. That 

is why the former one is utilized as battery type materials, resulting in 

high energy densities and the diffusion processes limit the power 

capabilities within the electrode materials [22].  

TM oxides mainly MnO2, RuO2, TiO2, and V2O5 were the first 

materials which were classified as pseudocapacitive and were 

investigated [15–17, 23]. These are known as intrinsic pseudocapacitive 

materials due to their electrochemical signature observed from CV 

(rectangular shape) and GCD curves (triangular shape). The main feature 

of pseudocapacitive electrodes has unfortunately been forgotten over the 

past decades for many reasons. The main reason is the misunderstanding 
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of the composition of hybrid devices in which the battery electrode is 

confusingly likened to a pseudocapacitive electrode which caused the 

term pseudocapacitive to be assigned to a large number of materials, 

which are purely faradaic electrode materials such as those used in 

batteries, the most striking example being Ni(OH)2, Co(OH)2, NiCo2O4, 

Co3O4, NiFe2O4, etc. [24, 25]. These pseudocapacitive materials involve 

rapid and reversible redox reactions responsible for the charge storage 

mechanism unlike ionic adsorption in EDLCs and undergo 

crystallographic phase transformation. The material with cyclic 

voltammograms containing intense separated oxidative and reductive 

peaks, or constant-current charge-discharge curves with obvious voltage 

plateaus should be categorized as a battery-type electrode. These are 

known as an extrinsic pseudocapacitive material whose behavior is 

similar to that of battery-type materials; it is also known as battery-

type/battery-like electrode materials. The faradaic contributions in these 

materials substantially increase the resulting capacity/capacitance and 

thus the energy density of the device. However, these materials store 

huge amount of charges compared to EDLCs, resulting in high 

capacity/capacitance and higher energy density but it has to compromise 

with the power densities. Indeed, the redox reactions are involved in 

battery type materials; although it is rapid, have slower kinetics than that 

of double layer ionic adsorption phenomena. In extrinsic 

pseudocapacitive materials, the double layer charge storage is generally 

very low due to limited electronic conductivity and a moderate surface 

area of the materials. In batteries, the energy storage takes place due to 

the chemical reactions, where the electrical energy is released from 

across the terminal of the battery. The electrochemical reactions take 

place between electrode materials and the electrolytic ions, which leads 

to the conversion of chemical energy to electrical energy. Table 1.1 

shows the ionic conductivities of various aqueous electrolytes used in 

number of electrochemical experiments; in this dissertation, a basic 

aqueous electrolyte KOH was used. 

Table 1.1 Ionic conductivities of the various aqueous electrolytes used in the 

electrochemical experiments. 
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Electrolyte Conductivity (mS/cm) 

1 M H2SO4 265 

1 M KOH 191 

1 M LiOH 150 

1 M NaOH 141 

1 M K2SO4 100 

1 M Na2SO4 100 

1 M KOAc4 92 

3 M NaOAc 79 

1 M LiK2SO4 71 

1 M MgSO4 51 

1.3 Objective and scope of the thesis  

The primary objective of this dissertation is centered on TM 

oxide/hydroxycarbonate based nanomaterials for electrochemical energy 

storage application. Due to the unique properties of TM-based materials 

like the abundant supply, low-cost, existence in multiple oxidation states, 

richer and faster redox reaction, high electronic conductivity and surface 

controlled porosity, higher electrochemical performance, high rate 

capability, and cyclability, etc. [26]. With these properties, the study 

aims to explore various novel TM-based materials for achieving, high 

charge storage capacity, high energy and power density, excellent rate 

capability and cycling stability. In recent years, it has been proposed that 

a promising method to reach higher energy densities with SCs is to use 

pseudocapacitive materials: intrinsic and extrinsic pseudocapacitive 

materials which can store energy through fast redox reactions. These 

electrodes have high energy density yet they suffer from poor rate 

capability and poor cycling stability. So, there is an urgent demand to 

improve and explore novel TM-based electrode materials for 

electrochemical energy storage application.  

The precise objectives of the research studies undertaken in this 

dissertation are as follows: 

In the view of the major concerns raised above, it is necessary for a 

systematic study on the following objectives.  
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1. To develop AB2O4 cubic spinel materials by simple and economical 

chemical bath method. 

2. To understand the growth mechanism, study various 

physicochemical properties, and explore the electrochemical charge 

storage performance. 

3. To investigate Mx(CO3)y(OH)z·nH2O based materials by a facile 

hydrothermal method and understand their growth mechanisms. 

4. To explore the role of hydrated part (associated with 

crystalline/lattice water) of Mx(CO3)y(OH)z·nH2O on its structure 

and electrochemical charge storage performance. 

5. To fabricate prototype devices and test for electrochemical energy 

storage application. 

To develop the next-generation energy storage materials, a unique 

strategy for designing novel materials is required. This thesis aims at 

providing a comprehensive description of electrochemical energy storage 

regarding fundamentals, technological applications, and the latest 

development of various TM-based electrode materials for energy storage 

applications. The objective of modern synthetic chemistry is to design 

novel materials with unique morphology and robust crystal structure 

which plays a crucial role for SCs, batteries, hydrogen storage, etc. So, 

the electrode materials with desirable properties are the key to realizing 

high-performance electrochemical energy storage (EES) systems. In this 

work, TM-based nanomaterials mainly nickel cobalt oxide (NiCo2O4), 

nickel iron oxide (NiFe2O4), cobalt oxide (Co3O4), cobalt carbonate 

hydroxy hydrate (Co6(CO3)2(OH)8·H2O) (CCH), zinc carbonate 

hydroxide (Zn5(CO3)2(OH)6) (ZCH), nickel carbonate hydroxide hydrate 

(Ni2(CO3)(OH)2·2H2O) (NCH), etc. are successfully synthesized, 

characterized and evaluated as potential electrode materials for energy 

storage. The motive for studying these materials is that their chemical 

compositions are more diverse than carbon and TMs allows fast and 

reversible redox reaction to occur and result in a higher energy density. 

The first part of this thesis is focused on exploring spinel cubic 

structure TM-based materials. The spinels are a class of minerals with a 

general formulation of AB2X4 type, where A is generally monovalent or 
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divalent metal cation and B is a trivalent metal cation, X is anions 

(typically chalcogens or group VI elements, usually oxygen), which 

crystallizes in cubic crystal system. Normal spinels, are usually closed 

packed face-centered cubic (fcc) structure with eight tetrahedral and four 

octahedral sites per formula unit with a space group Fd3̅m (𝑂7
ℎ) [27]. The 

X anions occupy the fcc sites, the A
2+

 ions occupy one of the eight 

tetrahedral sites and B
3+

 ions occupy two of the four octahedral sites, 

thus a normal spinel can be represented as: (A
II
)
tet

(B
III

)2
oct

X4/ A
2+

[B2
3+

]X4
-
 

[28]. The tetrahedra within the spinel lattice are isolated from one 

another, whereas the octahedral units, share its edges with oxygen atoms 

[29]. Spinels are an important ionic structure showing the interesting 

structural, electrical, magnetic, and various physicochemical properties 

which vary with the nature of their ions, charges, and site distribution 

amongst tetrahedral and octahedral sites [28]. The cationic distribution is 

governed by the crystal field stabilization energy (CFSE) of the 

constituent TMs. Depending on d-electron counts; different ions have 

different tendency/preferences for the octahedral sites, which results in 

such unique properties of spinels. The work explores the following 

electrode materials namely NiCo2O4, NiFe2O4, and Co3O4, were 

synthesized via. chemical bath method. The morphology of the 

synthesized materials found are flake-like, nanoparticles, and layered 

hexagonal sheet like morphologies for the NiCo2O4, NiFe2O4, and Co3O4 

nanomaterials, respectively. By controlling the reaction time, 

temperature, pH of the system the morphologies have been obtained. 

The second part of the thesis, addresses some of the important issues 

faced while dealing with AB2O4 type materials and allowed to explore 

novel materials and concepts for electrochemical charge storage 

performance. Binder and other additive materials were employed in the 

electrode preparation process to use these AB2O4 compounds for 

electrochemical measurement. It imparts various complications during 

electrochemical measurements like peeling off the material, poor 

performance, material degradation, and the entire active material is 

unable to be utilized. A binder-free approach simplifies these problems 

by synthesizing novel electrode material using direct growth approach. 
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Here, the hydrothermal approach is used to grow various types of 

nanostructures directly on the Ni-foam substrates, which serve as an 

electrode, later to be used for electrochemical measurement. To fabricate 

the binder-free electrode mentioned properties are highly desirable since 

binder-free process prevents the agglomeration, facilitates the fast 

electron transfer rate and the penetration of the electrolytes into the 

whole electrode matrix and allows more effective utilization of the 

electrode materials via. the efficient ion exchange [30]. The emerging 

and effective avenue are to rationally design and fabricate ordered 

nanostructure arrays, such as nanowire, nanowire, nanosheet, nanorods, 

and nanotube arrays, etc. directly on conductive substrates (e.g., Ni foam, 

Ti foil, stainless-steel foil, and flexible graphite paper) [31]. Ni-foam has 

attracted great attention due to its several unique properties of 3D 

macropores, large surface area, high conductivity, high knittability, etc 

[32]. The composite materials have been grown in confined conductive 

substrates in order to obtain the high-capacity electrode. 

So far, many TM-based nanomaterials such as oxides, hydroxides, 

sulphides, phosphates, and various hybrids have been developed for 

energy storage pseudocapacitive application [33]. There is a need to 

explore and develop a novel, low-cost alternative electrode materials 

with exceptional energy storage performance. In this context, the second 

part of this dissertation is focused on developing the metal carbonate 

hydroxide hydrate (MCH) based on next-generation energy storage 

materials. Nowadays, MCH based electrode materials have attracted 

significant attention, and such class of materials is not yet fully explored. 

The reason is CO3
2-

 ions enhance the wettability of the electrode surface 

due to its hydrophilic nature [34, 35]. This unique feature makes MCHs 

exhibit unusual properties, such as effectively reducing the polarization 

during charge-discharge, better structural stability, higher reversible 

capacity, and electronic conductivity due to multiple oxidation states and 

rich redox reactions [36, 37]. TM-based MCHs of divalent metal ions 

with the general formula of Mx(CO3)y(OH)z·nH2O, are being broadly 

used in industrial applications and are abundant [38]. The MCHs have 

exceptional crystal structures [39], and most of the MCHs are labelled 
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with similar component, viz., “ribbons” of M
2+

 octahedra, comprising 

edge-sharing double octahedral chains, which elongate along the c-axis 

and interconnect through corner sharing to form “corrugated” octahedral 

layers. The CO3
2- 

ions act as the structure directing agents [40]. The 

MCHs also have variable composition, where M=Cu, Zn, Mg, Fe, Co, Ni 

ion or combination of them [39]. The important aspect while 

synthesizing MCH, which make them unique is the ‘role of the synthesis 

process,’ i.e., a pre, as well as a post synthesis procedure for developing 

unique nanostructure with excellent properties, that cannot be neglected 

since it plays a significant role in determining the properties of the 

synthesized material. Here, during the synthesis of MCH based materials, 

the post-synthesis heat treatment process is deliberately avoided to utilize 

the hydrated part (associated with crystalline/lattice water), and 

surprisingly, it resulted in an excellent electrochemical energy storage 

performance. The cation (like Li
+
, K

+
, Na

+
, etc.) occupies the interlayer 

spacing, rather than the hydroxyl ion due to size mismatch between the 

ions. It provides a facile pathway for fast (de)intercalation of electrolyte 

ions during the charge-discharge process. Therefore, these 

hydroxycarbonates may provide a large library of materials for energy 

storage system [41]. The following materials namely CCH, CCH@ZCH, 

and NCH have been explored using a simple hydrothermal method. The 

morphology obtained for CCH is 1D hierarchical nanowire arrays 

(NWAs), ZCH is a marigold flower-like morphology, NCH flower 

consists of several nanosized petals/flakes like morphology, whereas the 

morphology of core-shell of CCH@ZCH is found to be nanowire-

ultrathin nanosheets (NSs) or wire-in-a-sheet like morphology. The 

electrochemical results have revealed that the electrochemical energy 

storage (EES) performance of most of the nanomaterials depends on their 

morphology and microstructural properties in terms of particle size, 

surface area, and crystallinity. The growth mechanisms are proposed to 

interpret the formation of the above nanostructures, and the 

corresponding charge storage mechanism has also been suggested. 

In short, the novelty of this thesis lies on (1) one of the studies on 

CCH deals with the determination of the crystal structure and 
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investigation of electrochemical performance, that encourages to explore 

similar class of materials. This study enables to combine the idea of 

crystallography and electrochemistry in order to explore the new 

concepts and provide a probable optimistic prediction to solve the energy 

storage problem. (2) Similarly, the research finding on Co3O4 has 

enabled in developing a high-rate electrode material and in finding the 

reason behind such a performance. The role of a crystal plane effect 

especially, {111} facet dependent properties tend to dominate such 

extraordinary performances. (3) The role of hydrated phase present in the 

CCH, CCH@ZCH, and NCH has led to a unique, extraordinary 

electrochemical charge storage performance. It is achieved by 

deliberately avoiding the post-synthesis heat treatment process in order 

to utilize the hydrated part (associated with crystalline/lattice water), and 

surprisingly, it resulted in excellent electrochemical energy storage 

performance. Thus, the results presented in this dissertation may prove to 

be a simple and effective approach to prepare and to exploit the advanced 

TM-based electrode materials for energy storage applications. 

1.4 Structure of thesis 

Greatly encouraged by the above background, the work makes an 

attempt to explore the correlations in morphology-crystal structure-

electrochemical energy storage properties of TM-based electrode 

materials.  

The work has been divided into nine chapters circumscribed between 

the introduction chapter 1 and the conclusion and future scope of chapter 

9. The chapter wise organization is summarized as follows: 

1.5 Chapter wise organization of the thesis: 

Chapter 1: “Introduction”: this chapter discusses the brief overview 

on various energy storage devices like batteries, SCs, pseudocapacitor: 

intrinsic and extrinsic pseudocapacitor, charge storage mechanisms, with 

the prime focus on utilization of TM-based materials for electrochemical 

energy storage application.  

Chapter 2: “Synthesis and Experimental Methods”: This chapter’s 

main objective is to present the synthesis methodologies, adopted for 
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synthesizing the materials and experimental methods used in this thesis, 

along with a summary of the detailed materials synthesis and analytical 

characterization tools. 

Chapter 3: This chapter concerns with the “Enhanced 

Electrochemical Performance of Mesoporous NiCo2O4 as an 

Excellent Supercapacitive Alternative Energy Storage Material.” 

The work emphasizes the nanocrystalline mesoporous flakes of NiCo2O4, 

its synthesis via. chemical bath method and also exploits its structural, 

morphological and electrochemical performance.  

Chapter 4: This chapter focuses on the “Synthesis of Ammonia-

Assisted Porous Nickel Ferrite (NiFe2O4) Nanostructures as an 

Electrode Material for Supercapacitor applications.” Here, the 

emphasis is on template-free low cost, facile synthesis of ammonia 

assisted methods for obtaining a porous structure which offers better 

supercapacitive performance. 

Chapter 5: This chapter makes an attempt to interpret the “Design and 

development {111} Crystal Faceted Co3O4 Nanostructures for High 

Performance and Ultra-High Rate Capable Electrode Material.” The 

emphasis is on thermally stable and crystalline 2D layered mesoporous 

hexagonal platelets of Co3O4 {111} faceted layered structures prepared 

by the chemical bath method. The effect of {111} crystal facets, along 

with the 2D layered hexagonal platelets of Co3O4 are also considered to 

show high performance, especially the high rate performance and 

exhibited the battery-like behavior in aqueous KOH electrolyte.  

Chapter 6: This chapter describes “Determination of Crystal 

Structure of 1D Nanowire Arrays of Cobalt Carbonate Hydroxide 

Hydrate as an Excellent Battery-type Electrode Material.” The work 

also examines the growth mechanism of CCH, crystal structure 

determination, and its relevance with energy storage mechanism. The 

role of post heat treatment process (i.e., presence of hydrated phase) and 

its effect on charge storage performance is also explained. This work 

provides an idea of developing advanced electrode materials which are 

potentially competitive for energy storage applications. 
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Chapter 7: “Wire-in-a-Sheet: A Battery-like 3D Hierarchical Core-

Shell Nanostructured Cobalt Carbonate Hydroxide Hydrate@Zinc 

Carbonate Hydroxide Electrode for High-Performance Energy 

Storage Application.” This work concentrates on wire-in-a-sheet type 

nanostructures thus forming a 3D heterogeneous nanostructured 

nanomaterial via. a two-step hydrothermal method. This integrated 3D 

nanostructured material has added new functionalities than to those with 

individual components, resulting in synergistic electrochemical 

performance.  

Chapter 8: “3D Mesoporous flowers of Nickel Carbonate 

Hydroxide Hydrate for High-Performance Electrochemical Energy 

Storage Application.” This chapter throws light on synthesis, growth 

mechanism for developing unique nanostructure, role of the post-

synthesis procedure, and presence of hydrated phase associated with the 

lattice/crystal water in governing the excellent charge storage properties. 

Chapter 9: “Conclusions and Future Scopes.” This chapter 

summarizes the main findings of the previous chapters and also describes 

the probable future scope of the research work that can be undertaken in 

this area. 

References 

[1] Tarascon, J.M. et al. (2001). Issues and challenges facing 

rechargeable lithium batteries. Nature. 414, 359–367. 

[2] Yang, P. et al. (2012). Towards systems materials engineering. 

Nat. Mater., 11,  560–563. doi:10.1038/nmat3367. 

[3] Jiang, J. et al. (2012). Recent advances in metal oxide-based 

electrode architecture design for electrochemical energy storage. 

Adv. Mater., 24, 5166–5180.  

[4] Bhojane, P. et al. (2017). Synthesis of Ammonia-Assisted Porous 

Nickel Ferrite (NiFe2O4) Nanostructures as an Electrode Material 

for Supercapacitors. J. Nanosci. Nanotechnol., 17, 1387–1392.  

[5] Helmholtz (1853). Ueber einige Gesetzeder Verlheiiung 

elektrischcr Strdme in kdrperlichen Leitern mit Anwendung auf 

die thierischelektrischen Versuche, Ann. Phys., 165, 211–233. 



 
 

18 

 

[6] Namisnyk A.M. et al. (2003). A Survey of Supercapacitor 

Technology. 

[7] S. Srinivasan, (2009). Fuel Cells: From Fundamentals to 

Applications, New York, NY. 

[8] Stern, H.O. et al. (1924). Zur Theorie der Elektrolytischen 

Doppelschicht. Zeitschrift Fur Elektrochemie, 30, 508–516.  

[9] Grahame, D.C.  (1947). The Electrical Double Layer and the 

Theory of Electrocapillarity. Chem. Rev., 41, 441–501.  

[10] Bockris, J.O. et al. (1963). On the Structure of Charged Interfaces. 

Proc. R. Soc. A Math. Phys. Eng. Sci., 274  55–79.  

[11] Conway, B.E. (1991). Transition from “Supercapacitor” to 

“Battery” Behavior in Electrochemical Energy Storage. J. 

Electrochem. Soc., 138, 1539.  

[12] Shukla, A.K. et al. (2008). Pillars of modern electrochemistry, 

Electrochem. Soc. Interface. 31–39. 

[13] Augustyn, V. et al. (2014). Pseudocapacitive oxide materials for 

high-rate electrochemical energy storage. Energy Environ. Sci., 7, 

1597–1614. 

[14] Wen, Z. et al. (2012). Crumpled Nitrogen-Doped Graphene 

Nanosheets with Ultrahigh Pore Volume for High-Performance 

Supercapacitor. Adv. Mater., 24, 5610–5616. 

[15] Trasatti, S.et al. (1971). Ruthenium dioxide: A new interesting 

electrode material. Solid structure and electrochemical behavior. J. 

Electroanal. Chem., 29,  A1–A5.  

[16] Brousse, T. et al. (2006). Crystalline MnO2 as Possible 

Alternatives to Amorphous Compounds in Electrochemical 

Supercapacitors. J. Electrochem. Soc., 153 A2171.  

[17] Augustyn, V. et al. (2013). High-rate electrochemical energy 

storage through Li
+
 intercalation pseudocapacitance. Nat. Mater., 

12, 518–522.  

[18] Brousse, T. et al. (2015). To Be or Not To Be Pseudocapacitive? 

J. Electrochem. Soc., 162,  A5185–A5189.  

[19] Conway, B.E., (1999). Electrochemical Supercapacitors Scientific 

Fundamentals and Technological Applications. 



 
 

19 

 

[20] Wu, H. B. et al. (2013). Facile synthesis of mesoporous 

Ni0.3Co2.7O4 hierarchical structures for high-performance 

supercapacitors. Energy Environ. Sci., 6. 3619-3626. 

[21] Conway, B.E. (1993). Two-dimensional and quasi-two-

dimensional isotherms for Li intercalation and upd processes at 

surfaces, Electrochim. Acta., 38,  1249–1258. 

[22] Braun, P. V. et al. (2012). High power rechargeable batteries. 

Curr. Opin. Solid State Mater. Sci. 16, 186–198.  

[23] Winter, M. et al. (2004). What are Batteries, Fuel Cells, and 

Supercapacitors? Chem. Rev., 104, 4245–4269. 

[24] Costentin, C. et al. (2017). How Do Pseudocapacitors Store 

Energy? Theoretical Analysis and Experimental Illustration. ACS 

Appl. Mater. Interfaces, 9, 8649–8658.  

[25] Bhojane, P. et al. (2018). Mesoporous layered hexagonal platelets 

of Co3O4 nanoparticles with (111) facets for battery applications: 

high performance and ultra-high rate capability. Nanoscale, 10,  

1779–1787.  

[26] Dubal, D.P. et al. (2018). Towards flexible solid-state 

supercapacitors for smart and wearable electronics. Chem. Soc. 

Rev., 47, 2065–2129.  

[27] White, W.B. et al. (1967). Interpretation of the vibrational spectra 

of spinels. Spectrochim. Acta Part A Mol. Spectrosc., 23, 985–

995. 

[28] Grimes, N. (1975). The spinels: versatile materials, Phys. Technol. 

6 22–27.  

[29] Naumann, R.J. (2008). Introduction to the Physics and Chemistry 

of Materials. CRC Press Taylor and Francis Group, Hoboken, NJ, 

USA.  

[30] Tiwari, J.N. et al. (2012). Zero-dimensional, one-dimensional, 

two-dimensional and three-dimensional nanostructured materials 

for advanced electrochemical energy devices. Prog. Mater. Sci. 

57, 724–803.  

[31] Zhang, G. et al. (2013). General solution growth of mesoporous 

NiCo2O4 nanosheets on various conductive substrates as high-



 
 

20 

 

performance electrodes for supercapacitors. Adv. Mater., 25, 976–

979.  

[32] Tao, Y.G.J. et al. (2013). Solid-State High-Performance Flexible 

Supercapacitors Based on Polypyrrole-MnO2-Carbon Fiber 

Hybrid Structure. Sci. Rep., 3, 2286–2292.  

[33] Zhu, G. et al. (2014). Nanosheet-based hierarchical 

Ni2(CO3)(OH)2 Microspheres with weak crystallinity for high-

performance supercapacitor. ACS Appl. Mater. Interfaces, 6, 

17208–17214.  

[34] Mahmood, N.et al. (2015). Chlorine-doped carbonated cobalt 

hydroxide for supercapacitors with enormously high 

pseudocapacitive performance and energy density. Nano Energy, 

11, 267–276.  

[35] Xie, H. et al. (2015). A high energy density asymmetric all-solid-

state supercapacitor based on cobalt carbonate hydroxide 

nanowire covered N-doped graphene and porous graphene 

electrodes. J. Mater. Chem. A., 3, 18505–18513. 

[36] Ji, X. et al. (2015). Phase transition-induced electrochemical 

performance enhancement of hierarchical CoCO3/CoO 

nanostructure for pseudocapacitor electrode. Nano Energy, 11, 

736–745.  

[37] Su, L. et al. (2013), CoCO3 submicrocube/graphene composites 

with high lithium storage capability. Nano Energy, 2, 276–282.  

[38] Chen, Y. et al. (2014). Facile synthesis of ceria nanospheres by 

Ce(OH)CO3 precursors. Mater. Lett., 122, 90–93.  

[39] Nickel, E.H. et al. (1981). the New Mineral Nullaginite and 

Additional Data on the Related Minerals Rosasite and 

Glaukosphaerite. Can. Mineral., 19, 315–324.  

[40] Xie, X. et al. (2010). Synthesis of nanorod-shaped cobalt 

hydroxycarbonate and oxide with the mediation of ethylene 

glycol. J. Phys. Chem. C., 114, 2116–2123.  

[41] Lu, Z. et al. (2012). High pseudocapacitive cobalt carbonate 

hydroxide films derived from CoAl layered double hydroxides. 

Nanoscale, 4 3640–3643.     



 
 

21 

 

CHAPTER 2 

Synthesis Methods and Characterization Techniques  

2.1 Introduction  

Everything in this universe is made of elements or substance which is 

called as matter/material. Since the evolution of human, every era has 

been identified by the materials (Stone Age, Bronze Age, Iron Age, etc.). 

Materials are either made up of elements or a combination of elements, 

namely metals, semiconductors, insulators, polymers, ceramics, and 

composites. It is a known fact that the properties of these materials are 

governed by their structure. To understand the behavior of materials, the 

basic principle of physics, chemistry is used for investigating the 

resulting properties. To design the scientific process of synthesizing the 

materials and to meet the modern technological demands, an 

understanding of various mutually interacting processes, mechanisms, 

and materials using sophisticated instruments with an interdisciplinary 

approach is very essential. To explore the novel materials for the 

advanced application, there is a need to look for the possibilities which 

can address modern day problems. It is important to obtain a single phase 

and pure material to be utilized for technological applications. Therefore, 

the characterization of the materials has been the prime importance.  

This chapter provides the necessary information about the synthesis 

methodologies, sample preparation; various physicochemical and 

electrochemical characterization techniques. The samples were 

synthesized by chemical bath method and hydrothermal method and the 

characterization of the materials was carried out using the following 

techniques: (i) X-ray diffraction (XRD) (lab source as well as 

synchrotron source XRD) was used to confirm the formation of crystal 

structure and phase analysis. (ii) Fourier transform infrared spectroscopy 

(FTIR) spectroscopy was employed to check the presence of various 

functional groups in the synthesized materials. (iii) Raman spectroscopy 

was employed to investigate the vibrational/rotational modes of vibration 

due to the presence of functional groups in the sample. (iv) X-ray 
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Figure 2.1 Schematic illustration from material design to characterization to 

fabrication and final device level testing. 

 photoelectron spectroscopy (XPS) was used to understand the chemistry 
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and oxidation states of the synthesized materials. (v) Field emission 

scanning electron microscopy (FESEM) and energy dispersive 

spectroscopy (EDS) was used to see the morphological features and 

elemental distribution along with elemental mapping, respectively. (vi) 

Transmission electron microscopy (TEM), high resolution-TEM 

(HRTEM), and selected area electron diffraction (SAED) pattern were 

used to reveal the detailed morphological, structural analysis of the 

synthesized materials. (vii). N2 adsorption-desorption isotherm studies 

were employed to study the surface area and pore size distribution or 

porosity analysis. (viii) Thermogravimetric analysis (TGA) techniques 

were used to understand the thermal degradation and calorimetric nature 

(exo/endothermic behavior) of the synthesized material. (ix) 

Electrochemical measurements, namely CV, GCD, and EIS studies were 

carried out using Metrohm Autolab PGSTAT302N electrochemical 

workstation to understand the electrochemistry and the charge storage 

response of the synthesized electrode materials.  

Furthermore, a detailed explanation of the synthesis methodologies 

mentioned above and the experimental techniques employed are 

provided in the relevant sections below. Figure 2.1 shows the schematic 

illustration of processes involving materials design, their 

characterizations, and its device-level testing. 

2.2 Materials Synthesis via. Wet Chemical Method  

The materials were synthesized by wet chemical methods for the 

study in this thesis. The detailed explanation of synthesis procedures for 

different synthesized materials is provided in their respective chapters. 

This section is centered on the details of the wet chemical synthesis 

methods used in this dissertation. Primarily there are three approaches 

which fall into this category, i.e., the chemical bath method, 

hydrothermal method, and electrochemical deposition method. This 

section presents the use of two wet chemical processes, namely (1) 

chemical bath method, and (2) hydrothermal method.  

2.2.1 Chemical bath method 
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This section details, the steps involved in chemical bath synthesis 

method for synthesizing AB2O4 type cubic spinel structures of namely 

NiCo2O4, NiFe2O4, and Co3O4 (CoCo2O4) single phase polycrystalline 

material. This method involves a variety of routes for producing different 

types of nanostructures at relatively low temperatures [1]. It is a very 

simple and effective technique which requires only the beaker, precursor 

materials, hot plate, and magnetic stirrer. This technique has several 

advantages such as high and stable yield, uniform and reproducible, does 

not require sophisticated instrumentation, room temperature, 

inexpensive, and minimum loss of material. The growth process is 

mainly governed by some fundamental factors like nature and 

concentration (molarity) of the precursors/complexing agent, pH of the 

solution, temperature, duration, and the reaction medium. The chemical 

bath method involves two steps, nucleation and particle growth, and is 

based on the formation of a solid phase from a solution. 

1. All the appropriate metal salt precursor, i.e., Ni(NO3)2·6H2O, 

Co(NO3)2·6H2O, Fe(NO3)2·9H2O, and ammonium hydroxide 

solution are used for the synthesis. 

2. The metal precursors are taken in 0.05 M concentration in deionized 

(DI) water by keeping the ratio of A:B as 1:2. 

3. The (above) precursors are vigorously stirred for 30 min to obtain a 

homogeneous mixture. 

4. To maintain the pH of the solution between 11-12, ammonium 

hydroxide solution was added drops by drops. The reaction solution 

was made alkaline to promote the growth of nanomaterials, and to 

obtain the desired nanostructures. 

5. The growth of nanomaterials was governed by parameters like pH, 

temperature, and time, etc. The reaction temperature was maintained 

at 80-100 
o
C for ~ 3 h.  

6. This resulted in a dense fluidic precipitate, and once the reaction was 

completed, precipitate was filtered using Whatman filter paper. The 

filtered product was repeatedly rinsed with DI water and several 

times with ethanol, to remove the unreacted precursors. Then the 

washed product was allowed to dry naturally. 
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7. The dry product was collected, and further annealed at 450 
o
C for 4 

h to obtain AB2O4. 

2.2.2 Hydrothermal method  

The term hydrothermal usually refers to any heterogeneous reaction in 

the presence of aqueous solvents or mineralizers under high pressure (up 

to 300 Mpa) and temperature (up to 500 
o
C) conditions to dissolve and 

recrystallize materials that are relatively insoluble under ordinary 

conditions [2]. The hydrothermal or solvothermal method is one of the 

most effective synthetic routes to synthesise and fabricate the 

nanomaterials with a range of morphologies. If water is used as the 

reaction solvent, then it is called as a hydrothermal process, and if a non-

aqueous solvent is used as the reaction medium, then the process is 

called as solvothermal. Generally, the Teflon-lined autoclave is capable 

of working at high temperature and pressure; it is considered an ideal 

container to perform the reaction under the desired conditions. It 

facilitates and accelerates the reaction among the reactants, promotes 

hydrolysis, followed by crystal growth resulting in self-assembly of 

nanomaterials in the solution. Moreover, the properties, morphology, 

size, and structure of nanomaterials can be tailored easily by varying the 

different reaction parameters, such as reaction time, temperature, 

reaction medium, pressure, pH, concentration of the reactants, and filled 

volume of the autoclave. This method is suitable for the preparation of 

nanomaterials with a variety of shapes as compared to the other 

methodologies. It becomes difficult to use the powder sample for 

electrochemical energy storage application and to use it one has to 

incorporate the polymer binder material and the other additional 

additives during the electrode preparation process. Because the binder 

makes 10-20 % of the total electrode, it does not contribute towards the 

capacitance and thus reduces the full utilization of the active material, 

and reduces the electrical conductivity, it also adds to the additional cost 

of the system and other many such associated problems [3]. To overcome 

these problems, the solution is to use the binder-free electrodes. The 

hydrothermal method is one of the techniques which can provide the 
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solution to the above problems by directly growing the nanostructures on 

the substrates. The binder-free approach simplifies the electrode 

processing and avoids the use of additional additives and allows more 

effective utilization of the electrode materials via. efficient ion exchange. 

This results in the development of overall electrochemical energy storage 

materials, which is facile, low-cost, and scalable. The detailed synthesis 

process is explained in the respective chapters. 

2.3 Reagents and apparatus 

The chemicals and reagents used in this thesis together with the 

purities and sources are listed in Table 2.1.  List of apparatus used are 

listed in Table 2.2. 

Table 2.1 Reagents used for materials synthesis. 

Chemicals Purity/Grade Supplier 

Acetylene Black 99.9% Alfa Aesar 

Ammonia solution 25% Merck Life Science 

Ammonium chloride 99.5% Alfa Aesar 

Cobalt nitrate hexahydrate 98-102% Alfa Aesar 

Hydrochloric acid 35% Merck Life Science 

Iron nitrate nonhydrate 98-101% Alfa Aesar 

Nickel foam substrate 99.9% 
Nanoshel Intelligent 

Materials 

Nickel nitrate hexahydrate 99.99% Alfa Aesar 

N-Methyl-2-Pyrrolidone 99.5% Sigma Aldrich 

Polyvinyl alcohol 98% Loba Chemie 

Polyvinylidene fluoride - Alfa Aesar 

Potassium hydroxide 85% Merck Life Science 

Stainless Steel substrate 304 Grade 
Nanoshel Intelligent 

Materials 

Urea 99.5% Merck Life Science 

Table 2.2 List of apparatus used. 

Apparatus Model 
Serial 

Number 
Manufacturer 

Autoclave 
100 mL Stainless 

Steel 
- 

Thermocon Instrument 

Pvt. Ltd 

Centrifuge R-24 ZBHN-23672 Remi Electrotechnik 

Electrochemical AUT86365 PGSTAT302N Metrohm Autolab 



 
 

27 

 

workstation 

Fume hood BST/FH-538 - 
Bionics Scientific 

Tech. Ltd. 

Muffle Furnace 
MLE/TF-FL 

/1200 
MF1616 R-Square 

Tube Furnace 
MLE/TF-

TZS/600-1100 
TF01/1404/03 R-Square 

Gold coater Q150R 12123 
Quorum Technologies 

Ltd. 

Hot Plate and 

Magnetic stirrer 
2MLH CHMS-1413 Remi Electrotechnik 

Multimeter MAS830L - MASTECH 

Ultrasonicator M-3.5 IA18002 Samarth Electronics 

Weighing 

balance 
ATX224 D307032270 Shimadzu Co. 

2.4 Materials characterization techniques 

2.4.1 X-ray diffraction 

X-ray is an electromagnetic (EM) radiation; to be diffracted from the 

spacing in the grating should be of the same order as the wavelength. In 

crystals, the interatomic spacing is ~ 2-3 Å. Decelerating electrons can 

generate X-rays in a lab source X-ray diffraction (XRD) by bombarding 

a target (e.g., Mo, Cu, Co, Fe, and Cr, etc.) with an electron beam. When 

these targets are impacted by accelerating electrons, it emits the 

characteristic Kα and Kβ emission spectrum. Kα is mainly used as a 

radiation source for X-ray diffraction studies.  

XRD is one of the most suitable, unique and non-destructive tools to 

characterize the phase and crystal structure of a material. Figure 2.2 

shows the basic principle of X-ray diffraction, and it requires three 

essential conditions to be satisfied: (i) radiation-related: it has to be 

coherent, monochromatic, parallel waves with wavelength (λ). (ii) 

Sample related: sample has a crystalline array of scatterers with the 

spacing of the order of λ. (iii) Diffraction geometry related: when a beam 

of X-rays falls on the object, they are partially blocked by an obstacle, 

some of the light is scattered around the object, and light and dark spots 

are seen at the edges of the shadow- this effect is known as diffraction. 
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When a beam of X-rays directed at the crystal, it interacts with the 

electrons of the atoms in the crystal. When X-ray impinges on a crystal 

with atomic planes at an angle θ to the rays: it gets diffracted through a 

different set of atomic planes present in the crystal structure. Assuming 

that the atomic planes present in the crystal structure have spacing 

between the successive atomic planes is dhkl, known as dhkl-spacing, 

where h, k, and l are called Miller indices, a reciprocal of the lattice 

vectors. When the d-spacing and the angle of incidence of X-ray is θ, 

then it has to satisfy the Bragg’s relation eq 2.1-2.3 for the constructive 

interference to occur. In θ-2θ configuration, θ corresponds to the angle 

between the hkl-plane and the incident X-ray and diffracted X-ray. The 

detector is placed in a 2θ position to the incident X-ray. The diffracted 

X-rays are then detected, processed and counted. The resulting plot 

usually presented as the intensity (a.u.) vs. 2θ and from the peak position, 

it is possible to calculate dhkl according to the Bragg’s law. These 

diffraction peaks help to identify the material under investigation. It is 

noted that the XRD pattern of each material is unique and can be 

considered as a characteristic of its structural phase. 

According to figure 2.2, the geometrical path difference between the 

ABC and A’B’C’ is ∆. 

∆ =  𝐿𝐵’ + 𝐿’𝐵′ 

                        =  𝐵𝐵’𝑆𝑖𝑛𝜃 +  𝐵𝐵’𝑆𝑖𝑛𝜃 

    =  2 𝐵𝐵’𝑆𝑖𝑛𝜃 

                                                        =  2𝑑𝑆𝑖𝑛𝜃                                              (2.1)                                                 

For the constructive interference, the path difference should be an integral 

multiple of wavelength i.e., 

                                                        ∆   =  𝑛𝜆                                                  (2.2)  

                                                       𝑛𝜆 =  2𝑑ℎ𝑘𝑙𝑆𝑖𝑛𝜃                                   (2.3) 

Where n, is the integer belongs to the order of diffraction, λ is the 

wavelength of the X-ray used, dhkl is the interatomic distance, and θ is the 

scattering angle. 

Equipment: Most of the XRD measurements of the samples were 

performed using X-ray diffractometer (1) Bruker D8 Advance, Germany 

and (2) Rigaku, Smart lab diffractometer. The filtered Copper Kα (Cu Kα) 
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Figure 2.2 Schematic illustration of Bragg’s law, diffraction of X-ray through 

atomic planes of a crystal also depicting phase match diffraction condition. 

 
radiation source with a wavelength of 1.5406 Å with Bragg Brentano, 

parallel beam optics was used for recording the diffraction patterns in the 

2θ range of 10-80 
o
. 

Some of the XRD measurements were carried out using synchrotron 

radiation facility. A synchrotron is a particle accelerator uses bending 

magnets to radially accelerate charged particles causing them to emit the 

electromagnetic radiation at a specific wavelength. Synchrotron radiation 

is more powerful than the laboratory X-ray source with excellent signal 

to noise ration even for very small sized samples. One of the works 

presented in this thesis, based on crystal structure determination was 

possible due to the utilization of this synchrotron radiation facility. The 

angle-dispersive XRD (ADXRD) measurement at beamline (BL-12) of 

Indus-2 synchrotron radiation using an image plate area detector 

(MAR345dif) in transmission mode at a wavelength of (λ =0.8077 Å)) 

was conducted at Raja Ramanna Centre for Advanced Technology 

(RRCAT) Indore, India. A standard corundum or silicon sample was 

used for instrumental broadening corrections, and Fullprof software used 

for profile analysis.  

Hugo Rietveld developed the Rietveld refinement method, which 

incorporates all of the variables that affect diffraction peaks and involves 

the least square fit method to refine structural information of the sample 

[4]. In this method, diffraction patterns are simulated by an initial crystal 
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structure model, and then some parameters are refined by a regression 

algorithm to minimize the difference between the simulated and 

experimental patterns. Here, a simulated model of the lattice is built 

which consists of atoms of specific elements and their positions in the 

lattice, the symmetry of the lattice, and the size of the lattice. Also, 

instrument-specific parameters are also considered, which include the 

width of the peaks, polarization factor, peak asymmetry factor, and zero 

correction. The instrument-specific parameters are obtained by 

performing an XRD experiment and a Rietveld refinement on a standard 

calibration sample. Once obtained, the instrumental parameters are fixed 

in the refinement. In the Rietveld refinement, one tunes the sample 

parameters to obtain the best to fit the experimental data. The parameters 

used for the Rietveld refinement are categorized on the instrument and 

sample-based factors as mentioned in Table 2.3. The indication of a 

good fit is measured in terms of R values. The weighted profile is termed 

as Rwp. The quantity Rwp is minimized during the Rietveld refinement, 

and it tends to Rexp. The goodness of fit is expressed by χ
2
 when Rwp -

approaches the Rexp then χ
2 

approaches towards unity. The most important 

R factor considered in the structural studies is a Bragg R factor, RBragg. In 

this work, the Rietveld refinement of the XRD pattern was performed 

using FULLPROF suite software [5]. 

Table 2.3 Parameters used during Rietveld refinement for XRD pattern 

simulation. 

Parameters Instrumental Factors Sample-based factors 

Peak Position 
Wavelength, Zero-point error, 

Sample height 
Unit cell dimensions 

Peak Shape 

Diffractometer geometry, slit 

sizes, Type of detectors, the X-

ray source 

Size of crystallites, 

Strain, Defects 

Intensity 

Amount of sample, Lorentz- 

polarization and other 

diffractometer factors 

Atomic coordinates, 

Temperature factors, 

Absorption, Site 

occupancies 

Background Air scatter, Detector noise Fluorescence, Disorder 

2.4.2 Fourier transform infra-red (FTIR) spectroscopy  
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FTIR deals with the infrared region of the EM spectrum, mainly used 

to identify the presence of various chemical species/functional groups 

present in the sample and its associated modes of vibrations. It is an 

invisible EM radiation with a wavelength range from 700 nm to 1 mm 

[6]. IR absorption spectroscopy is the method which is used to determine 

the structures of molecules with its characteristic absorption of IR 

radiation. IR spectrum is a molecular vibrational spectrum. Atoms within 

a molecule are constrained by molecular bonds to move together in a 

certain specified way, called degrees of freedom, i.e., electronic, 

translational, rotational and vibrational. The rotational motion is 

described as a rotation of the molecule around its center of mass. When 

the individual atoms within a molecule change their relative position, it 

means the molecule vibrates. When a material is irradiated with IR 

radiation, it absorbs the radiation and usually excites the molecules into a 

higher vibrational state [7]. The wavelength of light absorbed by a 

particular molecule is a function of the energy difference between the at-

rest and excited vibrational states. The vibrational energy gap determines 

the frequency of the absorption band. The number of absorption bands is 

related to the number of vibrational freedom of the molecule. The 

wavelengths which are absorbed by the material are characteristic of its 

molecular structure. The intensity of absorption bands is related to the 

change in dipole moment and the possibility of the transition of energy 

levels. Therefore, by analyzing the infrared spectrum, one can readily 

obtain sufficient structural information of a molecule. Most molecules 

are infrared active except several homonuclear diatomic molecules such 

as O2, N2 and Cl2 due to the zero dipole change in the vibration and 

rotation of these molecules.  

The FTIR spectrometer uses an interferometer to modulate the 

wavelength from IR source. The detector measures the intensity of 

transmitted or reflected radiation as a function of its wavelength (cm
-1

). 

IR regions can be divided into near-IR region (12800 ~ 4000 cm
-1

), mid-

IR region (4000 ~ 400 cm
-1

) and far-IR region (400 ~ 10 cm
-1

). The 

commonly used region for IR absorption spectroscopy is 4000 ~ 400 cm
-

1
 because the absorption radiation of most organic compounds and 
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Figure 2.3 General regions of FTIR spectra, various kinds of vibrational 

bands (stretching and bending modes) are observed. 

 

 

 
Figure 2.4 Block diagram of FTIR experimental setup. 

 
 

inorganic molecules lie within this region. This results in a unique 

spectrum of a material which can be used as an FTIR fingerprint to 

quantitatively determine the concentration down to a few parts per 

million. Qualitatively, it can be used to identify the quality/purity of 

material [8]. Figure 2.3 shows the block diagram of the FTIR setup. 

 Figure 2.4 shows the general regions of the IR spectrum in which 

various kinds of vibrational bands are observed. The blue colored 

sections above the dashed line refer to stretching vibrations, and the 

violet colored band below the line encompasses bending vibrations. The 

complexity of infrared spectra in the ~ 1500 to 400 cm
-1

 region makes it 

difficult to assign all the absorption bands that usually contains a very 

complicated series of absorptions associated with bending vibrations in 

the molecule, and because of the unique patterns found in this region, it 

is called the fingerprint region. Absorption bands in the 4000 to 1500 

cm
-1

 region are usually due to stretching vibrations of diatomic units, and 
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this is sometimes called the group frequency region.  

Equipment: FTIR measurements of the synthesized samples were 

carried out using Bruker Tensor 27, FTIR Spectrometer. 

2.4.3 Raman spectroscopy  

The vibrational and rotational motions are inherent to every molecule. 

In order to understand the material's structure and molecular dynamics, 

two techniques are mainly used to study the vibrational/rotational 

information of the molecules which are IR and Raman spectroscopy. 

Raman spectroscopy is based on the fundamentals of Raman Effect 

which was discovered by C.V Raman and K.S. Krishnan. It states that 

“when a monochromatic beam of light is scattered from a medium, the 

scattered radiation exhibit a change in wavelength [9].” This effect is 

specific to the molecule which causes it, and can be used for 

spectroscopic analysis. At the molecular level, radiation can interact with 

matter by an absorption/scattering process. Unlike IR, Raman 

spectroscopy measures the scattered light which is mainly of three types: 

(1) Rayleigh scattering, (2) stokes scattering, and (3) anti-stokes 

scattering. The scattering process can occur elastically/in-elastically. 

Rayleigh scattering is the elastic scattering, i.e., no exchange of energy 

between the incident light and molecules. Stokes scattering occurs when 

there is energy absorption from the incident light, while anti-stokes 

scattering occurs when the molecules emit the energy to the incident 

light. Thus, stokes scattering results in a red shift, while anti-stokes 

scattering results in a blue shift, which is known as Raman shifts. Stokes 

and anti-stoke scattering is primarily of the interest of the researcher, 

because it provides the necessary information about vibration/rotation 

associated with the molecules. Raman spectrum is plotted between the 

numbers of photons detected versus Raman shift from the incident laser 

frequency. 

Classically, the interaction of light with the molecule can be seen as 

the perturbations in the electric field of the molecules. This interaction 

induces the change in dipole moment, which is proportional to the 

electric field strength and the molecular polarizability α. A molecular 
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Figure 2.5 Schematic of Raman spectrometer and its principle. 

 

vibration is only called as Raman active if it causes a change in 

molecular polarizability by the vibration, which is given by relation 2.4 

[10]:  

                  (
𝜕𝛼

𝜕𝑄
) ≠ 0                                                                  (2.4) 

Where α, is the molecular polarizability which is a measure of how an 

electron cloud around the molecule can be distorted, Q is related to the 

normal coordinate of vibration. 

 The IR bands arise due to the change in the dipole moment of the 

molecule upon interaction with the incident radiation, whereas Raman 

bands arise due to the change in molecular polarizability upon interaction 

with the incident radiation. Some of the Raman active modes are 

forbidden in IR, and other vibrations may be observed by both the 

techniques at significantly different intensities, that is why both are 

considered to be complementary to each other.  

 Figure 2.5 shows the schematic diagram of Raman spectrometer and 

its working principle. The laser is the source of light having high 

monochromatic and high beam fluxes. When the monochromatic light is 

irradiated on a sample, the inelastic scattering of light contains a 

spectrum of a wavelength longer and shorter than the excitation 

wavelength, which corresponds to the molecular vibration modes or 

crystal phonons. These bands are specific to molecular vibrations since 

the sample contains different materials having different vibrational 
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modes. Raman Effect is a weak process (typically stokes lines are ~105 

times weaker than the Rayleigh scattered components). Therefore, 

intense light sources and low noise detectors are used [11].   

 Raman scattering measurements of the samples are carried out using 

a Labram-HR 800 spectrometer with excitation radiation (wavelength of 

488 nm) from an argon ion laser at spectra with a resolution of 1 cm
−1

. 

2.4.4 X-ray photoelectron spectroscopy (XPS) 

Einstein enunciated the basic principle of the photoelectric effect in 

1905 [12], this laid the foundation for XPS. As far as most chemists are 

concerned, atomic core electrons are inaccessible and inert as neither the 

nucleus, neither contributing to nor being affected by chemical bonding. 

However, the recent development of XPS is rapidly changing this view 

and these “forgotten electrons” are playing an important and growing 

role in chemistry. Robinson developed the first XPS in 1913. High 

energy resolution XPS has become one of the most excellent tools for 

analyzing the surface properties to the depth of 2-5 nm, which was 

developed by the noble laureate Kai Siegbahn in 1960s. XPS is a surface 

sensitive quantitative and qualitative spectroscopic tool to be utilized for 

detecting chemical constituents of the sample surface/surface chemistry, 

the empirical formula, chemical states and electronic states, and any 

contamination over the surface. It can detect all the elements except 

hydrogen and helium. XPS involves the photo-ionization and 

examinations of the kinetic energy (KE) distribution of the ejected 

electrons. Figure 2.6 (a) shows the schematic diagram of the basic 

components and principle of XPS (figure 2.6 (b)).  In XPS, the range of 

X-ray energy 100-2500 eV is used to investigate the core-levels of the 

sample under the ultrahigh vacuum conditions (10
-9

 mbar). When the 

sample is bombarded with the X-rays of sufficiently high energy, it 

results in the excitation of core-level of electrons which are in its bound 

energy states with the nucleus that leads to ionization and the emission of 

the core electron. The photons can induce the electron emission from a 

solid provided that the photon energy (hʋ) is higher than the work 

function (Φ), which is defined as the minimum energy required to 
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Figure 2.6 Schematic diagram showing (a) the basic components and (b) 

principle of XPS. 

 

remove an electron from the highest occupied energy level in the solid to 

the vacuum level. This emitted electron’s KE is measured using the 

hemispherical electron analyzer. This analyzer produces the energy 

spectrum of the ejected photoelectrons versus binding energy (BE) 

according to the relation (2.5) based on Ernest Rutherford [13].  

𝐸𝐵 = ℎ𝑣 −  (𝐸𝑘 +  𝛷)                                                                                  (2.5) 

Where EB is the BE of the photoelectrons, hv is the photon energy, Ek 

is the KE of the emitted photoelectrons and Φ is the work function. The 

p, d, and f-shells, the two peaks are observed, which corresponds to the 

spin-orbital splitting peaks. The separation between the two peaks is 

named as spin-orbit splitting. The spin-orbit splitting and peak area ratio 
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are important parameters which help in elemental identification. 

The  XPS measurement of the synthesized samples (thin films) was 

carried out using synchrotron radiation facility at hard X-ray 

photoelectron spectroscopy (HAXPES) beamline BL-14 which has 

double-crystal monochromator [Si (111)] with excitation energy of 4.4 

keV at Indus-2, RRCAT. The experimental station consists of an ultra-

high vacuum compatible chamber in which various probes, analyzers, 

detectors, and other facilities are housed. It is made of stainless steel with 

suitable ports to let the synchrotron radiation in and designed to reach a 

base pressure ≤ 5x10
-9

 mbar to provide clean conditions for sample 

analysis. High energy (up to 15 keV) hemispherical deflector analyzer 

(HDA) capable of providing energy resolution ~ 10
-4 

has been designed 

and fabricated. For detection of high energy photoelectrons from HDA, a 

high-resolution 2D imaging system has been implemented using an MCP 

(micro-channel plate) detector having a linear active diameter of about 

40 mm.  

2.4.5 Field Emission Scanning Electron Microscopy and Energy 

dispersive X-ray spectroscopy 

Scanning electron microscope (SEM) is a type of microscope used to 

investigate the topological (surface features), morphological (size, and 

shape), and the compositional (the elements, compounds and the relative 

amounts) details of the materials. SEM is used to observe and 

characterize the materials in the regime of microscopic (μm) to 

nanoscopic (nm) scale. SEM is one of the most widely used instruments 

because of its extremely high magnification, larger depth of focus, high 

resolution and ease of sample observations.  

There are a few basic steps involved in its working operation; (1) a 

stream of electrons is produced in vacuum by electron gun, (2) this 

focused high energy e-beam is accelerated towards the sample by a 

system made up of electromagnetic lens, (3) then the sample is irradiated 

with the beam and the interaction occurs inside the irradiated sample, the 

resulting changes in the e-beams are collected by the detectors, and (4) 

the detected signals were further processed and transformed into an 

image. Electron gun generates a fine high energy electron beam, which is 
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Figure 2.7 Schematic diagram of (a) SEM, and (b) its working principle. 

 

 

scanned across the sample. There are two types of electron guns, namely 

thermionic, and field emission gun. The thermionic gun, which is 

considered as the conventional electron gun, the positive electrical 

potential is applied to the anode, and the cathode (filament) is heated 

until a stream of electrons is generated. The e-beam gets accelerated by 

the positive potential down the column, and due to the negative potential 
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at the cap, all the electrons are repelled towards the optic axis. Figure 2.7 

(a) shows the schematic diagram of FESEM instrument. 

In case of field emission, the electron gun comprises a sharp pointed 

tungsten/LaB6 tip held at a several kV negative potential relative to the 

nearby anode, so there exists a huge potential gradient at the surface of 

the tip. This results in the potential energy of an electron as a function of 

distance from the metal surface to have a sharp peak, and then due to the 

electron charge traveling through an electric field, it drops off quickly. 

SEM operated at a voltage between 2-50 kV and its beam scan the 

sample using a raster scan method.  

The principle images obtained from the SEM are; secondary electron 

(SE) images, backscattered electron (BSE) images, and elemental x-ray 

mappings. The incident e-beam interacts with atoms in the sample, which 

undergo two types of scattering i.e., elastic and inelastic. During elastic 

scattering, only the trajectory changes, and the KE and velocity remain 

constant. However, in the case of the inelastic scattering, some incident 

electrons will displace electrons from their orbits (shells) around nuclei 

of atoms; the KE and velocity are changed. This interaction places the 

atom in excited and unstable energy states; and is the basis of the 

electron microscopy, which is depicted in figure 2.7 (b). SEs and BSEs 

are conventionally separated according to their energies. When electron 

energy (exited from the sample) is < 50 eV, it is referred to SEs, and 

when it is > 50 eV, then it is referred to the BSEs. The roles of precise 

selection of electron energies are required to produce an image with 

higher resolution. As a result, these interactions with the specimen, 

produces a wide variety of radiation products like SEs, BSEs, absorbed 

electrons, characteristic and continuum X-rays, etc. and to detect these 

signals several detectors are employed. 

EDS is a technique used for elemental analysis and is often present in 

scanning electron microscopes. The principle is to use an X-ray detector 

to record the number and energy of X-rays produced in the sample 

studied during irradiation by an electron beam. The energies of the X-ray 

emitted are converted to measure the elemental composition of the 

sample. 
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In this work, the high quality microscopic and nanoscopic images of 

the synthesized samples were obtained using FESEM and the instrument 

used is FESEM, Supra 55 Zeiss, UK. This FESEM instrument is also 

equipped with EDS analyzer from Oxford Instruments, UK, which is 

used for analyzing compositional analysis and elemental mapping of 

various TM-based materials.  

2.4.6 Transmission Electron Microscopy 

TEM is another most efficient and versatile microscopic 

characterization tool in which an e-beam is transmitted through an ultra-

thin specimen, resulting in interaction with the specimen/sample as it 

passes through. The electrons are not only transmitted merely through a 

specimen by scattering in the forward direction, i.e., parallel to the 

incident beam direction. This scattering suggests that there is such a 

strong interaction between electrons and matter. Forward scattering 

causes most of the signals used in the TEM and enables to see the 

diffraction pattern or an image on the viewing screen. It includes elastic 

scattering, Bragg scattering, the events called diffraction, refraction and 

inelastic scattering. It provides information regarding the microstructural, 

crystal structure and chemistry with a high spatial resolution from each 

of the microscopic phases individually. The image produced from the 

interaction of the electrons transmitted through/passes from the 

specimen; the image is magnified and focused onto the imaging device, 

such as a fluorescent screen/a photographic film/detected by a sensor. 

The electrons can easily be deflected by passing close to the other 

electrons or the positive nucleus of an atom. These coulombic 

(electrostatic) interactions cause the electron scattering, and this is the 

main process of making the TEM function. The thin specimen is 

illuminated with e-beam in which the electron intensity is uniform over 

the illuminated area. As the electrons travel through the specimen, they 

are scattered by a number of processes (as discussed above), and some 

remain unaffected by the specimen. The transmitted beam contributes 

towards the bright field image of the specimen. A dark field image is 

formed when one of the diffracted beams is selected by using a 
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Figure 2.8 Schematic diagram of (a) TEM, and (b) its working principle. 

 diffraction aperture. The inelastic scattering is also there which loses the 

energy and is transmitted through the rest of the sample; it contributes 
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towards the morphological investigation and other details. The loss of 

energy due to the inelastic electron scattering (Electron energy loss 

spectroscopy (EELS)) can be measured. This information can be used to 

determine elemental composition, chemical bonding, and valence and 

conduction band electronic properties [14].  

 TEM instrument shown in figure 2.8 (a) composed of the filament, 

objective lens systems, magnification systems, a specimen stage, and 

data collection, and chemical analysis system. Figure 2.8 (b) depicts the 

interaction of e-beam with the thin specimen sample. The sample 

preparation is essential since the sample has to be thin enough so that it 

can pass the e-beam through it. High-resolution transmission electron 

microscopy (HRTEM, Tecnai G2 F20 S-Twin) technique and HRTEM-

JEOL JEM 2100 was used to characterize the samples in this work. The 

samples were prepared by sonicating the samples in ethanol and making 

the dispersion by sonicating the process for 40 minutes. In case of 

directly grown nanostructure the as-grown substrates were immersed in 

ethanol and followed the above process, then the dispersion was casted 

on the copper grid using a micropipette, which was further allowed to 

dry for 1 h inside a heating furnace to evaporate the solvent. HRTEM is a 

high-end tool to explore the imaging at the atomic scale and has excellent 

analytical performance. SAED analysis gives information about the 

crystallographic structure of the sample. Electrons with 100-400 keV 

pass through the sample, and in this case, these are considered to behave 

as a wave, as the energy of the electron is sufficiently high so that it will 

have the wavelength of a few thousandth of nm. The spacing between the 

atoms in a solid is about a hundred times larger, therefore the atoms act 

like a diffracting grating to the electrons. Therefore, some of the 

electrons are scattered to particular angles, determining the crystal 

structure of the sample. As a result of this, a series of spots are observed 

on the screen-known as SAED pattern. The images were analyzed using 

ImageJ software (a public domain Java-based image processing program 

developed at the National Institute of Health, USA).  

2.4.7 Gas Sorption Analysis 
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The role of surface area and porosity cannot be neglected while 

studying the energy storage properties since the electrochemical energy 

storage is very much dependent on the surface reactions and porosity of 

the material. Adsorption is a process of adhesion of atoms, molecules, 

ions, biomolecules, and molecules of gas, liquid or dissolved solid to a 

surface. This process creates a film of the adsorbate, and the molecules/ 

atoms get adsorbed on the surface of the adsorbent. The substance on 

whose surface the adsorption occurs is known as an adsorbent, e.g., 

activated charcoal, mesoporous silica, etc. While the molecule that gets 

adsorbed on the surface of the adsorbent is known as adsorbate, e.g., 

liquid or solid. A number of factors govern the adsorption-desorption 

properties; nature of adsorbate and adsorbent, the surface area of the 

material, activation of adsorbent, and experimental conditions like 

temperature, pressure, etc. The adsorption is of two types; physisorption 

physical adsorption) and chemisorption (chemical adsorption). This 

study mainly focuses on the physical adsorption which usually takes 

place at low temperature (N2 gas was used for sorption studies). The 

process is carried out at ~ 77 K liquid nitrogen temperature. It requires 

low heat of adsorption usually in the range of 20-40 kJ mol
-1

 and the 

Vander Waal’s forces act on the molecules. This is reversible, not very 

specific, forms multi-molecular layers, does not require any activation 

energy and it is related to the ease of liquefaction of the gas. The 

adsorption takes place through a few steps and is depicted in figure 2.9 

[15]. 

Step 1. At low pressure and temperature, the gas molecules start to get 

adsorbed on the sample surface. 

Step 2. As the gas pressure increases, the coverage of the adsorbed 

molecule increases to form a monolayer, and during this process, the 

smaller pores will be filled first.  

Step 3. Further increasing the gas pressure, the formation of multilayer 

over the surface will begin.  

Step 4. A further increase in the gas pressure will cause complete 

coverage of the sample and fill almost all the pores in the sample.  

𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 + 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 ⇌ 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛/𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 
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Figure 2.9 Schematic illustration of various stages of adsorption of gas 

molecules on the sample. 

 

 

To investigate the adsorption-desorption properties, various models 

have been proposed Henry’s (linear) adsorption isotherm model, 

Freundlich adsorption isotherm model (empirical model), Langmuir 

adsorption isotherm model, and Brauner-Emmett-Teller (BET) 

adsorption isotherm model. Among these, BET model is employed in 

this work to study the N2 adsorption-desorption investigations, according 

to the BET model, gas molecules are physically adsorbed on a solid by 

forming a multilayer, there is no interaction between each adsorption 

layer. Langmuir theory, which deals with the monolayer adsorption 

phenomena can be applied to each layer. Depending on the different type 

of pore structure of the different materials the International Union of 

Pure and Applied Chemistry (IUPAC) has classified the pores into: 

micropores (< 2 nm), mesopores (~2-50 nm), and macropores (>50 nm).  

The adsorption-desorption isotherm can be classified into various 

types; there are six types of N2 adsorption-desorption isotherms [16]. 

Type I isotherm generally occurs in microporous solids having relatively 

small external surfaces (e.g., activated carbon, molecular sieve zeolites, 

metal-organic frameworks, and certain porous oxides). The limiting 

uptake is governed by the accessible micropore volume rather than by 

the internal surface area. It contributes to the monolayer adsorption 

phenomena, which can be explained by the Langmuir isotherm model. In 

BET equation, when P/Po << 1 and c >> 1, then it leads to monolayer 

formation. Type II is a reversible isotherm that indicates the non-

porous/macroporous materials. The isotherm represents the unrestricted 

monolayer-multilayer adsorption. Type III isotherm is the vapor 

adsorption; it also indicates the unrestricted multilayer formation 

process. It forms due to the lateral interactions between adsorbed 
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molecules which are stronger in comparison to the interaction between 

the material’s surface and the adsorbate. Type IV and V isotherms with 

the hysteresis loop, indicate the presence of capillary condensation in 

mesoporous materials. The initial part of the hysteresis type IV is 

attributed to monolayer-multilayer adsorption. In type VI isotherm, the 

sharpness of the steps depends on the system and the temperature. It 

represents the stepwise multilayer adsorption on a non-porous surface. 

The step height represents the monolayer capacity for each adsorbed 

layer. The hysteresis loop in the isotherm curve is usually related to the 

thermodynamic or network effects or the combination of these two. The 

hysteresis loops are classified into four types, i.e., from H1-H4 and the 

steepness of the isotherm decrease from the H1-H4. H1: it suggests the 

shape of the hysteresis is governed by agglomerates/spherical particles 

arrangement in a uniform way, cylindrical pore geometry which indicates 

the relatively high pore size uniformity and facile pore connectivity. H2 

suggests the pore with narrow openings (ink-bottle pores), relatively 

uniform channel-like pores, and pore-network/connectivity effects. H3 

loop of the isotherm, illustrates the loose assemblages of plate-like 

particles forming a slit-like pore and H4 loop, indicates the narrow slit-

like pores, with internal voids irregular shape and broad size distribution, 

hollow spheres with walls composed of ordered silica. 

The samples synthesized in this work, tested to understand the surface 

area analysis and pore size distribution were carried out at 77 K using N2 

adsorption-desorption study with an automated gas sorption analyzer 

Quantchrome Autosorb iQ2. Figure 2.10 depicts the schematic view of 

N2 adsorption desorption instrument. The test sample was kept at liquid 

nitrogen temperature and before testing; the sample was degassed at a 

certain time, temperature, and then the N2 gas were purged into the 

chamber. Due to the injection of the N2 gas, the pressure decreases and 

becomes stable at equilibrium pressure. The equilibrium pressure is 

measured with the increase of the amount of gas adsorbed. The BET 

method was used for calculating the specific surface area in the relative 

pressure of 0.05-0.3 (classical BET range) for multipoint BET, and at a 

relative pressure of 0.3 the single point BET is obtained. The pore-size 
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Figure 2.10 Schematic view of N2 adsorption desorption instrument. 

 

 

 

distribution curves were derived from the desorption part of the isotherm 

using the Barret-Joyner-Halenda (BJH) method. The total pore-volume 

was calculated from the adsorption quantity at a relative pressure of 

P/Po≈ 0.99. The BET theory is an extension of Langmuir’s hypothesis. 

The principle of BET is shown from the eq 2.6: 

1

𝑣 [(
𝑃𝑜

𝑃 ) − 1]
=

𝑐 − 1

𝑣𝑚𝑐
(

𝑃

𝑃𝑜
) +

1

𝑣𝑚𝑐
                                                             (2.6) 

Where v is the volume of adsorbed gas, P is the equilibrium pressure, 

Po is the saturation pressure, vm is the volume of monolayer adsorbed gas, 

c is the BET constant. The following eq 2.7 can determine c: 

𝑐 = 𝑒𝑥𝑝 (
𝐸1 − 𝐸𝐿

𝑅𝑇
)                                                                                      (2.7 ) 

Where, E1 and EL are the first layer heat of adsorption and other layers 

heat of adsorption, respectively. 

The following eq 2.8 can determine the specific surface area (BET 

surface area):  

 𝑆𝑚 =
𝑣𝑚𝑁𝑠

𝑉𝑎
                                                                                                   (2.8) 

Where vm is the molar volume of the monolayer adsorbate gas, N is 

the Avogadro’s number, s  is the cross section of adsorbing species, V  is 

the molar volume of the adsorbate gate, and a is the mass of the 

adsorbent.  

2.4.8 Thermogravimetry Analysis (TGA) 



 
 

47 

 

 

Figure 2. 11 Block diagram of Thermobalance. 

 

 

 

Thermogravimetry (TG) is the branch of thermal analysis examining 

the mass change of a sample as a function of temperature (in scanning 

mode) or as a function of time (in isothermal mode). TG analysis is one 

of the important characterization tools, which measure the changes in 

physical and chemical properties of the material as a function of 

temperature with the constant heating rate. It measures the change in the 

mass of a sample due to various thermal processes like adsorption, 

desorption, sublimation, vaporization, oxidation, reduction and 

decomposition concerning the change in temperature. 

 The instrument used for TG analysis is a programmed precision 

balance called as Thermobalance; it consists of an electronic 

microbalance, a furnace, and a temperature programmer and a recorder. 

The block diagram of the thermobalance is shown in figure 2.11. The 

instrument plots the TGA curve in percentage mass change versus 

temperature/time. TGA curves are classified according to their shape. 

Each contributes to the unique thermal events which they undergoes like: 

(1) no change (indicating no mass change, i.e., the decomposition 

temperature is greater than the temperature range of the instrument), 

desorption/drying (volatile materials/polymerization process, where the 

mass loss is large), (2) single stage decomposition, (3) multistage 

decomposition (decomposition process occurs as a result of various 

reactions), (4) atmospheric reaction (it may occur due to the surface 

oxidation reaction in the presence of interacting atmosphere). So, TGA 

studies help to explicate the decomposition mechanisms, characterize the 

material, to fingerprint the materials for identification and quality 
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control, allowing the compositional analysis, kinetic studies through 

weight loss/gain through chemistry or predictive studies.  

2.5 Electrochemical Characterization Techniques  

In this dissertation, the electrochemical energy storage properties of 

TM-based materials were carried out using an electrochemical 

workstation. Electrochemical characterization is the most powerful 

technique used to investigate the performance of the materials for energy 

storage applications. As also, in order to understand the electrochemical 

reactions and their mechanisms involved in charge transfer, mass 

transport, electrode-electrolyte interaction, electron transport, etc. The 

following electrochemical techniques were carried out using the 

electrochemical workstation are cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD), chronopotentiometry, chronoamperometry, 

electrochemical impedance spectroscopy (EIS), etc. These powerful 

techniques have found to be useful to explore a number of applications 

like SCs, batteries, electrodeposition and various types of sensor studies, 

etc. 

In electrochemical measurements, the potential, current and charge are 

the primary electrochemical signals which act as analytical signals. Thus, 

these signals form the core experimental design for all the 

electrochemical characterizations. The electrochemical characterization 

is carried out in an electrochemical reaction chamber called an 

electrochemical cell. There are three kinds of electrode systems present 

in electrochemical cells, namely, two electrode systems, three electrode 

systems, and four electrode systems. Generally, two and three electrode 

systems are commonly used. A three electrode system configuration is 

commonly known as half-cell configuration as shown in figure 2.12 (a) 

and a two electrode system configuration is known as a full cell 

configuration as shown in figure 2.12 (b). The three electrode system 

consists of (1) working electrode (WE) made up of test material, (2) 

reference electrode (RE) (Ag/AgCl or Hg/Hg2Cl2), and (3) 

counter/auxiliary electrode (CE) (platinum, silver, etc.). To record the 

potential of the WE and the RE, whose potential is almost constant in the 



 
 

49 

 

 
Figure 2.12 Schematic diagram of electrochemical cells (a) three electrode 

configuration, and (b) two electrode system configuration (RE and CE are 

shorted). 

 

 

 

narrow potential window and are kept as close as possible to reduce or 

minimize the solution resistance and current is measured between the 

WE and the CE. The CE prevents the RE by passing the current, leading 

to a potential change of the RE and it exhibits an ideal nonpolarizable 

behavior, meaning that its voltage is constant over a broad range of 

current densities. In this way, the RE accurately measures the WE 

electrode potential. Full cell test is carried out using a two-electrode 

system where the RE is shortened with the CE, so the setup consists of 

only two electrodes, i.e., the WE and CE. The full cell works similar to 

that of the practical device composed of the positive and negative 

electrode. The advantage of using this cell is that it can show the more 

practical performance of the active electrode materials. The two 

electrode system can be symmetric (both the electrodes of the same 

material) and asymmetric (both the electrode uses different materials).  

2.5.1 Electrode preparation procedure  

In this dissertation, the WE was prepared by a drop cast method and 

the electrode material directly grows on the conductive substrates or 

current collectors made up of nickel foam. The WE was prepared as 

follows: 80% synthesized powder as an active material, 10% 

acetylene/ketjan black as a conductive material and 10% polyvinylidene 

difluoride (PVDF) as a binder, were homogeneously mixed with a few 

drops of ethanol and the mixture was ultrasonicated in a vial until a 

homogeneous slurry was achieved. The slurry was drop cast on a Ni-

foam with a geometric surface area of 1 cm
2
, followed by drying at 80 °C 
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for 12 h and pressing with a hydraulic press under 10 MPa pressure. 

After following the above procedures, the electrodes were able to be 

characterized by three electrode systems or in full cell configuration. The 

electrochemical analytical techniques used to characterize the electrode 

materials are given below. 

2.5.2 Cyclic Voltammetry  

CV is one of the most versatile, important and elementary 

potentiodynamic electroanalytical characterization techniques to study 

the electroactive species. Here, the voltage is linearly ramped between 

the working electrode and a reference electrode in three-electrode 

configuration or between the positive electrode and the negative 

electrode in two-electrode configuration [17]. The CV provides both 

qualitative and quantitative information like [18]:  

 Redox behavior 

 Charge storage  

 Charge-transport  

 Mass transport (diffusion, migration, and convection) 

 Polarization and reversibility associated with the electrochemical 

response of the material.  

The potential range in which the voltage is swept is called operating 

potential window, and the rate of voltage change is defined (eq 2.9) as 

scan rate or sweep rate, υ (V/s) [17]. 

𝐸(𝑡) = 𝐸𝑜 ± 𝑣𝑡                                                                                             (2.9)  

Where Eo is the starting voltage/open circuit potential, and t is the 

time (s). Figure 2.13 (a) and (b) shows the typical representation of the 

CV curve, plotted as current (A) as a function of voltage (V). It helps to 

interpret the nature of charge storage (EDLC or pseudocapacitive). As 

mentioned above, the EDLCs are characterized by the rectangular type 

CV curve, and whereas the pseudocapacitive materials are characterized 

by the faradaic signature that originated due to the redox reactions in the 

CV curve. This deviation could be due to several reasons; the most 

common is the series resistance (mainly coming from the electrolyte 

resistance), electrolyte decomposition, gas evolution, irreversible surface 
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Figure 2.13 Typical representation of cyclic voltammograms of (a) 

pseudocapacitive/redox based materials presence of oxidation and reduction 

peaks (faradaic in origin), and (b) electric double layer based supercapacitive 

materials (electrostatic in origin) versus SCE.  

 

 
 

reaction, and the pore size distribution that may create mass transfer 

limitation in smaller pores at high potential scan rate [19].  

 The peaks observed in the pseudocapacitive or battery-like material is 

due to fast and reversible redox reactions. Redox is a chemical reaction 

where the oxidation states of the atoms changes. Redox processes 

involve the electron transfer between chemical species. The chemical 

species from where the electron is stripped, is said to oxidize and while 

the chemical species to which the electron is added is said to have 

reduced. Oxidation: is the loss of electron or increase in oxidation state 

and Reduction: is the gain of electron or decrease in oxidation state. 

Both processes occur simultaneously and cannot happen individually; 

they are complementary to each other. The electrochemical reversibility 
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is defined as the rate at which the electron transfer occurs between the 

working electrode and the redox species present in the solution.  If the 

transfer occurs quickly without significant thermodynamic barriers, it is 

called reversible or electrochemically reversible. Electron transfers 

which are not fast because of one kind of complication or another are 

referred to as irreversible or electrochemically irreversible.  Intermediate 

rates of electron transfer define the quasi-reversible regime. The distance 

between the anodic and cathodic peak (i.e. ∆Ep = Epa - Epc) is < 59 mV or 

the ratio of the anodic peak current to the cathodic peak current is 1 or 

even if the anodic and cathodic peak current is not shifted to either 

positive or negative potential, then the system is said to be highly 

reversible [20]. A fundamental expression which characterizes this 

reversible redox system is the Nernst equation. The Nernst equation 

allows to calculate the relative equilibrium concentration of the two 

species in a redox peak that is mainly related to the electrode cell 

potential (Ecell) and its thermodynamic potential (E
o
). The presence of 

redox peak is attributed due to the redox reaction which can be well 

depicted using the below the basic redox reaction (2.10-2.11): 

Oxidation reaction: 

𝑀 ↔ 𝑀𝑛+ +  𝑛𝑒−                                                           (2.10) 

Reduction reaction: 

𝑀𝑛+ + 𝑛𝑒− ↔ 𝑀                                                             (2.11) 

Where n, is the total number of charge transfer.  

The Randles-Seveik equation 2.12 describes the peak current for a 

reversible system for the forward sweep of the first cycle (1, 2): 

𝑖𝑝 = (2.69 × 105)𝑛3/2 𝐴𝐷1/2𝐶𝑣1/2                             (2.12) 

Where, ip is peak current (A), n is electron stoichiometry, A is 

electrode area (cm
2
), D is diffusion coefficient (cm

2
/s), C is 

concentration (mol/cm
3
), and ʋ is the scan rate (V/s). Also with the 

increase in ʋ
1/2

, the ip also increases, and is directly proportional to the 

concentration. According to the thermodynamic theory of 

electrochemistry, the redox reaction can be expressed as the Nernst 

equation form. The electrical and chemical signals are reversibly 
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converted between the test electrode and an electrolyte. This energy 

change can be expressed as Gibbs free energy (G). The following 

relation 2.13 can describe the change in Gibbs free energy (G) for the 

reaction between the charge and discharge state: 

      ∆𝐺 = ∆𝑈 + 𝑃∆𝑉 + 𝑉∆𝑃 − 𝑇∆𝑆 − 𝑆∆𝑇                         (2.13) 

Where U is internal energy, P-pressure, V-volume, T-temperature. In 

an electrochemical reaction, it is required to relate the coulomb to the 

charge on a mole of electrons (2.14-2.16).  

                
1𝐽

1𝑉
= 1𝐶 = 𝐴 · 𝑠                                                         (2.14) 

   𝐹 = (1.60218 × 10−19𝐶) × (6.02214 ×
10−23

1 𝑚𝑜𝑙 𝑒−
)     (2.15) 

                𝐹 = 96486
𝐶

𝑚𝑜𝑙 𝑒−
                                                   (2.16) 

Under the condition of constant P, V, and T condition, the maximum 

amount of work done by an electrochemical cell is (Wmax) is equal to the 

product of the cell potential (Ecell) and the total charge transferred during 

the reaction (2.17):  

                       𝑊𝑚𝑎𝑥 = −𝑛𝐹𝐸𝑐𝑒𝑙𝑙                                             (2.17) 

The change in Gibbs free energy (∆G) is also a measure of the 

maximum amount of work that can be performed during a chemical 

process (i.e., ∆G = Wmax), therefore from below eq 2.18: 

                                ∆𝐺 = −𝑛𝐹𝐸𝑐𝑒𝑙𝑙                                        (2.18) 

Where the spontaneous redox reaction is characterized by the negative 

value of ∆G and a positive value of Ecell. When the reactants and 

products are in the standard state condition (i.e., under the constant P, V, 

and T condition,), the relationship (2.19) between the ∆G
o
 and E

o
cell: 

                                ∆𝐺𝑜 = −𝑛𝐹𝐸𝑐𝑒𝑙𝑙
𝑜                                        (2.19) 

From thermodynamics, the Gibbs energy change under non-standard 

conditions can be related to the Gibbs energy change under standard eq 

2.20-2.24:  

                               ∆𝐺 = ∆𝐺𝑜 + 𝑅𝑇𝑙𝑛𝑄                                          (2.20) 

                               −𝑛𝐹𝐸𝑐𝑒𝑙𝑙 =  −𝑛𝐹𝐸𝑐𝑒𝑙𝑙
𝑜 + 𝑅𝑇𝑙𝑛𝑄                    (2.21) 
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                               𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑐𝑒𝑙𝑙
𝑜 −

𝑅𝑇

𝑛𝐹
 𝑙𝑛𝑄                                   (2.22) 

                              𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑐𝑒𝑙𝑙
𝑜 −

2.303𝑅𝑇

𝑛𝐹
 𝑙𝑜𝑔10𝑄                  (2.23) 

It is the Nernst equation. 

Nernst equation at standard temperature T = 298 K,  

                         𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑐𝑒𝑙𝑙
𝑜 −

0.059𝑉

𝑛
 𝑙𝑜𝑔10𝑄                          (2.24) 

This eq 2.24 indicates that the electrode’s cell potential depends upon 

the reaction quotient Q of the reaction. As the product concentration 

increases due to the product formation, the potential gradually decreases 

until the reaction (2.25-2.28) reaches to equilibrium, at which ∆G = 0. 

                          0 =  𝐸𝑐𝑒𝑙𝑙
𝑜 −

𝑅𝑇

𝑛𝐹
 𝑙𝑛𝐾𝑒𝑞                                          (2.25) 

At room temperature condition, 

                          0 =  𝐸𝑐𝑒𝑙𝑙
𝑜 −

0.059𝑉

𝑛
 𝑙𝑜𝑔10𝐾𝑒𝑞                           (2.26) 

                          0 =  𝐸𝑐𝑒𝑙𝑙
𝑜 −

0.059𝑉

𝑛
 𝑙𝑜𝑔10𝐾𝑒𝑞                           (2.27) 

                          log 𝐾𝑒𝑞 =  
𝑛𝐸𝑐𝑒𝑙𝑙

𝑜

0.059𝑉
                                   (2.28) 

The above eq. 2.28 indicates that the equilibrium constant is 

proportional to the standard cell potential. The CV gives us the detailed 

capacitance/capacity behavior by calculating from scan rates, and the 

corresponding specific capacitance can be calculated using the following 

formula (2.29): 

                          𝐶𝑠𝑝 =  
1

𝑚𝑣∆𝑉
∫ 𝐼𝑑𝑉                                  (2.29) 

Where, ∆V is the potential window (V), m is mass of the active 

electrode material (g), ʋ is the scan rate (V/s), and ∫IdV represents area 

under the CV curve.  

2.5.3 Galvanostatic charge-discharge 

The GCD test also known as chronopotentiometry is a technique 

where a constant current is applied to the electrode from an initial 

potential to the set potential. The SC/pseudocapacitor is charged with the 

set charging current density during the charging period, and once it 
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reaches the desired set value, it allows discharging with the same current 

density till it reaches to the initial potential. It is the combination of both 

charging and discharging, i.e., one charge and one discharge which is a 

plot of time against potential, and it can be called as one GCD cycle. 

During this process at different current densities, the materials are 

subjected to charge and discharge to investigate the charge storage 

performance by varying the current rate. The material is considered a 

good rate capable material, if the charge storage performance does not 

get affected much e.g., if a material shows specific capacitance of 1000 

F/g at current density of 1A/g and after increasing the current density by 

say 100 times to the initial current density, if the specific capacitance 

obtained at 100 A/g is 900 F/g, thereby, the material shows the 

capacitance retention of 90%, then the material is said to be a high-rate 

capable. From GCD curves, the following important energy storage 

determining parameters can be evaluated like the specific 

capacitance/capacity, energy, and power density, IR (voltage drop), 

electrical resistance, coulombic efficiency η (%) along with long-term 

cycling stability test to check the materials long-term reliability. Figure 

2.14 (a) shows the typical GCD curves of pseudocapacitive/redox based 

materials presence of voltage plateaus (faradaic in origin). The voltage 

plateaus indicate that the electrode material corresponds to the topotactic 

chemical or phase change reaction mechanism that originates due to the 

faradaic redox reactions occurring at a specific potential. Figure 2.14 (b) 

shows the EDLC based supercapacitive materials (electrostatic in origin) 

versus SCE. The specific capacitance of the test electrode material can be 

determined from the GCD curves by keeping note of the following 

parameters: 

    (1) Current density (I),     (2) Discharge time (∆t), 

    (3) Potential window (∆V),   (4) Mass of the active material (m), 

The following eq. 2.30 is used to calculate the specific capacitance of 

the electrode material: 

𝐶𝑠𝑝 =  
𝐼∆𝑡

𝑚∆𝑉
=

𝐼(𝑡2 − 𝑡1)

𝑚(𝑉2 − 𝑉1)
                                                                      (2.30) 
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Figure 2.14 Typical GCD curves of (a) pseudocapacitive/redox based materials 

presence of voltage plateaus (faradaic in origin), and (b) electric double layer 

based supercapacitive materials (electrostatic in origin) versus SCE.   

 
 

Where I is the discharge current density (A), ∆t is discharging time 

(t2-t1) (s), m is mass of the active material (g), and ∆V is the potential 

window (V). As discussed above, various TM-based materials exhibit the 

extrinsic pseudocapacitive also known as battery like behavior, therefore 

the specific capacity (mAh/g) is calculated instead of specific 

capacitance (F/g) and this calculation is derived from the below eq. 

(2.31-2.35). There are reports available which used a similar type of 

calculation [19, 21–24]. 

𝑄 =  𝐶𝑉                             (2.31)            ⸪  𝐶 =
𝐹𝑎𝑟𝑎𝑑𝑠

𝑔𝑟𝑎𝑚
=

𝑄

𝑉
=

𝐼∗𝑡

𝑉
 

𝑄 = (
𝐼∗𝑡

𝑔∗𝑉
) ∗ 𝑉                (2.32)     ⸪  𝐼 = 𝐴𝑚𝑝𝑒𝑟𝑒𝑠, 𝑎𝑛𝑑 𝑡 = 𝑠𝑒𝑐𝑜𝑛𝑑 
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𝑄 = (
1000 𝑚𝐴∗1𝑠

𝑔∗𝑉
) ∗ 𝑉     (2.33)     ⸪  1 𝐴 = 1000 𝑚𝐴, 𝑎𝑛𝑑 1 𝑠 =

1

3600
ℎ 

𝑄 = (
1000 𝑚𝐴∗1ℎ

𝑔∗3600∗𝑉
) ∗ 𝑉     (2.34)                          

𝑄 =
𝑚𝐴ℎ

𝑔
                             (2.35)                               

 Where Q is gravimetric specific capacity (mAh/g), I is current (A), t 

is time (h), and m is mass (g). The specific capacitance can be improved 

by making the ion transport between the electrode and the electrolyte 

interface fast. Hence, the electrochemical characterization techniques 

prove helpful for carrying out all capacitive and battery-related studies. 

The energy and power density is one of the most crucial parameters in 

the investigation of energy storage materials, which are directly related 

to the device based applications. The storage energy density and power 

density of the device can be expressed by following eq 2.36 [25–28]: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝐸) =
𝐶𝑠𝑉0

2

2
                                                                 (2.36) 

Where Vo is the potential operating window (V), E is energy density 

expressed in (Wh/kg), Cs specific capacitance/capacity and the power 

density is given by following eq 2.37 [25–28]: 

 𝑃𝑜𝑤𝑒𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑃) =
𝑄∆𝑉

2
=

𝐸

∆𝑡𝑑𝑖𝑠
                                                   (2.37) 

Where P is expressed in (W/kg), Q is total charge delivered 

(C/mAh/g), and t is discharge time (s). 

2.5.4 Electrochemical Impedance Spectroscopy 

EIS or AC impedance spectroscopy method do electrical 

measurements to evaluate the electrochemical behavior of the electrode 

and electrolyte. Some fundamental microscopic processes which take 

place throughout the cell include electrons transport via. electronic 

conductors, electrode-electrolyte interfaces or from charge to uncharged 

atomic species originating due to the redox reactions [29]. The flow rate 

of the charge species/current depends on the ohmic resistance of the 

electrode, electrolyte and rate of reactions occurring at electrode-

electrolyte interfaces. The impedance of an electrochemical system is 
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Figure 2.15 Sinusoidal current response in a linear system. 
 

 

investigated by applying a low-amplitude AC sinusoidal signal eq 2.38-

2.39, wherein the alternating potential with changing frequency (from 

few mHz to thousands of kHz) is applied to an electrochemical system. 

A typical sinusoidal current response in a linear system is shown in 

figure 2.15. 

𝐸 =  𝐸𝑜 + ∆𝐸𝑠𝑖𝑛(𝜔𝑡)                                                                                (2.38) 

𝐼 =  𝐼𝑜 + ∆𝐼𝑠𝑖𝑛(𝜔𝑡 + 𝜑)                                                                           (2.39) 

Where E is the applied potential (V), E0 is the initial steady state 

signal (V), ∆E is the amplitude of the signal (V), ꞷ is the pulsation 

(rad.s
-1

), t is time (s), I is the current (A), I0 is the initial steady-state 

current (I0 = 0 A), ∆I is the amplitude of the current response, and φ is 

the phase shift. The potential and current during EIS study usually 

written as eq 2.40-2.41 [30]: 

∆𝐸 = ∆𝐸𝑚𝑎𝑥𝑒𝑗(𝜔𝑡)                                                                                      (2.40) 

∆𝐼 = ∆𝐼𝑚𝑎𝑥𝑒𝑗(𝜔𝑡+𝜑)                                                                                   (2.41) 

The complex impedance of the electrochemical system can be defined 

by eq 2.42-2.43: 

 𝑍 (𝜔) =
∆𝐸

∆𝐼
=

∆𝐸𝑚𝑎𝑥

∆𝐼𝑚𝑎𝑥
𝑒𝑗(𝜔𝑡−𝜑)                                                              (2.42) 

𝑍 (𝜔) =
∆𝐸

∆𝐼
=

∆𝐸𝑚𝑎𝑥

∆𝐼𝑚𝑎𝑥

[cos(𝜑) − 𝑗 sin(𝜑)]              

= 𝑅𝑒(𝑍) − 𝑗 × 𝐼𝑚(𝑍)                                                     (2.43) 
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Figure 2.16 Typical EIS spectrum of (a) Nyquist plot, and (b) its equivalent 

circuit diagram for fitting the EIS data.  

 

 This is the expression presented in eq 2.43 for Nyquist plot composed 

of real (Re) and imaginary (Im) parts of the impedance. The plot Re (Z) 

versus –Im (Z) on Y-axis is the Nyquist plot which is an important plot in 

electrochemical impedance analysis. Generally, it consists of a semicircle 

followed by a straight line inclined at some angle in the low-frequency 

region, which corresponds to the electrochemical process and mass 

transfer process, respectively [31]. A typical EIS spectrum and its 

equivalent circuit fit diagram is shown in figure 2.16 (a and b). An EIS 

spectrum is composed of three distinct regions. The region I, is the 

intercept on the real axis at a high-frequency region which provides the 

solution resistance (Rs), it is due to the ionic resistance of the electrolyte, 

intrinsic resistance of electrodes and contact resistance at the electrode-

electrolyte interface. The region II, is the charge transfer resistance (Rct) 

which can be calculated from the semicircle diameter in the high-

frequency region; it is due to the diffusion of electrons. The region III, is 

the Warburg resistance, the slope of the EIS curve in the low-frequency 

region describes the diffusion and fast kinetics of redox species in the 

electrolyte [32]. Thus, EIS investigates the charge transfer, mass 

transport kinetics and affects the energy and power density [29, 33, 34].  
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CHAPTER 3 

Enhanced Electrochemical Performance of 

Mesoporous NiCo2O4 as an Excellent 

Supercapacitive Alternative Energy Storage Material 

3.1 Overview 

It is well documented in literature and also discussed in chapter 1 

about the unique properties exhibited by AB2O4 type cubic spinel metal 

oxide compounds. In this chapter, keeping in view of the excellent 

properties offered by AB2O4 type of materials, one such compound nickel 

cobalt oxide/nickel cobaltite (NiCo2O4) is explored, which is regarded as 

a compound having a mixed valence state. It adopts a normal cubic 

spinel structure, where the Nickel (Ni) (divalent cation) occupies the 

tetrahedral sites, and Cobalt (Co) (trivalent/divalent) occupies both 

octahedral and tetrahedral sites [1]. These mixed valence states of both 

Ni and Co cations possess two kinds of valence states i.e. +2 and +3, 

respectively which makes NiCo2O4 to have high electrical conductivity 

because the activation energy of electron transfer is relatively low, the 

conductivity of single crystal NiCo2O4 nanoplate can be as high as 62 

Scm
-1

 at 300 K [2]. NiCo2O4 was synthesized by fast, inexpensive and 

facile chemical bath method, by avoiding high pressure, high 

temperature and chemical complexity. NiCo2O4 is one of the most 

promising TM oxide electrode materials for SC application because of its 

abundance, environment-friendly, better electrical conductivity, and 

higher electrochemical performance (i.e., high specific capacitance, 

excellent rate capability, good cycle stability) [3]. NiCo2O4 is preferred 

as an electrode material in high-performance SC due to its better 

electrical conductivity and richer redox chemical valences than the other 

TM oxides such as NiO and CoO [4]. The cost of any device depends on 

the materials processing techniques, as the wet chemical approach is 

simple and operates at a temperature lower than 100 ºC is one of the 

most promising techniques for nanocrystalline material [5]. Numerous 

nanostructures of NiCo2O4 are reported like three-dimensional (3D) 



 
 

64 

 

urchin-like structures [6], 2D-nanofilms [7], mesoporous nanoflakes [8], 

nanosheets [9], 1D-nanoneedles [10], nanowires [11],
 

and porous 

nanotubes it is worth to note that electrochemical performance strongly 

depends on nanostructures. 

In this work, the nanocrystalline mesoporous NiCo2O4 flakes was 

synthesized by chemical bath method. The structural and morphological 

study of the synthesized sample was carried out using techniques like; 

XRD, FESEM, AFM, HRTEM, Raman, and BET. Electrochemical 

measurements were carried out using CV, GCD, EIS, etc. The results 

highlight the enhanced electrochemical performance of NiCo2O4 with a 

specific capacitance of 1130 F/g at 1 mV/s sweep rate and 1125 F/g
 
at a 

current density of 0.05A/g, highest without supporting base like carbon 

cloth, Ni-foam, Ti- foil used for direct growth (deposition) of electrode 

material. It is superior to those of its individual and hybrid components 

prepared by a similar technique. Ragone plot shows high specific energy 

density of 49.25 Wh/Kg and corresponding specific power density of 

1851.31 W/Kg even at a high current density of 0.5 A/g. The electrode 

material exhibits the excellent coulombic efficiency of 94% after 1600 

GCD cycles. 

3.2 Results and discussion 

3.2.1 Synthesis of mesoporous NiCo2O4 

The mesoporous NiCo2O4 flake-like structure was synthesized by a 

chemical bath method, as described in the previous chapter 2 (section 

2.2.1). In brief, the starting materials used for the synthesis of NiCo2O4 

were Ni(NO3)2·6H2O and Co(NO3)2·6H2O, dissolved in the ratio of 1:2 

respectively in 100 mL of deionized (DI) water. The mixture was 

vigorously stirred for 30 min, and then the ammonia solution (NH4OH) 

was added drop by drop and pH was maintained at ~ 12-13, followed by 

heating at 80 °C for nearly 3 h on a hotplate until thick, viscous dark 

greenish fluid is obtained. Once the reaction completes, the fluid was 

diluted with DI water, washed several times with DI water and ethanol. 

Then the product was filtered using Whatman filter paper, and it was 

allowed to dry at room temperature. After the sample was air dried 
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Figure 3.1 (a) Reitveld refined XRD pattern, (b) HRTEM image, and (c) 

corresponding SAED pattern of mesoporous NiCo2O4. 

 

(a)

completely it was annealed at 450 °C for 4 hours to obtain the pure 

NiCo2O4 cubic spinel phase; the black colored powder was collected. 

The plausible chemical reactions are represented in the following eq. 

(3.1-3.3) [12]: 

𝑁𝐻4
+ + 𝑂𝐻− →  𝑁𝐻3 + 𝐻2𝑂                                                                      (3.1) 

𝑁𝑖2+ + 2𝐶𝑜2+ + 𝑂𝐻−  →  𝑁𝑖𝐶𝑜2(𝑂𝐻)6                                                 (3.2) 

𝑁𝑖𝐶𝑜2(𝑂𝐻)6 + 𝑂2  → 𝑁𝑖𝐶𝑜2𝑂4 + 𝐻2𝑂                                                   (3.3) 

3.2.2 Material characterizations and electrochemical 

measurements 

3.2.2.1 Structural characterization using XRD, HRTEM and 

SAED 
 The crystal structure of the material was characterized by XRD using 

Bruker D8 Advance, X-ray diffractometer with Cu Kα source (λ=1.54 Å). 

Figure 3.1 (a) shows the Rietveld refined XRD pattern of NiCo2O4. The 

powder XRD pattern was refined using FullProf Suite package by 

considering the cubic spinel structure with the ‘Fd3̅m’ space group 

(227). The value of goodness of fit ꭓ
2 

was found to be 1.04, indicating 
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Figure 3.2 FESEM images (a) low magnification, (b) high magnification image, 

and (c) AFM image of NiCo2O4. 

 

good fitting of data. The XRD data demonstrates a high purity sample 

and is oriented along (311) plane of spinel NiCo2O4. The estimated 

lattice parameters after the Rietveld refinement are a=b=c=8.125±0.005 

Å, which are in good agreement to that of the standard reference JCPDS 

file: 002-1074. Figure 3.1 (b) represents the lattice resolved HRTEM 

image and figure 3.1 (c) shows the corresponding SAED pattern of the 

mesoporous NiCo2O4. HRTEM results indicate that the interplanar 

spacing of 0.245 nm for (311) plane. The (311) plane orientation of the 

NiCo2O4 is confirmed by the d-spacing calculated from lattice fringes of 

HRTEM and XRD. The rings in the SAED pattern are clearly visible and 

which indicates the polycrystalline nature of the NiCo2O4, the pattern 

corresponds to (220), (311), (400), (511), (440), (533), and (444), 

matches well with those of XRD results. 

 3.2.2.2 Morphological investigation using FESEM and AFM 

 FESEM microscope was used to investigate the surface topographical 

and morphological features of the synthesized sample. Figure 3.2 (a-b) 

shows the images of NiCo2O4 low magnification image sample and high 

magnification image, respectively, indicating well interconnected, highly 
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Figure 3.3 Raman spectrum of NiCo2O4 annealed at 450

 
°C for 4 hours. 
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dense mesoporous flakes. The interconnected features of flakes are 

perfectly retained after thermal transformation indicating highly stable 

surface morphology. The flake-like morphology is considered good for 

ion transportation and provides diffusion channels, which are considered 

to provide high surface area [13]. The highly dense flakes with high 

surface area allow electrolyte ions to accumulate and permeate through 

the channels [14]. Figure 3.2 (c) demonstrate the atomic force 

microscopic (AFM) image of the NiCo2O4, which strongly agrees with 

the highly porous nature of the obtained material as indicated by FESEM 

images.  

3.2.2.3 Raman study 

As discussed in chapter 1, the spinel class of oxides belongs to the 

space group Fd3̅m (𝑂7
ℎ), a cubic lattice consist of 8 molecules within the 

unit cell, for a total of 56 atoms [15]. Although 56 atoms are there in the 

unit cell but only 14 atoms are needed to build the simplest primitive 

cell. According to White and DeAngelis [16], the group factor analysis 

shows that the 42 normal modes of spinel, 3 acoustic modes and 39 

optical modes belongs to symmetry species: A1g (R) + Eg (R) + F1g + 

3F2g (R) + 2A2u + 2Eu + 5F1u (IR) + 2F2u [16]. The (R) and (IR) identify 

Raman- and infrared-active vibrational species, respectively. The Eg and 

F2g modes are doubly and triply degenerate, respectively. The three 

acoustic modes belong to a single F1u species. Figure 3.3 represents the 

Raman spectrum of NiCo2O4. The appearance of Raman lines have to 

satisfy the polarization selection rules for the five Raman active phonon 

modes (A1g + Eg + 3F2g) of the spinel structure [17, 18]. The peaks 
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Figure 3.4 (a) N2 adsorption-desorption isotherm confirming the mesoporous 

nature of the material. (b) BJH Pore size distribution of NiCo2O4. 
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-1

, (P2) 474.09 cm
-1

, (P3) 505.32 cm
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, (P4) 593 

cm
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, (P5) 653.98 cm
-1

 corresponding to F2g (1), Eg, F2g (2), F2g (3), and 

Ag modes of the NiCo2O4, respectively [19]. These are the phonon modes 

related to the vibrations of Co–O and Ni–O bonds [20]. There is no 

signal observed corresponding to an OH
-
 group indicates that the nickel 

and cobalt metallic hydroxides are completely decomposed after 450 
o
C 

which is consistent with the literatures [21].  

3.2.2.4 Gas sorption studies  

 The porous nature of NiCo2O4 was investigated by the nitrogen 

adsorption-desorption isotherm measurement at 77 K. The specific 

surface area, pore size distribution and pore volume were obtained by 

Accelerated Surface Area and Porosimetry (ASAP) 2020 Micrometrics, 

RRCAT Indore, Indore, India. Figure 3.4 (a) shows the N2 adsorption-
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desorption isotherm curve of NiCo2O4, plotted against the quantity 

adsorbed versus relative pressure. This isotherm is categorized as type IV 

[22], and the hysteresis loop is observed in the range of 0.7-1.0 P/P0 and 

0.5-1.0 P/P0, suggesting the typical micro-mesoporous structures. It can 

be further supported by BJH pore size distribution. The typical BET 

surface area is ~52.86 m
2
g

-1
, higher than previously reported hierarchical 

mesoporous (48 m
2
g

-1
) and urchin-like NiCo2O4 (40 m

2
g

-1
) [23]. Figure 

3.4 (b) shows the graph of pore volume vs. pore diameter indicates that 

the pores of NiCo2O4 consist of a large number of mesopores (10-50 nm), 

a few numbers of micropores (5-10 nm) and the total pore volume of 

mesoporous NiCo2O4 is 0.25 cm
3
g

-1
. The large pore volume is 

advantageous for the fast transport and diffusion of electrolyte ions 

during the charge-discharge process thus provide more electroactive sites 

for charge storage [24]. Largeot et al. reported that when the pore size of 

the electrode materials is very close to the ion size, the capacitance 

reaches the maximum [25].  

3.2.2.5 Electrochemical performance of mesoporous NiCo2O4 

The working electrode was prepared by the procedure explained in 

chapter 2, section (2.5.1). The electrochemical performance of the 

electrode was measured in 1M KOH electrolyte using Gamry 

Potentiostat (PC-750) and Won-A-tech battery cycler (WBCS-3000). CV 

curves obtained in the potential range of 0.0 to 0.6 V at different scan 

rates of 1-100 mV/s. The potential window for NiCo2O4 was optimized 

through CV, and its shape reveals the characteristics of pseudocapacitors 

with redox peaks existing in this potential window at all scan rates. EIS 

measurement was carried out over the frequency range 0.1 Hz to 300 

kHz at AC potential bias of 10 mV (rms).  

3.2.2.5.1 Cyclic voltammetry study  

 Figure 3.5 (a) indicates the CV plot of NiCo2O4 in the form of a 

particle with (5-10 nm grain size) and nano-thickness mesoporous flakes 

with high porosity measured at 100 mV/s scan rate. From the CV curves, 

it is observed that the area surrounded by porous-NiCo2O4 is larger than 

that of the particles-NiCo2O4 electrode, indicating the specific 
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Figure 3.5 Supercapacitive characteristics of nanocrystalline (a) particle-

NiCo2O4 and porous-NiCo2O4 measured at sweep rate of 100 mV/s, and (b) CV 

performance at different sweep rates. 
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capacitance of mesoporous-NiCo2O4 is higher than that of particles-

NiCo2O4. Figure 3.5 (b) show the oxidation and reduction peaks during 

anodic and cathodic scans, are related to the charge-discharge 

phenomena [26]. The asymmetrical nature indicates the kinetic 

irreversibility in redox processes which is due to the ohmic resistance, 

the polarization effect and diffusion process in the porous electrode 

during redox reactions [27]. The shifting of anodic peak towards higher 

potential and cathodic peak towards the lower potential is observed from 

CV curves. The CV curves directly reflect the area occupied in 

electrochemical performance by the electrode material. Figure 3.5 (b) 

shows the CV curves of mesoporous-NiCo2O4 obtained at different scan 

rates, consists of two strong redox peaks of NiCo2O4, indicating that the 
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capacitive characteristics are mainly governed by faradaic reaction [10]. 

The two peaks at 0.29 V and 0.39 V are observed at a low scan rate of 1 

mV/s [28]. The possible redox reactions can be described as follows eq.  

(3.4-3.5) [29]: 

NiCo2O4 + OH
-
 + H2O ↔ NiOOH + 2CoOOH + e

-
                                    (3.4) 

CoOOH + OH
-
 ↔ CoO2 + H2O + e

-                                                                       
(3.5) 

These redox peaks originated due of the redox potential of Ni
2+

/Ni
3+

 

and Co
2+

/Co
3+

, indicating the pseudocapacitive behavior [44]. The peaks 

associated with the faradaic redox reactions are related to M–O/M–O–

OH, where M refers to Ni/Co [30]. The specific capacitance from the CV 

curve is calculated from the relation (2.29).   

Table 3.1 Specific capacitance calculated at different potential sweep rate. 

Sweep rate Specific capacitance 

1 1130 

5 1090 

10 980 

20 868 

40 592 

50 523 

100 462 

The redox reactions are usually dependent on the intercalation–

deintercalation of electrolytic ions. At lower scan rates, the ions diffuse 

from the electrolyte to almost all the effective pores of the electrode. 

With the increase of scan rate typically (50-100 mV/s) [31], the effective 

interaction between the ions and the electrode is significantly reduced, 

which led to a lower specific capacitance at higher scan rate [32]. It also 

suggests that some parts of the surface of the electrode are inaccessible at 

higher scan rates [33]. Hence, the specific capacitance obtained at the 

slowest scan rate is believed to be closest to that of full utilization of the 

electrode material. Irrespective of the decrease in the specific capacitance 

with scan rate the obtained value of specific capacitance is higher in any 

bare/pure NiCo2O4 material. It shows the high specific capacitance is 

obtained for the mesoporous material synthesized by the simple and 

inexpensive method. Table 3.1 represents the specific capacitance 
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estimated at different scan rates. The specific capacitance was found 

maximum at 1 mV/s with 1130 F/g. Table 3.2 shows a comparison of 

specific capacitance obtained from different synthesis methodology and 

their morphology of NiCo2O4 electrodes.  

Table 3.2 Comparison of specific capacitance obtained from different synthesis 

methodology and their morphology of NiCo2O4 electrodes. 

Morphology 
Synthesis 

method 

Specific 

capacitance 

(F/g) 

Load 

mass (mg 

/cm
2
) 

Ref. 

NiCo2O4 nanorods 

on ITO substrate 

Chemical bath 

deposition 
490 >0.3 [34] 

NiCo2O4 nanosheets 

on ITO substrate 

Chemical bath 

deposition 
330 >0.3 [34] 

NiCo2O4 nanoflakes 

on carbon cloth 
Hydrothermal 844 0.0625 [35] 

NiCo2O4 

nanoflake@nanowire 

on Ni-foam 

Hydrothermal 499 1.8 [36] 

Hierarchical porous 

NiCo2O4 (slurry 

casted on Ni-foam) 

Polymer-

assisted 

solution route 

587 5 [37] 

Flower-like NiCo2O4 

(slurry casted on Ni-

foam) 

Solvothermal 1191 — [38] 

Hierarchical 

NiCo2O4@NiCo2O4 

core-shell nanoflakes 

on Ni-foam 

Hydrothermal 

and chemical 

bath deposition 

500 1.97 [39] 

Mesoporous 

NiCo2O4 nanowires 

on Ni-foam 

Template-free 401 8.5 [2] 

Uniform mesoporous 

hollow NiCo2O4 sub-

microspheres on Ni-

foam 

Template-

engaged 
678 8 [2] 

Ordered mesoporous 

NiCo2O4 (slurry 

casted on Ni-foam) 

Hard-template 

method 
612 

>10 

 
[40] 

Mesoporous NiCo-

2O4 nanoflakes 

(slurry casted on 

Chemical bath 

deposition 

method 

1125 1 
This 

work 
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Figure 3.6 (a) GCD curve obtained at different current densities, and (b) 

coulombic efficiency as a function of cycle number. 

 

 

0 7000 14000 21000

0.0

0.1

0.2

0.3

0.4

0.5

0.6
0.05 A/g

P
o

te
n

ti
a

l 
(V

)

Time (s)

(a)0.5 A/g

0 400 800 1200 1600
0

20

40

60

80

100

C
o
u

lo
m

b
ic

 e
ff

ic
ie

n
c
y
 (

%
)

Number of cycles

(b)

stainless steel-304) 

3.2.2.5.2 Galvanostatic charge-discharge study  

Figure 3.6 (a) shows the GCD curves obtained at different current 

densities. The specific capacitance is calculated using the relation (2.30), 

and obtained values are listed in Table 3.3, which states that the 

mesoporous NiCo2O4 has very high capacitance. From Table 3.3, it is 

clear that there is a decrease in specific capacitance with increasing 

current densities which can be ascribed to the availability of the 

numerous pores which provides the diffusion of electrolyte ions through 

them for faster kinetics and maximum reversible redox mechanism for 

charge storage [41]. The obtained value of the specific capacitance at 

0.05 A/g is 1125 F/g which is the highest so far reported for this 

material; such high specific capacitance is due to the mesoporous nature 
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of the electrode material.   

 Figure 3.6 (b) shows the coulombic efficiency as a function of cycle 

number. The device stability can be studied by how many times the SC 

can undergo charging and discharging cycles without sacrificing its 

initial capacitance. The coulombic efficiency after ~1600 cycles is 94 %, 

demonstrates that the NiCo2O4 is a suitable material for the SC 

applications. Table 3.4 shows the comparison of capacitance retention, 

the specific capacitance at different current densities for NiCo2O4 and its 

composite based electrode material. It can be concluded that the 

electrode material has achieved considerably high stability characteristics 

for SC application.  

Table 3.3 Specific capacitance at different current densities from GCD. 

Current Densities 

(A/g) 

Specific Capacitance 

(F/g) 

0.05 1125 

0.075 1075 

0.1 1035 

0.2 1000 

0.5 985 

Table 3.4 Table shows the comparison of capacitance retention, the specific 

capacitance at different current densities for NiCo2O4 and its composite based 

electrode material. 

Sample 

Current 

density (A 

/cm
2
)

 

Specific 

capacitance 

(F/g) 

Capacity 

retention 
Ref. 

Ultrathin NiCo2O4-graphene 

oxide flexible nanosheets 
0.001

 
1078 

93% 

(1000 

Cycles) 

[42] 

Nickel Cobalt-Hydroxide 

nanosheets coated on 

NiCo2O4 nanowires 

0.002 1500 

81.3% 

(1800 

Cycles) 

[43] 

NiCo2O4 nanoneedle arrays 0.005
 

1118.6 

89.4% 

(2000 

Cycles) 

[10] 

Hierarchical 

NiCo2O4@NiCo2O4 core–

shell nanoflakes 

0.005 1115.6 1.97 [44] 

Pristine NiCo2O4 nanowire 

array 
0.010

 
1067 

72% 

(5000 
[44] 
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Figure 3.7 Ragone plot of NiCo2O4 electrode. 
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Figure 3.7 depicts the Ragone plot, energy density as a function of 

power density at different current densities shown in Table 3.5 of 

NiCo2O4 and its comparison with previously reported literature (shown 

in figure 3.7 and Table 3.6). The energy and power density of the 

NiCo2O4 electrode were calculated from galvanostatic discharge curves 

by relations (2.36) and (2.37), respectively. With the increase in 

discharge current density from 0.05 A/g
 
- 0.5A/g, the specific energy 

density decreased from 56.25 Wh/kg to 49.25 Wh/kg
,
 and the specific 

power density increased from 0.20 kW/kg to 1.9 kW/kg, respectively. 

From Table 3.5 and 3.6, it is clear that if the energy density is high then 

the corresponding power density is compromised and vice versa. In this 

work, an excellent energy density (49.25 Wh/kg) and corresponding 

power density (1852 W/kg) was achieved which is higher than that of the 
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previously reported NiCo2O4 electrode material. The results indicate that 

mesoporous NiCo2O4 shows both advantages of excellent charging-

discharging capability and energy storage performance.  

Table 3.5 Table for energy density and power density obtained at different 

current density and their capacitances. 

Current 

density (A/g) 

Capacitan

ce (F/g) 

Voltage 

range (V) 

Energy Density 

(Wh/kg) 

Power 

Density 

(W/kg) 

0.05 1125 0.6 56.25 17.28 

0.075 1075 0.6 53.75 34.54 

0.1 1035 0.6 51.75 54.18 

0.2 1000 0.6 50 208.33 

0.5 985 0.6 49.25 1851.31 

Table 3.6 Table shows the energy density and power density comparison for 

reported in the literature and with this work. 

Sample details 
Energy density 

(Wh/kg) 

Power density 

(W/kg) 
Ref. 

NiCo2O4 nanowire 22.6 219 [3] 

NiCo2O4 hollow 

submicrospheres 
27.2 102 [47] 

CoxNi(1-x) DHs/NiCo2O4/CFP 33 4125
 

[43] 

Hydrogenated NiCo2O4 

double-shell hollow sphere 
34.8 464 [12] 

NiCo2O4 nanorods 45 2000 [34] 

NiCo2O4/CNT/Ni-foam 48.3 799.9 [48] 

Mesoporous NiCo2O4 flakes 49.25 1851.31 
(This 

work) 

3.2.2.5.3 Electrochemical impedance spectroscopy study  

To understand the superior performance of the NiCo2O4 electrode 

material, comparative EIS study was performed before and after CV 

measurement on different materials (namely NiCo2O4, NiFe2O4, and 

CoFe2O4) in the frequency range 0.1 Hz to 300 kHz at AC potential bias 

of 10 mV (rms). The Rs is due to the cumulative effect of the ionic 

resistance of the electrolyte, intrinsic resistance of electrodes and 

diffusion of ions. Whereas, the Rct is due to the electronic resistance of 

electrode materials and contact resistance at various phase interfaces 

[49]. Figure 3.8 (a) shows the EIS plot of NiCo2O4 before the CV 

measurements and the inset shows the magnified image of the high- 
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Figure 3.8 (a) Nyquist plot of nanocrystalline NiCo2O4 before CV test, (b) 

Nyquist plot taken at different cycles, (c), (d) and (e) Impedance plots taken for 

different electrode materials to compare with same electrode parameters and 

experimental conditions, (c)  NiCo2O4,  (d) NiFe2O4, (e) CoFe2O4, (f) 

comparative 3D EIS plot of different materials, (g) Plot for charge transfer 

resistance and number of cycle, and (h) Plot for solution resistance and number 

of cycles. 
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frequency region of the impedance spectra. Figure 3.8 (b) shows the EIS 
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plot obtained at different cycles, and it is seen that as the number of 

cycles increases the semicircle feature broadens, which suggests the 

increase of Rct which can be calculated from the diameter of the 

semicircle. The low value of Rct corresponds to the small diameter of the 

semicircle at high frequency implied fast electron or ion transfer [50]. 

Hence, the bigger the semicircle diameter, the more is the Rct.  Figure 3.8 

(c), (d) and (e) show the comparative EIS plots of different electrode 

materials namely NiCo2O4, NiFe2O4 and CoFe2O4, respectively. It is 

observed that there is an increase in the semicircle diameter after CV, 

which indicates that Rct increases. From figure 3.8 (c), (d) and (e), it is 

evident that NiCo2O4 shows better performance than the other materials 

and it almost retains its semicircle shape after CV test. NiFe2O4 and 

CoFe2O4 were also tested and shown the large increase in semicircle 

diameter compared to NiCo2O4, which indicates Rct is least for NiCo2O4. 

It is well known that resistance is an important factor in determining the 

power performance for SC [51]. Hence, it can be concluded that 

NiCo2O4 electrode material exhibits low Rct compared to other materials. 

Thus, it shows better performance than the other materials, which make 

NiCo2O4 a superior electrode material. Figure 3.8 (g) and (h) shows the 

effect of a number of cycles on Rct and Rs, respectively. It is seen from 

Figure 3.8 (g) that the Rct has increased significantly high with the 

number of cycles whereas from figure 3.8 (h) we observed that the Rs 

had not changed significantly. The change is negligible which suggest 

the stability of the KOH electrolyte even up to 7000 cycles. Table 3.7 

shows the charge transfer resistance before and after CV measurement, 

indicating a clear variation. 

Table 3.7 Table of charge transfer resistance (before CV and after CV) for 

different electrode materials. 

Electrode 

materials 

Before CV 

(Solution Resistance 

(Rs)) 

After CV 

(Charge Transfer 

Resistance(Rct)) 

NiCo2O4 0.31 0.71 

NiFe2O4 1.67 3.69 

CoFe2O4 3.0 37.26 
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3.3 Summary 

The mesoporous NiCo2O4 was successfully synthesized by chemical 

bath method. The XRD, HRTEM confirm the formation of phase pure 

and the high-quality NiCo2O4 material. FESEM and AFM represent that 

the grown material was highly porous flakes like morphology with petal-

like structure. HRTEM indicates the material was oriented along (311) 

direction. BJH data shows the average pore size of the order of 10-50 

nm. The electrochemical properties were examined using CV, GCD, and 

EIS techniques. The mesoporous NiCo2O4 demonstrates high specific 

capacitance of ~1125 F/g from GCD method at a current density of 

0.05A/g, which is the highest among the intrinsic/bare NiCo2O4 material 

without any heterostructure and supporting substrate material, hence 

promising electrode material for SC. The comparative EIS study shows 

that the mesoporous NiCo2O4 possess the low solution as well as charge 

transfer resistance which suggests the better electrical conductivity 

amongst NiFe2O4 and CoFe2O4.  Due to its better conductivity, it is 

found superior to the other electrode materials. The essential 

characterizations reveal that NiCo2O4 is a potential SC electrode 

material, possesses high specific capacitance for ES. 
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CHAPTER 4 

Synthesis of Ammonia-Assisted Porous Nickel 

Ferrite Nanostructures as an Electrode Material for 

Supercapacitors 

4.1 Overview 

As discussed in the previous chapters the spinel TM oxide (AB2O4) 

has emerged as promising electrode materials with the utilization of two 

metal elements and because they exhibit multiple oxidation states which 

make them useful to undergo into various redox reactions. In the 

previous chapter, a spinel compound NiCo2O4 was discussed, and its 

electrochemical performance was evaluated. Through this dissertation, 

the aim is to explore novel high performance and efficient energy storage 

materials, so the studies are focused on finding the alternate TM-based 

cubic spinel compounds to fulfill the increasing energy storage demand 

and which could become a promising candidate for energy storage 

applications.  

Nickel iron oxide/ nickel ferrite (NiFe2O4) is one of the TM-based 

cubic spinel materials possess much better electrical conductivity and 

higher electrochemical activity compared with monometallic nickel 

oxide (NiO) and cobalt oxide (CoO).
 
In this chapter, we explored another 

similar type of cubic spinel compound NiFe2O4, which is a low cost, 

abundant natural resource, environmentally benign, easy to synthesis, an 

alternate TM-based electrode material, which might provide a solution 

for clean and sustainable energy. The charge storage mechanism of this 

iron-based compound involves the reversible transition of Fe
2+

/Fe
3+

 

redox couple [1–3]. The material is synthesized by the template-free, 

ammonia-assisted method, a unique approach for obtaining a porous 

structure. NiFe2O4 offers better supercapacitive performance than the 

previously reported for pure NiFe2O4. The material is well explored 

using various physicochemical characterizations XRD, FESEM, 

HRTEM, SAED, CV, GCD, and EIS to understand the physicochemical 

and electrochemical characteristics. Here, the role of ammonia is 
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highlighted which plays a vital role in governing the structure and 

morphology of the material and enhances the electrochemical 

performance. The specific capacitance of 542 F/g is achieved at 2 mV/s 

scan rate, which is highest for the bare NiFe2O4 electrode material 

without using any addition of carbon-based material, heterostructure or 

template based method. 

4.2 Results and discussion 

4.2.1 Synthesis of nickel ferrite (NiFe2O4) 

The nanocrystalline porous NiFe2O4 structure was synthesized by a 

simple chemical bath method as described in chapter 2, section (2.2.1). 

In brief, the precursor materials Ni(NO3)2·6H2O (0.05M) and 

Fe(NO3)2·9H2O (0.05M) (taken Ni and Fe metal complex in 1:2 ratio 

respectively) were dissolved in 100 mL double distilled (DD) water. The 

mixture was rigorously stirred for 30 min to form a homogenous mixture. 

Ammonia solution was added drop by drop and pH was maintained at 

~12-13, followed by heating at 80 °C for nearly 3 h on a hotplate until 

thick, viscous dark fluid is obtained. Once the reaction is complete, the 

fluid was diluted with DI water, washed several times with DI water and 

ethanol. Then the product was filtered using Whatman filter paper, and it 

was further allowed to dry at room temperature. After the sample is air 

dried completely, it was annealed at 400 °C for 4 h to obtain the pure 

NiFe2O4 cubic spinel phase; the black colored powder was collected. The 

plausible chemical reactions are represented in the following eq. (4.1-

4.3): 

𝑁𝐻4
+ + 𝑂𝐻− →  𝑁𝐻3 + 𝐻2𝑂                                                                      (4.1) 

𝑁𝑖2+ + 2𝐹𝑒2+ + 𝑂𝐻−  →  𝑁𝑖𝐹𝑒2(𝑂𝐻)6                                                 (4.2) 

𝑁𝑖𝐹𝑒2(𝑂𝐻)6 + 𝑂2  → 𝑁𝑖𝐹𝑒2𝑂4 + 𝐻2𝑂                                                    (4.3) 

4.2.2 Material characterizations and electrochemical 

measurements 

4.2.2.1 Structural characterization using XRD, HRTEM and 

SAED 
Structural studies were carried out using XRD, HRTEM and SAED 

analysis. The phase purity and crystal structure of the synthesized 

material was confirmed by XRD measurement. The XRD pattern was 
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Figure 4.1 (a)Reitveld refinement XRD pattern, (b) HRTEM images, and (c) 

SAED pattern of NiFe2O4. 
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recorded using Rigaku Smart Lab (40 kV and 30 mA), λ=1.5406Å Cu-Kα 

radiation source. The powder XRD pattern was refined using FullProf 

Suite package by considering the cubic spinel structure with the Fd3̅m 

space group. The value of goodness of fit ꭓ
2 

was found to be 1.08, 

representing good fitting. Figure 4.1 (a) shows the Reitveld refined 

powder XRD pattern of nanocrystalline NiFe2O4. The cell parameters 

after refinement are a=b=c=8.33±0.005 Å. The characteristic diffraction 

pattern matches well with the JCPDS file no. 01-074-2081 and the 

refined lattice parameters were found to have a good match with it. No 

impurity peaks were visible indicating pure and good crystalline nature 

of the material. HRTEM analysis was performed by HRTEM-JEOL JEM 

2100. Figure 4.1 (b) shows the HRTEM image of NiFe2O4, the lattice 

spacing calculated is ~ 0.25 nm which can be indexed to (311) plane and 

it is closely matched with those of theoretical and calculated d-spacing 

values. SAED pattern in figure 4.1 (c) indicates the polycrystalline nature 

the rings corresponds to (111), (220) and (311) planes which is in close 

matches with the XRD results i.e. in-line with JCPDS file. 01-074-2081. 
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Figure 4.2 (a) FESEM image of flake like morphology NiFe2O4 (inset shows the 

higher magnification image), (b) TEM image shows the thin flakes morphology 

(inset shows the flakes consists of large number of nanoparticles). 

 

4.2.2.2 FESEM and TEM investigation 

 In this section, the topological and morphological feature of the 

synthesized sample was investigated. The morphology of the 

nanocrystalline NiFe2O4 was observed by Karl Zeiss JEOL FESEM and 

TEM-JEOL JEM 2100. Figure 4.2 (a-b) shows the FESEM and TEM 

images of nanocrystalline NiFe2O4 powder. It is evident from the images 

that the sample consists of a large number of nanoparticles along with the 

flake-like morphologies of NiFe2O4 over the surface. The inset of figure 

4.2 (b) shows the high magnification image of ultrathin nanoflakes, 

composed of a large number of nanoparticle with average ~ 5 nm size. 

These flake-like morphology and nanoparticles are considered good for 

charge/ion transport through them [4, 5]. Also provides a high surface 

area which results in for a large number of charge accumulations over 

them hence enhance the specific capacitance. 

4.2.2.3 Electrochemical performance of mesoporous NiFe2O4 

The working electrode was prepared by the procedure explained in 

chapter 2, section (2.5.1). The mass loading was ~0.030 g/cm
2
. The 

electrochemical performance of porous NiFe2O4 was characterized by 

CV, GCD, and EIS on PCI4750-38058 potentiostat and galvanostat. 1 M 

KOH aqueous alkaline electrolyte was used for measurement. The EIS 

was performed with AC amplitude of 10 mV in the frequency range 300 

kHz to 0.1 Hz. 

4.2.2.3.1 Cyclic voltammetry study  
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Figure 4.3 (a) CV curve of NiFe2O4 at different scan rates (2-60 mV/s), 

and (b) specific capacitance versus sweep rate. 
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Figure 4.3 (a) and (b) shows the CV curves of NiFe2O4 and specific 

capacitance vs. sweep rate, respectively. The CV measurement was 

carried out to evaluate the charge storage performance and 

electrochemical behavior of NiFe2O4. The potential window was taken in 

the range of 0 to 0.6 V, and the sweep rates were used from 2-60 mV/s.  

The CV curves show the pseudocapacitive behavior due to the 

occurrence of redox reactions in the system [6]. The anodic and cathodic 

peaks during forward and reverse scan can be related to the charging and 

discharging mechanism because in a redox reaction mechanism [7]. 

During the anodic process, there is a loss of electrons from the electrode 

material, and during the cathodic process, the electrode gains the 

electrons, so all the electron lost during the anodic scan will again 

recollect at the anode while cathodic scan [8, 9]. Ideally, there should be 
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kinetic reversibility in the system, the behavior is irreversible which is 

due to the ohmic resistance, polarization, and diffusion processes at the 

electrode during the redox reactions [10]. It is evident from the CV 

curves that the shifting of anodic and cathodic peaks. Also, it should be 

noted from the CV curves and the calculations of specific capacitance 

that as the sweep rate increases the area under the curve increases and the 

specific capacitance decreases [11] as shown in Table 4.1. The possible 

reason for the decrease in specific capacitance is explained here at the 

lower scan rate both the inner and outer pores of the electrode materials 

are effectively utilized during ion propagation or ion diffusion [12], 

whereas at higher sweep rates mainly the outer region of the pores of 

electrode materials get accessed by the ions [6, 13]. The maximum 

specific of 542 F/g was found maximum at 2 mV/s. The decreasing trend 

of the specific capacitance suggests that part of the surface of the 

electrode is inaccessible at high scan rates. Hence, the specific 

capacitance value obtained at the slowest scan rate is believed to be 

closest to that of full utilization of the electrode material [14]. The 

specific capacitance from the CV curve is obtained by using eq (2.29). 

Table 4. 1 Table for specific capacitance as a function of sweep rates. 

Sweep rates (mV/s) Specific Capacitance (F/g) 

2 541.94 

5 416.66 

10 419.44 

20 328.05 

30 228.85 

40 201.38 

50 176.96 

60 154.24 

4.2.2.3.2 Galvanostatic charge-discharge study  

Figure 4.4 (a) shows the charge-discharge measurement was carried 

out at a current density of 0.833 A/g (25 mA/cm
2
) and the specific 

capacitance is calculated using the relation (2.30). The specific 

capacitance obtained is ~342 F/g
 
at 0.833 A/g

 
current density. Figure 4.4 

(b) shows the specific capacitance vs. a number of cycles. Specific 
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Figure 4.4 (a) GCD curve of NFO, and (b) Specific capacitance versus cycles. 
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capacitance obtained from CV and GCD curves reflect that the material 

is one of the potential candidates for SC applications.  

4.2.2.3.3 Electrochemical impedance spectroscopy study   

 Figure 4.5 shows the EIS plot and the Rs and Rct is calculated. The Rs 

is a combination of (i) ionic and electronic resistance, (ii) intrinsic 

resistance of electrodes, (iii) diffusive as well as contact  resistance at 

current [15]. The semicircle at high-frequency region belongs to Rct 

which is related to the electroactive surface area of the electrode which is 

due to the faradaic redox process of the NiFe2O4 electrode [16]. To 

calculate Rs, the intercept at high frequency on the real axis can be found. 

To calculate Rct, the diameter of the semicircle or radius of the semicircle 

can be calculated. Figure 4.5 displays that the porous NiFe2O4 possess 

the Rs as well as Rct which suggests the better electrode conductivity. The 
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Figure 4.5 Nyquist plot for Nanocrystalline NiFe2O4. 
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Rs and Rct values before and after CV measurement to the material are 

0.27 (Ω) and 2.81 (Ω), respectively. 

4.3 Summary  

Nanocrystalline porous NiFe2O4 electrode material was prepared by a 

simple, fast and non-expensive technique. The electrode material has 

shown good electrochemical performance. The role of ammonia is 

important which provides the basic medium during synthesis 

environment and has an impact on the materials morphology, and results 

in obtaining the ultrathin flake of porous NiFe2O4 along with 

nanoparticles. Physicochemical characterizations were conducted to 

check the crystalline, morphological nature of the NiFe2O4. The specific 

capacitance of ~542 F/g was obtained at a sweep rate of 2 mV/s. The 

material has demonstrated the good charge storage performance and 

excellent cyclability up to 1050 cycles. The EIS study shows that the 

porous NiFe2O4 possess low Rs and Rct, suggesting the better electrical 

conductivity of NiFe2O4. The basic study reveals that the NiFe2O4 as a 

potential candidate for alternative TM oxide electrode materials as a 

source for clean energy. 
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CHAPTER 5 

 Design and development {111} Crystal Faceted 

Co3O4 Nanostructures for High Performance and 

Ultra-High Rate Capable Electrode Material 

5.1 Overview 

In the above chapters, two different spinel compounds, namely 

NiCo2O4 and NiFe2O4 were explored; both the material has shown 

exceptional electrochemical energy storage performance in respective 

domains. However, several issues were encountered while dealing with 

both the materials like; they suffer from material dissolution, low cycling 

stability, and low rate capability, etc. Based on the unique 

electrochemical features of the cubic spinel compounds, this chapter 

discusses another cubic spinel compound, i.e., Co3O4 which has shown 

better charge storage performance, excellent cycling stability, and 

ultrahigh rate capability. In this chapter, the Co3O4 electrode material is 

discussed which overcome the problems mentioned above. 

One of the objectives of modern synthetic chemistry is to design 

materials possessing well-defined morphology with controlled shape and 

size, as these materials are considered to be promising candidates for a 

wide variety of technological applications [1]. Several attempts have 

been made to investigate carbon-based and also TM-oxides/ hydroxides 

based materials such as RuO2 [2], MnO2 [3], Co3O4 [4], Ni(OH)2 [5], 

Co(OH)2 [6], NiCo2O4 [7], etc. along with their hybrid derivatives for 

improvement in both energy and power densities. However, in the 

presence of Li
+
 or Na

+ 
electrolytes and an aqueous electrolyte, TM-

oxides and hydroxides have behaved as battery-active materials [8, 9]. 

The cubic spinel cobalt oxide (Co3O4) stands as a vital multifunctional 

material because of its vast applications in catalysis, pigments, sensors, 

electrochemistry, magnetism, and energy storage (e.g., intercalation 

compounds for battery materials) [10]. The spinel Co3O4 is a promising 

electrode material for electrochemical capacitors due to its 

environmentally friendly property, the high theoretical specific 
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capacitance of 3560 F/g
 
[11], excellent rate capability, high charge-

discharge stability, low cost, and abundance in nature. However, it 

suffers from poor capacity retention and also limits the lifespan of many 

charge-discharge cycles by either agglomeration of Li/Li-alloying or the 

growth of passive layers, which in turn prevents the fully reversible 

insertion of Li ions to the electrode material. Consequently, several 

approaches have been adopted to improve the electrochemical 

performance of Co3O4, such as the use of nano size Co3O4 [12], micron 

size Co3O4 [13], mesoporous Co3O4 [14], Co3O4/graphene 

nanocomposites and Co3O4 nanowire arrays [15]. Multi-shelled Co-oxide 

hollow structures offering small diffusion lengths and sufficient void 

space could boost the cyclic stability and rate capability. Moreover, an 

enhanced electrochemical performance was observed in porous Co3O4 

nanotube structures that consist of nanoparticles of size ∼ 5–10 nm [16]. 

However, theoretical studies on Co3O4 {111} facets have shown 

somewhat greater adsorption energy, more adsorption sites, and lower 

transition state barrier than those of Co3O4 {001} facets, which are 

responsible for the facet-dependent electrochemical behavior [16]. Co 

based oxide/hydroxide shows a pair of redox peaks, which are separated 

by a gap of 0.066 V (=ΔEp), that point out a so-called “battery-mimic” 

mechanism [17]. In a true sense, it can be a hybrid energy storage device 

combining both the SC and battery. Therefore, it can combine the high 

energy storage capability of conventional batteries with the high power 

delivery capability of the SC [18]. 

In this chapter, the discussion on Co3O4 is provided which overcomes 

to the above mentioned problems. The study endeavored to obtain the 

thermally stable and crystalline 2D layered mesoporous hexagonal 

platelets of cobalt oxide (Co3O4) with {111} facets were prepared by 

template-free wet chemical synthesis approach. The {111} facets are 

known for a high electroactive surface and are expected to enhance the 

electrochemical properties especially the rate capability. The highly 

crystalline Co3O4 with the average particle size of 25 nm formed 2D 

mesoporous layered structure, with an average thickness of ~ 40 nm, the 

pore size of 8-10 nm, and the specific surface area of 45.68 m
2
/g

 



 
 

97 

 

promoting large surface confined electrochemical reaction. The 2D 

layered mesoporous Co3O4 exhibits the maximum specific capacity of 

305 mAh/g at the scan rate of 5 mV/s, 137.6 mAh/g at a current density 

of 434.8 mA/g. The maximum energy and power density of 32.03 Wh/kg 

and 9.36 kW/kg, respectively, is achieved from the 2D hexagonal 

platelets of mesoporous Co3O4 nanoparticles with {111} facets. An 

excellent ultrahigh rate capability of ~ 62 % was observed after 

increasing the discharge current density from ~ 434.8 mA/g to 43480 

mA/g (100 times). Furthermore, the cycling stability of 81.25 % was 

achieved even after 2020 charge-discharge cycles at a current density of 

12170 mA/g. This high performance and ultra-high rate capability could 

be attributed to the {111} facets ‘crystal plane’ effect of Co3O4. The 

results presented here confirm that the 2D mesoporous layered hexagonal 

platelets of Co3O4 exhibits “battery-mimic” behavior in an aqueous 

electrolyte of KOH. 

5.2 Results and discussion 

5.2.1. Synthesis of layered 2D hexagonal platelets of Co3O4 

nanoparticles  

In the previous studies, the simple wet chemical synthesis approach 

for the preparation of TM-based materials was well established. The 2D 

mesoporous layered hexagonal platelets of Co3O4 with {111} facets were 

synthesized using the wet chemical synthetic approach from high purity 

cobalt nitrate hexahydrate (Co(NO3)2·6H2O) (0.050M concentration). An 

aqueous solution of Co(NO3)2·6H2O was prepared in 100 mL deionized 

water (DI water) and stirred for 30 min. The reaction medium was made 

alkaline by adding ammonium hydroxide (NH4OH) solution to promote 

the growth of 2D mesoporous layered hexagonal platelets of Co3O4. The 

pH of the reaction was maintained at ∼12-13, and then the reaction 

mixture was heated at 80 °C for ∼ 3 h, which resulted in a brownish 

black precipitate. Later, the precipitate was filtered by using Whatman 

filter paper, and the product was washed several times with DI water and 

ethanol followed by air drying and then annealing at 450 °C for 4 h in a 

muffle furnace to obtain the layered 2D mesoporous Co3O4. The growth 
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Scheme 5.1 Growth mechanism of mesoporous layered hexagonal platelets of 

Co3O4 structures. 

 
mechanism of the layered hexagonal platelets is represented in Scheme 

5.1.   

 5.2.2 Material Characterizations and Electrochemical 

Measurements 

The phase purity, structural and morphological identification of spinel 

Co3O4 were carried out using XRD (XRD; D2-phaser, Bruker, 30 kV/10 

mA, Cu-Kα irradiation (λ = 1.5408 Å)), FESEM (FESEM, Karl Zeiss 

JEOL), and HRTEM (HRTEM, Tecnai G2 F20 S-Twin) techniques, 

respectively. The elemental composition was investigated by EDX. 

Surface area analysis (BET) and pore size distribution analysis (BJH) 

were carried out using the N2 adsorption-desorption technique in an 

automated gas sorption analyzer (Quantchrome Autosorb iQ2). 

Electrochemical measurements CV, GCD, EIS, and stability test were 

carried out using an electrochemical workstation (Autolab 

PGSTAT302N).    

5.2.2.1 Morphological and structural characterization using 

FESEM, TEM, XRD, HRTEM, SAED and EDX 

Surface morphological features and structural analysis of the 

synthesized sample is shown in figure 5.1. FESEM images in Figure 5.1 

(a) shows a uniform distribution of hexagonal plates, composed of 
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Figure 5.1 Morphological (a-d) FESEM and TEM, structural (e) HRTEM, (f) 

SAED, (g) XRD, and elemental characterization (h) EDX of layered 2D 

hexagonal mesoporous Co3O4 nanostructure. 

 

 

(a) (b) (c)

(d) (e) (f)

numbers of nanoparticles. The periodic arrangement of nanoparticles has 

led the 2D layered structure of hexagonal platelets as shown in figure 5.1 

(a). The high magnification FESEM image is shown in figure 5.1 (b), the 

inset depicts the schematic illustration of a 2D layered structure of 

hexagonal morphological features. These hexagonal platelets are of ~ 2 

µm width along their edges and ~ 40-50 nm thick. However, the numbers 

of layers formed are not uniform in each of the hexagonal plates despite 

their layer-by-layer appearance. The hexagonal facets of the plates make 

an angle of 120 
o 

(figure 5.1 (c)). The TEM analysis (figure 5.1 (c)) 

confirmed that the hexagonal platelets composed of uneven 

morphological nanoparticles of average diameter 25 nm. In figure 5.1(d) 

each particle is distinct with clearly visible textural boundaries. The 
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HRTEM image (figure 5.1 (e)) corroborate the inter-planar spacing of 

0.288 nm between two successive fringes corresponding to the (220) 

crystallographic plane, which evidenced the formation of cubic spinel 

phase of Co3O4. It was further confirmed by SAED analysis. The 

presence of numbers of nanoparticles in the hexagonal platelet has 

reflected in the appearance of period hexagonal diffraction. The 

diffraction at the edge of hexagonal plates showed major exposed crystal 

plane of the spinel cubic crystal structure with a space group of Fd3̅m 

(227) along the [111] zone axis (figure 5.1 (f)). The crystalline structure 

and phase purity of Co3O4 was investigated by powder XRD. Figure 5.1 

(g) shows the XRD pattern for Co3O4. The XRD pattern of Co3O4 

annealed at 450 
o
C shows the presence of diffraction peaks at 2 of 18.96 

o
, 31.20 

o
, 38.46 

o
, 44.79 

o
, 59.34 

o
 and 64.14 

o
 assigned to (111), (220), 

(311), (222), (400), (511) and (440) diffraction peaks of cubic spinel 

Co3O4 phase (JCPDS file 009-0418) in the space group Fd3̅m (227). No 

other impurity phase was identified. The intensive diffraction peaks 

imply good crystallinity of Co3O4. The lattice parameters of 

a=b=c=8.093 Å obtained from the reitveld refinement are in a good 

agreement with that of JCPDS file 009-0418. In general, Co3O4 is known 

to be enclosed by low indexed facets such as (100) or (110) [10], 

whereas the mesoporous Co3O4 is of (111) crystal planes [19]. The 

predominantly exposed (111) crystal plane is a highly active surface 

[19], which leads to the facet-dependent properties of nanomaterials and 

helps for fast ion transfer between the surface and the interior of the 

structure [20]. Highly dense metal oxide nanomaterials exposed with 

high-energy surfaces/facets favors fast ion transfer at both the surface 

and the interior [21]. Typically, (111) faceted TM-oxides with high 

surface reactivity [22]. The (111) facets provide more reactive sites for 

redox reaction, which facilitate a fast surface reaction [21] during the 

charge and discharge processes. Moreover, theoretical studies have 

confirmed that Co3O4 (111) facets exhibit a fairly greater adsorption 

energy, more adsorption sites, and a comparatively lower transition state 

barrier than that of Co3O4 (001) facets, responsible for facet-dependent 
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Figure 5.2  (a) N2 adsorption-desorption isotherm (inset shows the magnified 

graph) and (b) shows the BJH pore size distribution. 
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electrochemical behaviour [23]. Overall, Co3O4 (111) faceted surfaces 

holds the potential for applications in highly efficient electrochemical 

activity [23], sensing [23], and heterogeneous catalysis [24], etc. The 

EDX spectra in figure 5.1 (h) had shown the presence of Co and O in the 

mesoporous layered structure, with an average atomic ratio of Co: O 

ratio of ~ 3:4. This confirms the hexagonal assembling of Co3O4. 

5.2.2.2 Gas sorption studies 

Despite intense interest in the associated structural details, porosity 

modifications have been almost exclusively described regarding 

primitive bulk descriptors (surface area, pore volume, and average pore 

size), providing limited insight into the pore architecture. N2 adsorption-

desorption isotherm measurements examined the porous nature of 

mesoporous Co3O4 at 77 K. Figure 5.2 (a) shows irreversible type IV 
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isotherm, confirming the porous nature and a distinct hysteresis loop on 

the IUPAC classification. The specific surface area is found to be 45.68   

m
2
/g. The mesoporous nature of the material was confirmed by pore size 

distribution analysis (figure 5.2 (b)). Co3O4 with the average pore size of 

8-10 nm is expected to be good for diffusion of ions and electrons within 

the electrode. The dense packing of Co3O4 particle resulted in larger 

mesopores with the pore volume of 1.42 cm
3
/g. The surface area and 

mesoporosity of Co3O4 with layered hexagonal platelet nanostructures 

not only increases the electrode-electrolyte contact area but also provides 

abundant active sites for accumulating ions. This leads to an efficient 

charge/ion transport, results in enhancement of electrochemical 

properties. A large surface area and mesoporous appearance of Co3O4 is 

expected to deliver enhanced specific capacity value.  

5.2.2.3 Electrochemical performance of mesoporous Co3O4 

The working electrode was prepared by the procedure explained in 

chapter 2, section (2.5.1). The slurry was drop casted on a Ni-foam with 

a geometric surface area of 1 cm
2
 (total mass loading ∼2.3 mg), followed 

by drying at 80 °C for 12 h and pressing with a hydraulic press under 10 

MPa pressure. The electrochemical performance of the device was 

measured by CV, GCD, and EIS in a 2 M KOH electrolyte solution. EIS 

measurement was performed in the frequency range from 1 MHz to 0.01 

Hz by applying a sinusoidal waveform with amplitude of 10 mV. 

5.2.2.3.1 Cyclic voltammetry study  

The CV measurement was carried out to investigate the redox 

behavior and electrochemical nature of the electrode material. The CV 

measurements shown in figure 5.3 (a) were carried out in the voltage 

range of -0.1 to 0.6 V at various sweep rates. The non-rectangular shapes 

of the CV curves reveal the battery nature originated from the reversible 

redox reactions. The anodic peak (at a positive potential) and cathodic 

peak (negative potential) in the CV curves represent the oxidation and 

reduction processes, respectively. At a scan rate of 2 mV/s, the oxidation 

and reduction redox pair is observed at Epa=0.31 V (anodic) and Epc=0.17 

V (cathodic), respectively. It indicates that layered hexagonal platelets 
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Figure 5.3  (a) Cyclic voltammogram curves obtained at different scan rates 

(clear evidence of redox peaks is observed) and (b) corresponding plot of 

specific capacity versus sweep rates. 
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composed of mesoporous Co3O4 nanoparticles undergo electrochemical 

charge-transfer reactions Co(II) ↔ Co(III) ↔ Co(IV) in 2M KOH [25]. 

However, literature reports three redox couples of Co3O4/Co(OH)2, 

Co(OH)2/CoOOH and CoOOH/CoO2. In the present case of Co3O4, in 

the first oxidation step, is reduced to Co(OH)2 species during the CV 

scan. The peaks corresponding to each redox couple are not 

distinguishable, and some are elusive, might be due to surface 

modification of the layered mesoporous Co3O4 [26]. The redox couple of 

P1/P2 is an indication of Co
2+

→Co
3+ 

redox reactions [27]. As the scan 

rate increases, the anodic and cathodic peaks shifts towards the positive 

and negative potential, respectively; on account of redox process due to 

the polarization and the ohmic resistance during the faradaic process at 
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the interface between electrode and electrolyte [28, 29]. It proposes 

typical battery type behavior, originated from the fast reversible redox 

reaction. The structural alterations at the atomic level are expected in the 

layered appearance of a hexagonal platelet of mesoporous Co3O4 during 

the electrochemical redox reaction [17]. The variation in the valency 

from +2 to +3 of Co ion during charging (increases) and discharging 

(decreases) results in the transformation of Co(OH)2→CoOOH [17] as 

shown in eq. (5.1 and 5.2). The density functional theoretical analysis by 

Deng et al.[17], further supported the vital role of lattice relaxation in the 

stabilization of the transition states and removal of one H atom per 

formula unit from the Co(OH)2→CoOOH during this process, and 

therefore, the structural transformation towards CoOOH↔Co(OH)2. The 

deprotonation involves the rearrangements of atoms both O and OH. The 

Co(OH)2 and CoOOH adjust themselves such that the transform 

mutually into each other reaction (5.2) and (5.5). These transformation 

reactions offer the advantage of very fast switching rates which 

contribute to high power density, ultrahigh rate capability, and long 

cycling stability. The more prominent asymmetric nature at higher scan 

rates demonstrates the better high-rate response of the mesoporous 

layered hexagonal platelets of Co3O4 [30]. In the charge storage 

mechanism, the redox peaks P1 and P2 are related to the reactions (5.1-

5.3) and (5.4-5.6), respectively [31], the plausible charge storage 

mechanism: 

Anodic scan (positive potential): 

𝐶𝑜3𝑂4 + 4𝐻2𝑂 + 2𝑒− ↔ 3𝐶𝑜(𝑂𝐻)2 + 2𝑂𝐻−                                  (5.1) 

3𝐶𝑜(𝑂𝐻)2 + 2𝑂𝐻− ↔ 3𝐶𝑜𝑂𝑂𝐻 + 2𝐻2𝑂 + 𝑒−                               (5.2) 

𝐶𝑜𝑂𝑂𝐻 + 𝑂𝐻− ↔ 𝐶𝑜𝑂2  + 𝐻2𝑂 + 𝑒−                                                 (5.3) 

Cathodic scan (negative potential): 

𝐶𝑜𝑂2  + 𝐻2𝑂 + 𝑒−  ↔ 𝐶𝑜𝑂𝑂𝐻 + 𝑂𝐻−                                                (5.4) 

3𝐶𝑜𝑂𝑂𝐻 + 2𝐻2𝑂 + 𝑒− ↔ 3𝐶𝑜(𝑂𝐻)2 + 2𝑂𝐻−                               (5.5) 

3𝐶𝑜(𝑂𝐻)2 + 2𝑂𝐻− ↔ 𝐶𝑜3𝑂4 + 4𝐻2𝑂 + 2𝑒−                                 (5.6) 

Figure 5.3 (b) illustrated the specific capacity as function sweep 

rates and calculated from eq (2.29). At a lower scan rate of 5mV/s, the 
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electrolyte ions diffused to almost all the effective pores of the electrode 

material and resulted in the highest specific capacity of 305 mAh/g. 

However, it has further reduced with an increase in the scan rate. At 

higher scan rates (typically 50-100 mV/s), the effective interaction 

between the electrolyte ions and the electrode is significantly reduced 

due to inadequate time and leads to the lower specific capacitance at 

higher scan rates [32]. In general, the electrochemical properties are 

governed by the electronic structure, and the number of active sites (such 

as Co
2+ 

and Co
3+

 in Co3O4) and many electrons/ions are exchanged 

during the electrochemical process [33]. However, in the present study, 

the outperformed unique hexagonal layered structure of mesoporous 

Co3O4 exhibits excellent battery-like performance over the other reported 

ones and not SC [34]. The origin of this unique electrochemical 

performance can be improved electrochemical surface area available for 

interfacial redox reactions [35] due to optimized grain size, morphology, 

and porosity. The effective porosity induces accessible electrochemical 

sites for intercalation of electrolyte ions, which is proportional to 

capacity [36]. Moreover, the observed mean pore size is higher than the 

size of solvated ions in typical aqueous electrolytes of KOH (size of Kþ 

~3.31 Å), reduces the kinetic charge transfer resistance at the electrode-

electrolyte interface and increase the overall capacity [37]. The 

enhancement in electrochemical performance can be attributed further to 

the combined effect of the 2D layered hexagonal platelets structure, 

(111) faceted surface and mesoporous morphology of Co3O4 

nanoparticles. The layered materials with fine crystallized structure, store 

energy through ion intercalation-deintercalation between the layers of 

hexagonal platelets to exhibit high rate performance and good stability 

[38]. Furthermore, the open space between/among layered hexagonal 

platelets also allows fast redox reactions, and thus improves the charge-

discharge rate [39]. Hence, the obtained morphology of Co3O4 has played 

an enormous role in enhancing the specific capacity. 

5.2.2.3.2 Galvanostatic charge-discharge study  
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Figure 5.4 (a) Galvanostatic charge-discharge measurement carried out at 

different current densities and (b) corresponding plot of specific capacity versus 

current densities. 
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The GCD measurement was carried out at different current densities 

in the potential range of 0 to 0.41 V and shown in figure 5.4 (a). The 

deviation in the GCD curves was observed from the ideal triangular 

behavior reported in the case of EDLCs. GCD curves possess two 

distinct slopes/plateaus corresponding to redox nature of electrode 

material which is battery-like behavior. The charge-discharge curves at 

various current densities indicate the typical battery-type behavior 

without IR drop. The values of specific capacity were derived from the 

discharge curves using eq. (2.30). Figure 5.4 (b) illustrates the specific 

capacity as a function of current density and Table 5.1 shows the 

specific capacity obtained at various current densities. The specific 

capacity of 137.6 mAh/g is observed at a current density of 434.8 mA/g
 

which is further reduced to 84.6 mAh/g
 
at a current density of 43480 
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mA/g. At lower current densities, electrolytic ions ensure more time to 

penetrate innermost layers of electrode material, hence accessing almost 

all available surface area of the electrode. However, at higher current 

densities, efficient utilization of the electrode material is restricted only 

to the outer surface of electrodes due to the lesser time is taken by ion 

intercalation [40]. The specific capacity values of mesoporous Co3O4 

obtained from GCD are lower than those obtained from the CV 

measurement. This difference is due to insufficient faradic redox 

reactions resulted from the reduced surface access by OH
-
 ion under 

higher discharge current densities [25]. Generally, the ions are stored on 

the surface of the material, lies within the pores, which causes an active 

diffusion within the bulk of the material. The surface area/pore size 

distribution results suggest the synthesized material to be mesoporous, so 

the ions are not only stored at the surface but also to the interiors of the 

pores. Therefore, there is an active diffusion from the pores; the diffusion 

is fast because the majority of the charges stored are surface confined 

[41]. It indicates that, at higher current rates, the surface-confined redox 

process, as well as in-pore diffusion of ions, might take place, limiting 

the diffusion of ions depending on the factors like pore size distribution, 

tortuosity of its pores, size of electrolyte ions, electrolyte ion mobility, 

etc. [41], specifies the limitation arising from the charge transfer kinetics 

[42]. This resulted in the reduction of effective specific capacity with an 

increase in current densities. Comprehensibly, better utilization of 

numerous nanometric electroactive sites from the layered hexagonal 

appearance of mesoporous Co3O4 has considerably boosted the overall 

electrochemical performance. Even though Sun et al.[43], reported 

capacities of 969 mAh/g
 
for Co3O4 nanocubes, 1023 mAh/g for Co3O4 

truncated octahedra and 1098 mAh/g for Co3O4 octahedra, one cannot 

neglect the utilization of Li-based electrolyte to achieve these high 

values. The Co3O4 with the {111} plane may be more beneficial to Li
+
 

transport than the other low index planes like {001}  [43]. Therefore, it 

has shown the highest reversible capacity and excellent rate capability. 

Although various reports in the literature show higher electrochemical 

performance after the Li
+ 

ion (de)intercalation, the performance in the 
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present study is reported at the substantial current density (434.8 mA/g) 

in the aqueous electrolyte of KOH and not in the Li ions electrolyte. The 

ultrahigh rate capability was observed, and a 38% reduction in specific 

capacity was observed after an increase in the initial current density of 

434.8 mA/g to 43480 mA/g. The crystal structure of the electrode 

material has a significant impact on electrochemical performance, 

especially (111) faceted Co3O4 exhibit not only high charge-discharge 

capacity but also shown high-rate capability than that of (001) or (110) 

facets [44]. The ultrahigh rate capability could be due to the (111) planes 

which possess the highest charge-discharge capacity not only at the low 

rate of 434.8 mA/g but also at the very high rate of 43480 mA/g, which 

can be largely due to the “crystal plane” effect. It enhances the 

electroactive surface area due to the unique layered hexagonal structure 

of Co3O4 providing large active sites in its layered structure, and 

individual layers take part in the electrochemical activity. The more 

detailed comparison is provided in Table 5.2. 

Table 5. 1 Specific capacity as a function of current densities. 

Current density (mA/g) Capacity (mAh/g) 

434.78 137.58 

869.57 135.59 

1304.35 132.32 

2608.7 124.00 

3478.26 123.18 

4347.83 119.66 

5217.39 119.53 

6956.52 117.10 

8695.65 114.92 

10434.78 111.62 

12173.91 108.60 

14782.61 106.79 

16521.74 105.34 

19130.43 103.82 

20869.57 101.72 

26086.96 98.06 
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30434.78 95.83 

34782.61 91.71 

39130.43 89.25 

43478.26 84.59 

Table 5.2 The comparison of specific capacity obtained from various synthesis 

methodologies and their morphology of Co3O4 electrodes. 

Morphology 
Synthesis 

method 

Specific 

capacity 

(mAh/g) 

Current 

density 

(mA/g) 

Electrolyte 

used 

Capacity 

retention, 

Cycles@

mA/g 

Ref. 

Mesoporous 

microdisks 

like Co3O4 

Solvo-

thermal 
1032 100 

1 M LiPF6 

solution in 

(EC/DMC/D

EC) (1:1:1) 

74.12%, 

30 

Cycles@

100 

[45] 

Mesoporous 

Co3O4 

Two 

Solvent 

method 

1489 50 

1 M LiPF6 

solution in 

(EC/DMC) 

(1:1) 

76%, 25 

cycles@ 

50 

[46] 

Co3O4/porous 

electrospun 

carbon 

nanofibers 

Electro-

spinning 
952 100 

1 M LiPF6 

solution in 

(EC/DMC) 

(1:1) 

96.95%, 

100 

cycles@

100 

[47] 

Self-

assembled 

hairy ball like 

Co3O4 

nanostructure 

Hydrother

mal 
1768 100 

1 M LiPF6 

solution in 

(EC/DMC) 

(1:1) 

48%, 50 

cycles@

100 

[48] 

Mesoporous 

Co3O4 

nanoflakes 

Microwav

e assisted 

Hydrother

mal 

1192 89 

1 M LiPF6 

solution in 

(EC/DMC) 

(1:1) 

74%, 

300 

cycles@

445 

[49] 

Co3O4 

hollow-

structured 

nanoparticles 

Impregnat

ion 

reduction 

1107 50 

1 M LiPF6 

solution in 

(EC/DMC) 

(1:1) 

79%, 50 

cycles@

50 

[49] 

Co3O4 

nanocages 

Hydrother

mal 
1116 50 

1 M LiClO4 

solution in 

(EC/DMC/DE

C) (1:1:1) 

77%, 50 

cycles@

178 

[50] 
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Nanobowl 

array and 

Nanotubes of 

Co3O4 

Thermal 

Decomposi

tion 

1293 and 

1250 
35 

1 M LiPF6 

solution in 

(EC/DMC/D

EC) (1:1:1) 

57% and 

69% 

after 10 

cycles@

35 

[51] 

Co3O4 

nanoparticles 

with opened-

book 

morphology 

Solvother

mal 
1408 100 

1 M LiPF6 

solution in 

(EC/DMC/D

EC) (1:1:1) 

67%, 25 

cycles@

100 

[52] 

Bare 

Mesoporous 

Co3O4 

hexagonal 

platelets 

Chemical 

bath 
137 434.78 

2 M KOH 

electrolyte 

81.25%

@ 

~12170, 

2020 

cycles 

This 

work 

5.2.2.3.3 Electrochemical impedance spectroscopy study  

To further explore the electrical conductivity of the electrode, the 

EIS spectrum was recorded in the frequency range of 1 MHz to 0.01 Hz 

by applying 10 mV sinusoidal perturbation.  Figure 5.5 illustrates the 

Nyquist plot for Co3O4 electrode material, which consists of a semicircle 

accompanied by a straight line in the low-frequency region, which 

corresponds to the electrochemical process and mass transfer process, 

respectively [53]. EIS spectra composed of three distinct regions. The 

first region is the intercept on the real axis at a high-frequency region 

which provides the Rs which is due to the ionic resistance of the 

electrolyte, intrinsic resistance of electrodes and contact resistance at the 

electrode-electrolyte interface. The second region is the Rct which can be 

calculated from the semicircle diameter in the high-frequency region; it 

is due to the diffusion of electrons. The third region is the Warburg 

resistance, the slope of the EIS curve in the low-frequency region 

describes the diffusion and fast kinetics of redox species in the 

electrolyte [54]. Here, the electrochemical process is diffusion controlled 

because of various parameters like electrolyte concentration, porous 

structure (pore-size distribution), and ion dynamics (ion movement in 

and out from the pores), etc. which takes part in the electrochemical 

process [55]. The vertical line at low-frequency region parallel to 

imaginary impedance axis indicates the ideal capacitor behavior. The 
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Figure 5.5 Nyquist plot obtained at various stages of electrochemical 

measurements i.e. before GCD test, after GCD test, and after long term 

cycling stability test (2020 cycles). 
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inset of figure 5.5 illustrates the EIS plot before and after 1000, and 2000 

GCD cycles and the inset shows the high-frequency region of the EIS 

spectra. It is observed that the magnitude of Rs and Rct is significantly 

low even after 1000 and 2000 cycles. Table 5.3 shows the Rs and Rct 

values, and it is evident from the results that there is negligible change in 

Rs and Rct value. The low ESR value indicates the morphology obtained 

in the present study has a high impact on enhancing electrochemical 

performance.  

Table 5.3 Solution resistance (Rs) and charge transfer resistance (Rs) before 

and after stability tests (1000 and 2000 GCD cycles). 

Figure 5.6 (a) depicts the Ragone plot (energy density as a function of 

power density at different current densities) of Co3O4. The energy and 

power density of the mesoporous Co3O4 was calculated from the 

relations (2.36) and (2.37), respectively. With the increase in discharge 

current density from 434.8 mA/g to 43480 mA/g, the specific energy 

density decreased from 32.03 Wh/kg
 
to 19.69 Wh/kg while the specific 

power increased from 0.125 kW/kg
 
to 9.326 kW/kg, respectively. The 

present study demonstrated that the overall electrochemical performance 

of 2D layered hexagonal platelets of the Co3O4 mesoporous structure has 

Test studies Rs (Ω) Rct (Ω) 

Before test 0.499 0.78 

After 1000 GCD cycles 0.5627 1.5178 

After 2000 GCD cycles 0.5971 1.735 
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Figure 5.6 (a) Ragone plot energy density versus power density and (b) cycling 

stability test obtained at 12,170 mA/g current density. 
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a dramatic impact and it has proved to be excellent electrode materials. 

The comparison of energy density and power density with previous 

reports is presented in Table 5.4.  

Long-term charge-discharge cycling stability test was carried out to 

know the long-term capacity retention behavior and is shown in figure 

5.6 (b). The capacity retention of 81.25 % observed after 2020 cycles at a 

very high current density of 12170 mA/g. The diffusion might lead to 

blockage of pores when accessed for a longer time period; especially 

when long-term stability is reduced to ~81% (might be one of the reasons 

for capacity fade). The overall enhancement in the electrochemical 

performance of Co3O4 could be attributed to: (1) The highly dense 

mesoporous 2D layered hexagonal platelet for providing short diffusion 

path, reducing internal resistance and faster kinetics. (2) The crystal 
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plane effect and orientation of Co3O4 {111} facets for delivering 

enormous active sites. (3) The layered stacking between the platelets for 

easier electrolyte penetration in the inner region of the electrode material. 

Table 5.4 Energy density and power density comparison with previous reports. 

Sample name 
Energy density 

(Wh/kg) 

Power density 

(kW/kg) 
Ref. 

Co3O4 hexagonal platelets 

(powder) 
42.56 1.56 [56] 

Co3O4 nanowire arrays  (Ni-

foam) 
25.5 11 [57] 

3D nanoporous Co3O4/Carbon  

(powder) 
20.44 16 [58] 

1D Co-Ni/ Co3O4-NiO core/shell 23 5.5 [59] 

Mesoporous layered hexagonal 

platelets of  Co3O4 
32.03 9.33 

(This 

work) 

5.3 Summary 

In conclusion, the layered 2D hexagonal platelets of Co3O4 were 

synthesized by a simple wet chemical method. The synthesized electrode 

material showed unique layered hexagonal platelet-like morphology 

(FESEM) with a large number of particles in the nanometre scale (~25 

nm). The XRD and HRTEM confirm the pure cubic spinel phase of 

Co3O4 with no amorphous phases, the SAED pattern confirms the 

predominantly exposed {111} faceted crystal planes, which is considered 

to be highly active surface and helpful for enhancing the redox reaction 

and fast ion transport. The N2 adsorption-desorption isotherm confirms 

the irreversible type-IV isotherm with a high surface area of 45.68 m
2
/g

 

and the pore size distribution between 8-10 nm (mesoporous). The Co3O4 

has shown battery-type behavior in the aqueous electrolyte of 2M KOH. 

Co3O4 delivered a high specific capacity of 305 mAh/g at 5 mV/s
 
and 

137.6 mAh/g at ~ 434.8 mA/g from CV and GCD, respectively. It is 

noteworthy that only 38 % of the capacity reduction was observed when 

current density was increased to almost 100 times (i.e., from 434.8 mA/g 

to 43480 mA/g). The capacity retention was found to be 81.25 % after 

2020 GCD cycles at a current density of 12170 mA/g. The 2D layered 

hexagonal structure of mesoporous Co3O4 has demonstrated the power 

density of 9.33 kW/kg and energy density of 32.03 Wh/kg. The overall 



 
 

114 

 

electrochemical performance of the mesoporous Co3O4 has proved to be 

a potential candidate for electrochemical energy storage application like 

a battery, with ultrahigh rate capability, long cycling stability, good 

power, and energy density. 
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CHAPTER 6 

Determination of Crystal Structure of 1D Nanowire 

Arrays of Cobalt Carbonate Hydroxide Hydrate as an 

Excellent Battery-type Electrode Material  

6.1 Overview 

In this chapter, the idea of crystallography and electrochemistry is 

combined to explore the new concepts. The study provides a probable 

optimistic prediction to solve the energy storage problem. The objective 

of contemporary synthetic chemistry is to design novel materials with 

unique morphology and robust crystal structure which plays a crucial 

role for batteries, SCs, hydrogen storage, etc. Thus, the crystal structure 

determination for the in-depth understanding of materials and its 

associated properties is important. Due to the increased global energy 

demand, efficient energy generation and its storage are counted as 

rescuers for future energy requirements. Therefore, much attention has 

been given on the research and development of high-performance 

electrode materials especially those related to high energy density, power 

density, operational safety, and sustainability, as required by endless 

energy-starving applications. To address such challenges- “Energy 

Storage (R) Evolution” relies on the development of novel materials 

alongside the optimization of existing ones. One of the ways of 

navigating such materials is by using the ideas of crystallography. A 

crystallographer of energy storage materials looks for channels/open 

paths in the crystal structure, which can store and allows the easy 

transportation of ions. Here, an attempt is being made to address upon 

this aspect by synthesizing the 1D dimensional nanomaterial, solving its 

crystal structure and evaluated its enhanced energy storage performance. 

A unique strategy for designing novel materials and their study from 

the crystallographic aspect is desired. It provides a guideline for 

material‘s scientist to design the material with the robust crystal 

structure, which can sustain and perform excellently well when subjected 

to extreme conditions. Among the MCHs, CCH is considered a suitable 
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candidate for energy storage applications due to its stable structure, ease 

of preparation, low cost, single-step synthesis, good wettability, multiple 

redox states, and eco-friendliness. Various cobalt based compounds like 

Co3O4, NiCo2O4, CuCo2O4, and FeCo2O4 have been studied and shown 

battery-type behavior [1]. The Co-based material still suffers from poor 

capacity retention, the short lifespan of many charge-discharge cycles by 

agglomeration of Li/Li-alloying or due to the growth of passive layers, 

which restricts the fully reversible insertion of ions to the electrode 

materials and has low specific capacity than its theoretical value. 

Therefore, an appropriate Co-based novel material is believed to 

overcome the problem associated with those of existing ones and 

enhance the overall electrochemical performance. CCH has been widely 

used since 2010, more than 200 papers cite Co(CO3)0.5(OH)·0.11H2O 

(formula frequently included in the title) for being a precursor of textured 

and mesoporous Co3O4, applied as the electrode material for SCs and 

lithium-ion batteries [2, 3].  

In this chapter, the study is focused on the synthesis of binder-free 

hierarchical 1D nanowire arrays (NWAs) of cobalt carbonate hydroxide 

hydrate (CCH) by a single-step hydrothermal method, evaluated its 

capability in energy storage performance and for the first time provided 

the detailed crystal structure solution. An orthorhombic cell was initially 

proposed by Porta et al. [4], which was never confirmed by any structure 

determination but continues to be considered correct. The orthorhombic 

cell present also in the JCPDS card 48-0083 [5] was ruled out by a quite 

deceiving Le Bail fit [6]. The crystal structure determination of CCH 

demonstrates malachite-type structure connected by infinite chains of 

[CoO6] octahedra, sharing edges along a short c-axis, with space group 

P6̅2m, interconnected by CO3
2-

 groups and delimiting tunnels. The 

morphological and structural results indicate the nanowire growth along 

(00l) direction. The electrochemical measurements revealed the battery-

type behavior due to intercalated/extrinsic pseudo-capacitive 

characteristics. The electrochemical energy storage performance of 

binder-free electrode material is observed to be 243.55 mAh/g
 
@ 5 mV/s 

scan rate and ~161.465 mAh/g
 
@ 2500 mA/g current density. The energy 
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and power density is observed to be 59.43 Wh/kg and 36.80 kW/kg, 

respectively. CCH has outperformed by delivering a remarkable long-

term cycling stability response when tested for two different current 

densities. The high capacity retention response of 95% and 86% 

observed after 2000 and 1600 cycles, respectively when the electrode 

materials are tested for higher current densities of 20,000 mA/g and 

100,000 mA/g, respectively. The EIS analysis is used to probe the 

charge-transfer kinetics and charge storage performance and found to be 

in correlation with other charge storage analysis. Therefore, the 1D CCH 

nanowire arrays have demonstrated a remarkable energy storage 

performance which could be attributed to its unique crystal structure and 

a potential candidate for battery-type materials.  

6.2 Results and discussion 

6.2.1 Synthesis and growth mechanism of 1D CCH nanowire 

arrays 
The direct growth binder-free technique was implemented for 

synthesizing nanomaterials; a simple, fast, inexpensive and facile 

hydrothermal method was used for the fabrication of nanomaterial on Ni-

foam substrate as described in chapter 2, section (2.2.2). In brief, 5 mM 

Co(NO3)2·6H2O, 0.5 M urea and 10 mM NH4Cl were dissolved in 50 mL 

DI water and stirred for 30 minutes to obtain a homogeneous mixture. 

The resulting light pink solution was transferred into 100 mL Teflon-

lined stainless steel autoclave. For the direct growth, a few (3-4) pieces 

of Ni-foam substrates (1cm x 1cm) were immersed in the reaction 

chamber. Before using Ni-foam substrates, it was cleaned with 3 M HCl 

for 10 min, then ultrasonically cleaned with ethanol, acetone and distilled 

water to remove impurities and oxide layers from the surface and 

allowed to dry completely. Then, the autoclave was sealed and held at 

110 °C for 5 hours in a muffle furnace after which it could cool to room 

temperature. Finally, we retrieved Ni-foams which were found coated 

with the light purple/pink color (CCH), and the excess precipitate was 

filtered using Whatman filter paper, followed by repetitive rinsing with 

distilled water and ethanol. The effective mass loading on Ni-foam 

before and after the hydrothermal treatment was estimated to be ~ 0.4 
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mg/cm
2
 of the CCH. The plausible chemical reactions involved in the 

above preparation process are illustrated in  (6.1-6.5) [7]: 

6Co(NO3)2·6H2O → 6Co
2+

 (aq.) + 6NO3                              (6.1) 

H2NCONH2 + H2O → 2NH3 + CO2                         (6.2) 

CO2+2OH
- 
→ CO3

2-
 + 2H

+
                     (6.3) 

NH3 + H2O → NH
4+

+ OH
-   

                                 (6.4) 

6Co
2+ 

+ CO3
2- 

+ 8OH
- 
+ H2O

 
→

 
Co6(CO3)2(OH)8·H2O                       (6.5) 

Growth mechanism: During the synthesis process, the above reactants 

undergo hydrolysis precipitation reaction in an aqueous solution, where 

the urea gradually produces both carbonate and hydroxyl anions, which 

reacts with the Co
2+

 ions presented in the solution to form hierarchical 

1D NWAs of CCH (reaction 6.1-6.5) [8]. Scheme 6.1 depicts the 

formation mechanism of NWAs. During the crystal growth, crystal 

constituent undergoes a phase transformation from the free-state to 

cluster formations and from cluster to the short-range arrangement, and 

finally the formation of crystalline state with a long-range arrangement. 

The crystallographic structure and crystallization environment govern the 

atomic as well as molecular arrangements at the interface of liquid/solid. 

From the perspective of chemical reactions, the reaction amongst 

crystalline and liquid phases creates an interface phase, leading to 

continuous crystal growth towards the liquid/solution phase. In other 

words, during the crystallization process, the crystal constituents undergo 

three phase zones, i.e., solution phase, transition phase, and crystal phase 

zones, as depicted in the scheme 6.1. The crystal growth is governed by 

the movement of the solid or liquid interface towards the liquid phase. 

The crystal growth continues, depending on the formation of various 

chemical bonds which links the crystal components in the liquid and 

crystal lattice at its interface. The formation of CCH indicates that the 

hydrothermal reaction undergoes in the homogeneous precipitation, 

using urea hydrolysis, which acts a source of OH
-
 and CO3

2-
 anions, it 

reacts with cobalt cations (reaction (6.1)-(6.4)). During this precipitation 

process, a sudden burst of nuclei occurs and when the temperature is 

increased, and the nuclei subsequently grows into bigger crystallites by 
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Scheme 6.1 Formation mechanism of cobalt hydroxide carbonates hydrate 

(CCH) nanowires. 

an agglomeration mechanism [9]. Thus, the addition of urea in the 

hydrothermal system might be beneficial to control over structure and 

crystallization [10]. The growth mechanism of CCH could be explained 

by the OH
−
 ion deficit model where the hydroxyl vacancies provide 

negative charges into its layers so that the anions can easily intercalate 

into its layers to restore charge neutrality [11]. In this hydrothermal 

system, the OH
−
 deficit model where the hydroxyl vacancies provide 

positive charges into its layers so that the anions can easily intercalate 

into its layers to restore charge neutrality. In this hydrothermal system, 

OH
−
 deficient model, leads to the anions (like CO3

2−
 or Cl

−
) and water 

molecules in the intercalating layers of cobalt hydroxide. Although the 

Cl
−
 anions exist in the system due to the presence of NH4Cl, CO3

2− 

anions are more suitable and more strongly intercalated into its layers 

than Cl
−
 anions due to its strong affinity and larger charge density 

towards Co
2+ 

[12, 13]. When the concentration of urea is sufficiently 

high, the concentration of CO3
2− 

anions is also high, then the interlayered 

water molecules could be displaced by the CO3
2−

, and consequently, it 

might lead to the formation of CCH phase. The anion exchange process 

is kinetically driven and induced by a dissolution−recrystallization 

process, where the carbonate anions act as a structure-directing agent, 

producing a nanowire array of CCH [14]. In brief, the added amount of 

urea in the hydrothermal reaction system determines the phase of the 
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prepared precursor, i.e., CCH. The composition of it is similar to cobalt 

hydroxide carbonate hydrate (Co(OH)x(CO3)0.5(2-x)·nH2O), which is 

synthesized by homogeneous precipitation of urea
 

[12]. Thus, the 

uniform precipitation of cobalt nitrate by urea hydrolysis had yielded 

nanowire type crystallites of CCH [13]. The carbonate anions act as an 

inhibitor which selectively decreases the rates of crystal growth along 

both [010] and [100] directions, resulting in the [001] elongated 

nanowires [12]. 

6.2.2 Materials Characterization and Electrochemical 

Measurements 

Synchrotron radiation, angle-dispersive XRD measurement was 

carried at beamline (BL-12) of Indus-2 synchrotron radiation using 

image plate area detector (MAR345dif) in transmission mode at a 

wavelength of (λ = 0.8077 Å)) available at synchrotron radiation facility 

at Raja Ramanna Centre for Advanced Technology (RRCAT) Indore, 

India. FTIR spectrum of as-prepared CCH was recorded using Bruker 

Tensor 27, FTIR spectrometer. FESEM images were obtained by a 

Supra55 Zeiss, FESEM microscope. TEM, HRTEM, and SAED were 

conducted on Tecnai G2 F20 S-twin operated at 200 kV. The sample 

used for TEM/HRTEM analysis was prepared by drop casting ethanol 

CCH suspension dispersion copper-grids. TGA was carried out using 

TGA/DSC 1 Star System analyzer (Mettler Toledo) from the range of 25 

o
C to 900 

o
C in the air with a ramp rate of 5 

o
C/min. Surface area 

analysis and pore size distribution were carried out at 77 K using N2 

adsorption-desorption study with an automated gas sorption analyzer 

Quantchrome Autosorb iQ2. XPS was recorded on Oxford Instrument 

Germany, Omicron ESCA which has a monochromatic Al radiation as an 

excitation source (E = 1486.7 eV).  

6.2.2.1 Structural characterization using synchrotron-based 

powder XRD facility and FTIR study 

The synchrotron-based powder X-ray diffraction measurement was 

carried out on the synthesized material, and the crystal structure was 

solved, and figure 6.1 (a) shows the Rietveld refined XRD pattern of 

CCH. Owing to the absence of single crystal of suitable size a powder 
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Figure 6.1 (a) Rietveld refined diffraction pattern from synchrotron data of 

CCH (b) the unit cell projection, (c) XRD pattern, (d) FTIR spectra of CCH. 

 

Scheme 6.2 Formation mechanism of cobalt hydroxide carbonates 

hydrate (CCH) nanowires. 
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diffraction pattern was recorded on angle dispersive XRD beamline (BL-

12) at RRCAT, India. The crystal structure was solved by the 

combination of powder XRD and Rietveld analyses. Indexing was 

undertaken through the McMaille software [15], proposing a hexagonal 

cell with a short c-axis. There are sixteen possible space groups since no 

systematic extinction was observed. The intensities were extracted by 

using the FULLPROF Rietveld software [16, 17] in Le Bail fitting mode 

[6]. The structure solution is attempted in direct-space by using the 

ESPOIR software [18]. Initially, the structure solution was attempted for 

the low symmetry trigonal space groups, and the model is leading to R 

factors as low as 10% were obtained in P3 and P31m space groups. At 

this stage, one Co site was identified as forming CoO6 octahedra 

connected by edges forming chains along the c-axis, interconnected by 

CO3
2-

 groups. During, Rietveld refinements in the P31m space group, it 

became evident that one atom site had been wrongly attributed to an 

oxygen atom since it was at the center of an octahedron so that it could 

correspond to a second Co atom site, though half occupied (a full 

occupation would lead to face sharing octahedra with a very short Co-Co 
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interatomic distance of 2.29 Å). The model was checked for higher 

symmetry by the PLATON software [19], and the space group P6̅2m was 

suggested and confirmed by further Rietveld refinements. Trying to 

refine the Co2 atom site occupancy led to a value of 0.47, shortly less 

than 0.50, but this had no significant effect on the R-factors. Hydrogen 

atoms could not be located.  If all the cobalt cations are Co
2+

, then there 

would be eight OH
-
 and one water molecule leading to the 

Co6(CO3)2(OH)8·H2O alternative formula (instead of Co(CO3)0.5(OH)· 

0.11H2O as defined in the 48-0083 JCPDS card), though hydroxide and 

water molecules are disordered on the same atomic sites O2, O3 and O4. 

During the identification step, the unindexed JCPDS card 038-0547 [5], 

corresponding to the compound formula Co(CO3)0.35Cl0.20(OH)1.10· 

1.74H2O [20] was observed to be completely similar to that of the title 

compound so that it can be concluded that it is very probably 

isostructural. It must be noted that for this compound, the Co/(CO3) ratio 

is close to 3, as expected. CCH result in a new type of structure related to 

malachite by infinite chains of [CoO6] octahedra sharing edges along a 

short c-axis belongs to a hexagonal cell with space group P6̅2m. The title 

compound has similarities with Co2(OH)2CO3 [21] itself isomorphous 

with malachite [Cu2(OH)2CO3] [22]. They both have a short c-axis, 

3.122 (±0.002) (15) Å and 3.188 (±0.004) (4) Å, respectively, 

characteristic of infinite chains of edge-sharing [CoO6] octahedra. There 

are two cobalt atom independent sites, one of them, Co2, being half-

occupied. Therefore, the projection of the structure is along the short c-

axis, figure 6.1 (b), shows an illusion of rings of nine [CoO6] octahedra, 

but three of them are empty. In each pseudo-ring, there is probably an 

order such as the Co2—Co2 too short contact (2.29 Å) by octahedra face 

is avoided, the disorder being then the consequence of the absence of 

correlation between adjacent pseudo-rings. Figure 6.1 (a) shows the 

Rietveld refined diffraction pattern of CCH, figure 6.1 (b) shows the unit 

cell projection of the crystal structure along the short c-axis, showing 

rings of nine [CoO6] octahedra connected either by edges or faces 

(however, three of them are empty, i.e., half of the Co2 atoms in blue, 
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avoiding face-sharing) forming tunnels along c-axis, and figure 6.2 (c) 

shows the XRD pattern of CCH, respectively. Crystallographic data are 

shown in Table 6.1, atomic coordinates and geometric parameters are 

supplied in Tables 6.2 and 6.3, respectively.  

FTIR spectrum of CCH shown in figure 6.1 (d) exhibits the sharp 

feature at 3504 cm
-1

 belongs to the stretching mode of vibration of the O-

H group of molecular water and of hydrogen-bound O-H groups [23] 

noticing the band at 1620-1632 cm
-1

 is due to the bending mode vibration 

of water molecules [24]. The shoulder feature of the vibration appeared 

at around 3369-3382 cm
-1

 is credited to the O-H groups interacting with 

carbonate anions. The peaks ascribed to carbonate ions were detected at 

1400–1600 cm
-1

. The presence of CO3
2-

 is due to hydrolysis of urea and 

is shown by its vibration bands from middle to lower wavenumbers, 

suggesting the existence of mono or polydentate carbonate ligand [25]. 

The bands at 1501-1514 cm
-1

 are related to stretching mode vibration of 

CO3
2-

 cm
-1

. A shoulder feature at around 2377 cm
-1

 is due to hydrogen 

bonding in the interlayer indicating the presence of interlayer water 

molecules in CCH [26]. The FTIR bands observed at 964 and 522 cm
−1

 

related to δ (Co−OH) and ρw (Co−OH) bending modes [12]. The band at 

685-689 cm
-1

 correspond to the Co-O vibrational modes [27]. Other 

absorptions below 1000 cm
-1

 are associated with Co-O stretching and 

Co-OH bending vibrations [28]. Therefore, the result suggests that cobalt 

compound phase consists of Co
2+

, OH
-
, and CO3

2-
 ions and the 

composition would be similar to cobalt carbonate hydroxide hydrate, 

Co(OH)x(CO3)0.5(2-x)·nH2O, synthesized by urea hydrolysis precipitation. 

Table 6.1 Crystal data, data collection, and structure refinement details. 

Crystal data  

Chemical formula Co6·(CO3)2·(OH)8·(H2O) 

Chemical name 
Hexacobalt (II) Bicarbonate 

Octahydroxide Monohydrate 

Mr 627.69 

Crystal system, space group, Hexagonal, P6̅2m 

Hall Symbol P-6-2 

Temperature (K) 293 



 
 

129 

 

a, c (Å) 10.3236 (4), 3.12244 (15) 

V (Å
3
) 288.20 (2) 

Z 1 

F (000) 304 

Particle morphology Powder (light pink) 

Dx 3.617 Mgm
-3

 

Radiation type, wavelength Synchrotron, λ = 0.807700 Å 

μ (mm
−1

) 12.06 

Specimen shape, size (mm) Cylinder, 0.5 × 0.5 

Data collection  

Diffractometer Diffractometer 

Radiation source Synchrotron 

Specimen mounting Quartz capillary 

Data collection mode Transmission 

Scan method Step 

2θ values (°) 2θmin = 3.88 2θmax = 58.87 2θstep = 0.02 

Refinement  

R-factors and goodness of fit 
Rp = 3.714, Rwp = 4.827, Rexp = 2.465, 

RBragg = 3.948, χ
2
 = 3.833 

No. of data points 2805 

No. of parameters 50 

Restraints 0 

H-atom treatment H-atom parameters not refined 

Table 6.2 Fractional atomic coordinates and isotropic or equivalent isotropic 

displacement parameters (Å
2
) for (Cobalt carbonate hydroxide hydrate). 

 x y z Uiso*/Ueq Occ. (< 1) 

Co1 0.42427 (12) 0.00000 0.000 0.0180 (4)*  

Co2 0.36174 (19) 0.2336 (2) 0.500 0.0328 (7)* 0.500 

O1 0.5360 (4) 0.2464 (4) 0.000 0.0278 (9)*  

O2 0.1908 (5) 0.1908 (5) 0.000 0.0278 (9)*  

O3 0.5545 (6) 0.00000 0.500 0.0278 (9)*  

O4 0.2852 (7) 0.00000 0.500 0.0278 (9)*  

C 0.66667 0.33333 0.000 0.0278 (9)*  
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Table 6.3 Geometric parameters (Å, º) for (Cobalt carbonate hydroxide 

hydrate). 

Co1—O1 2.206 (4) Co2—O1
iii 

2.335 (4) 

Co1—O3 2.060 (4) Co2—O2 2.229 (4) 

Co1—O4 2.121 (5) Co2—O4 2.130 (2) 

Co1—O3
i 

2.060 (4) Co2—O2
iii 

2.229 (4) 

Co1—O4
i 

2.121 (5) Co2—O3
iv 

1.908 (6) 

Co1—O1
ii 

2.206 (4) O1—C 1.189 (4) 

Co2—O1 2.335 (4)    

O1—Co1—O3 92.01 (8) Co2—O2—Co2
i 

88.9 (2) 

O1—Co1—O4 87.92 (8) Co2—O2—Co2
v 

120.7 (2) 

O1—Co1—O3
i 

92.01 (8) Co2—O2—Co2
vi 

61.87 (10) 

O1—Co1—O4
i 

87.92 (8) Co2
i
—O2—Co2

v 
61.87 (10) 

O1—Co1—O1
ii 

173.9 (2) Co2
i
—O2—Co2

vi 
120.7 (2) 

O3—Co1—O4 83.34 (19) Co2
v
—O2—Co2

vi 
88.94 (17) 

O3—Co1—O3
i 

98.53 (19) Co1—O3—Co1
iii 

98.5 (3) 

O3—Co1—O4
i 

178.1 (2) Co1—O3—Co2
vii 

121.46 (6) 

O1
ii
—Co1—O3 92.01 (11) Co1—O3—Co2

viii 
121.46 (6) 

O3
i
—Co1—O4 178.1 (2) Co1

iii
—O3—Co2

vii 
121.46 (6) 

O4—Co1—O4
i 

94.8 (2) Co1
iii

—O3—Co2
viii 

121.46 (6) 

O1
ii
—Co1—O4 87.92 (12) Co2

vii
—O3—Co2

viii 
73.8 (3) 

O3
i
—Co1—O4

i 
83.34 (19) Co1—O4—Co2 97.59 (11) 

O1
ii
—Co1—O3

i 
92.01 (11) Co1—O4—Co1

iii 
94.8 (3) 

O1
ii
—Co1—O4

i 
87.92 (12) Co1—O4—Co2

ix 
97.60 (12) 

O2—Co2—O4 88.10 (19) Co1
iii

—O4—Co2 97.59 (11) 

O2—Co2—O2
iii 

88.94 (17) Co2—O4—Co2
ix 

157.5 (4) 

O2—Co2—O3
iv 

95.0 (2) Co1
iii

—O4—Co2
ix 

97.60 (12) 

O2
iii

—Co2—O4 88.10 (19) O1—C—O1
x 

120.0 (4) 

O3
iv
—Co2—O4 175.6 (3) O1—C—O1

vii 
120.0 (3) 

O2
iii

—Co2—O3
iv 

95.0 (2) O1
x
—C—O1

vii 
120.0 (4) 

Co1—O1—C 127.7 (3)    

O3—Co1—O1—C 49.31 (13) O3—Co1—O4—Co2 98.33 (17) 

O4—Co1—O1—C 132.56 (15) O2—Co2—O4—Co1 87.6 (2) 

O1—Co1—O4—

Co2 
6.07 (19)    
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Figure 6.2 (a) FESEM image of CCH nanowires (inset shows the magnified 

image of nanowires), (b) TEM image of nanowires, (c) TEM image of a single 

nanowire and the inset shows the lattice resolved HRTEM image, (d) lattice 

resolved HRTEM image, (e) SAED pattern, (f) elemental distribution EDS 

spectra of CCH, (g-i) elemental mapping using energy dispersive X-ray 

spectroscopy of Co, O, and C, respectively. 

Symmetry codes: (i) x, y, z−1; (ii) x−y, −y, −z; (iii) x, y, z+1; (iv) −x+y+1, 

−x+1, −z+1; (v) y, x, z−1; (vi) y, x, z; (vii) −y+1, x−y, z; (viii) −x+1, −x+y, z; 

(ix) x−y, −y, −z+1; (x) −x+y+1, −x+1, −z. 

6.2.2.2 Morphological and structural characterization using 

FESEM, TEM, HRTEM, SAED and EDX 

Figure 6.2 (a) shows the FESEM image indicating the formation of 

1D nanowire arrays (NWAs) with high density and uniformly distributed 

over the Ni-foam. The TEM images in figure 6.2 (b and c) show the 

formation of nanowire with an average diameter of ~ 40 nm and length 

of ~ 3 μm. TEM image of a single nanowire is shown in figure 6.2 (c), 

and the detailed crystallographic nature was investigated on this 

nanowire by HRTEM. The nanowire appears to be well-crystallized, and 

as it can be seen in the figure 6.2 (c) (inset) and (d), which shows the 

clear lattice fringes and corroborates with the interplanar spacing of 

0.298 nm and 0.244 nm between the two successive fringes 

corresponding to the (300) and (310) planes, respectively, which is 
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evidenced the formation of simple hexagonal phase of CCH. It confirms 

the nanowire growth along (00l) direction. Selected area electron 

diffraction (SAED) pattern shown in figure 6.2 (e), was obtained on this 

single nanowire shows the clear diffraction spots, indicating the single 

crystalline nature. The periodically distributed diffraction reflections 

appearing in the pattern can be indexed as the [00l] zone axis. The 

energy dispersive X-ray spectrum (EDS) was  taken on 1D CCH 

nanowire grown on Ni-foam is shown in figure 6.2 (f), confirms the 

presence and uniform distribution of  Co, O, and C   elements. Figure 6.2 

(g-i) shows the elemental mapping image of C, O and Co elements 

suggesting the uniform distribution of the elements. Though it was not 

possible to precisely quantify this effect, the best estimate of atomic 

percent is C=15.51%, O=71.76%, and Co=12.73% and weight percent is 

C=11.01%, O=57.59%, and Co=31.40%, which is found to have a close 

match with the chemical composition of Co6(CO3)2(OH)8·H2O. This 

large quantity of C and O is attributed to carbonate ions (CO3
2-

), 

generated from urea hydrolysis. Therefore, the cobalt compound phase is 

supposed to contain Co
2+

, OH
-
, and CO3

2-
 ions. Hence, the result 

confirms the 1D nanowire consists of the cationic CCH hydrated phase.  

6.2.2.3 Thermogravimetry analysis 

The thermal stability test of CCH was carried out using TGA 

technique in an air atmosphere. Figure 6.3 shows, the TGA curve of 

CCH, the curve is mainly composed of three distinct steps of weight 

losses as it can be seen in the inset image, corresponds to (I) removal of 

adsorbed water below 180 
o
C, 2.7 % of weight loss), a small weight loss 

at 180-210 
o
C could be attributed to the loss of intercalated water 

molecules, (II) the weight loss observed at 210-350 
o
C is attributed to a 

simultaneous removal of hydroxyl and carbonate anions which is 

associated with the structural water, and carbon dioxide, significant 

weight loss of 22.6 % takes place in region II, (III). Further, it will 

decompose and forms cobalt oxide phase region III from 350 
o
C onward. 

The TGA curve shows that the significant thermal event observed at 210-

350 
o
C during the heating process. The total weight loss is 25.98 % 
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Figure 6.3 The thermogravimetric curve of CCH (inset shows the magnified 

image of the TG curve between temperature 100-350 
o
C). 
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originating from the decomposition of this solid precursor into Co3O4, 

CO2, and H2O in the presence of oxygen. For instance, the hydrated 

precursor is considered to be Co6(CO3)2(OH)8·H2O; the theoretical 

weight loss would be 26.06 %, which is close to the experimental value 

of 25.98 %. The value is slightly lower than the theoretically calculated 

value, for this thermal decomposition, maybe due to the partial loss of 

H2O in the crystal/lattice structure.  

6.2.2.4 Gas sorption study 

 N2 adsorption-desorption isotherm measurement examines the 

porous nature i.e., pore diameter (pore size distribution) and surface area 

of the CCH at 77K.  Moreover, this measurement helps to obtain a 

classification of the pore size, since the shape of the adsorption isotherm 

allows categorizing the compound obtained as micro, meso or 

macroporous. Figure 6.4 (a) shows the irreversible type II isotherm, 

confirms its porous nature and irreversible hysteresis loop on the IUPAC 

classification, though it looks reversible a careful observation, reveals 

that there is small hysteresis observed. Figures 6.4 (a) show the type II 

adsorption-desorption isotherm type characteristics of micro-mesoporous 

materials, with irreversible H4 hysteresis loop associated with monolayer 

and multilayer adsorption. The BET surface area and pore volume of 

CCH nanowires are to be as high as 332.74 m
2
/g and 0.364 cm

3
/g, 

respectively.  The corresponding pore size distribution curve (figure 6.4 
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Figure 6.4 (a) N2 adsorption-desorption isotherm graph, (b) BJH pore size 

distribution graph. 
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(b)) derived from the isotherm by using the BJH method shows that most 

of the pore diameter is in the range of 1.5 to 2.5 nm (microporous), and 

few pores lie in the range 2.5-10 nm (mesoporous).  
 

6.2.2.5 X-ray photoelectron spectroscopy studies 

Figure 6.5 (a) shows the survey scan spectrum of CCH nanowire. The 

sharp peaks in the spectra are indexed at 285.5 eV, 530.4 eV, and 781.0 

eV to the characteristic peaks of C1s, O1s, and Co 2p, respectively, thus 

indicating the existence of carbon, oxygen and cobalt elements in the 

sample. The electrochemical potential of the electrode materials is 

dependent on its valence state, electronegativity, ionic radius, and the 

constituent of chemical bonds [29]. The electrode potentials are 

dependent on the energy of redox couple of metal cations (i.e., 
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Figure 6.5 (a) Survey spectra, (b) Co 2P XPS spectra, (c) O 1s XPS spectra, and 

(d) C 1s XPS spectra. 
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Co
2+

/Co
3+

, Fe
2+

/Fe
3+

, Mn
2+

/Mn
3+

, etc.) can be controlled by the existing 

forms and coordinate conditions. All the binding energies (BEs) in the 

XPS analysis are corrected for specimen charging by reference to the C 

1s peak (set at 285.5 eV). The 1D hierarchical CCH nanowire in figure 

6.5 (b) shows the Co 2p spectrum, the two major peaks with BE values 

781.0 eV and 796.9 eV, assigned to Co 2p3/2 and Co 2p1/2, respectively, 

with the spin-orbit splitting of 15.9 eV. These binding energies assigned 

to the Co-O bonds of the cobalt carbonate unit, the bond between cobalt 

and water, and the bond between the cobalt and OH units [30]. The 

intense satellite peak at ~ 786.0 eV indicates the presence of Co
2+ 

ions 

[31]. Usually, the BEs for cobalt oxides is around 780-781 eV and Porta 

et al. reported that the XPS of Co hydroxide carbonate the bond energy 

of the pure Co hydroxide carbonate was found to be 781.2 eV concerning 

C 1s peak at 284.8 eV. The main Co 2p3/2 peak is presented at 781 eV 

and the concerning C 1s peak at 285.5 eV in this work. The BEs of O 1s 

spectra are shown in figure 6.5 (c), the peak centered at 532.4, 530.4 eV 

and 527.7 eV are attributed to oxygen to water, carbonate species and 

hydroxyl units, respectively. Porta et al. [4], reported BEs for oxygen at 
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529.7 and 530.4 eV for Co-hydroxide carbonate. The peak observed at 

~530.4 eV is mainly related to the surface species like hydroxyls, under-

coordinated lattice oxygen, chemisorbed oxygen, or species intrinsic to 

the surface. The peak at ~532.4 eV is ascribed to a multiplicity of physi- 

and chemisorbed water on and within the surface. The BEs of carbon 

shown in figure 6.5 (d) at 285.5, 288.5 and 290.3 eV and are assigned to 

carbon in carbonate, C=O, and C-O bonds, respectively.  

6.2.2.6 Electrochemical Performance of 1D Hierarchical CCH 

Nanowire array using CV, GCD and EIS study   

Electrochemical measurements were performed in a three electrode 

system where the (1) as-grown CCH electrode on Ni foam acting as a 

working electrode, (2) saturated calomel electrode acting as a reference 

electrode and (3) platinum wire acting as a counter electrode. The 

measurements were carried out in the presence of 1 M KOH aqueous 

electrolyte. CV, GCD, EIS and stability test were performed using the 

above cell in an electrochemical workstation, Metrohm Autolab 

PGSTAT302N, at room temperature (25 
o
C). 

According to Simon et al. [32] and Brousse et al. [33], it is more 

appropriate to describe some TM oxides/hydroxides based materials, 

such as NiO, Co3O4, Ni(OH)2, Co(OH)2, and NiCo2O4 as a battery-mimic 

material. Usually, the charge storage occurs at unique potential, which 

results in typical redox peaks and voltage plateaus in their corresponding 

cyclic voltammogram and charge-discharge curves. The 

pseudocapacitive and battery behavior is more obvious and direct from 

the CV and GCD investigation. The former exhibits a rectangular CV 

shape (capacitive profile) while the latter displays clear redox peaks in 

the CV curves. The peaks and plateaus in the CV and GCD graphs, 

respectively, suggest the phase change due to redox reaction which 

results in a topotactic transition in the electrode material. The batteries 

are limited by cationic diffusion within the crystalline framework of 

active material, whereas pseudocapacitors are limited by the surface-

confined process, which makes it faster charge storage than the batteries. 

In the case of pseudocapacitor, the electrode potential of electroadsorbed 

species is a continuous logarithmic function of the degree of sorption 
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[34]. However, for most of the battery-like electrodes, the electrode 

potential is estimated at some singular value by the Gibbs energies of 

pure, well-defined phases, also to the composition and concentration of 

the electrolytic solution [34]. Therefore, the electrode displays a linear 

dependence of the charge stored within the window of interest, but the 

charge storage is due to electron-transfer mechanisms, rather than merely 

relying on the accumulation of ions on the surface. There are numerous 

possibilities exists for redox-type charge storages. The following 

possibilities may occur when a material is subjected to an electrolyte 

solution. (1) Cations can react with the electroactive material 

subsequently after the chemical reaction, result in phase transformation 

(mainly observed for primary batteries) [35]. (2) Cations intercalation 

into interlayer gaps (Van der Waals gaps) of structured tunnel materials 

[36]. The intercalation is complemented by a reduction of metal ions in 

the walls to retain charge neutrality. (3) Finally, the cations can be 

adsorbed electrochemically onto the surface of material through the 

charge-transfer processes [37]. Chemically; it is very similar to option 

(2), the cation adsorption is associated with metal reduction. Option (3) 

suggests the need for long-range ion diffusion via. Vander Waals gaps, 

however, this process is kinetically more facile and is signified as redox 

pseudocapacitance. Therefore, a new type of charge storage mechanism, 

intercalation pseudocapacitance, which depends on the (de)intercalation 

of cations (e.g., Li
+
, Na

+
, K

+
, and H

+
) in the bulk of the active material, 

where the tunnels are playing a significant role in charge storage 

mechanism. The charge storage is not limited only to cationic diffusion 

from the interior of the crystalline framework but also dependent on the 

surface-confined phenomenon. In cation intercalated pseudocapacitance, 

the advantage of batteries (i.e., charge stored in the bulk of the electrode 

materials) is united with the advantage of pseudocapacitors (i.e., the 

charge stored via. faster diffusion than batteries). Therefore, the 

extrinsic/intercalation pseudocapacitance possess high energy density 

along with high power density. In order to differentiate the charge 

storage mechanism of pseudocapacitor or battery-type, an emphasis on 

the charge storage kinetics was given; an analysis of the anodic peak 
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current (ip) dependence on scan rate was carried out. By assuming the 

power-law dependence of the peak current, ip, on scan rate (v), eq (6.6) 

[34]: 

                      ip =av
b
                                    (6.6) 

Where a and b are variables, and a plot of the v
1/2

 versus ip, resulted 

in a straight line. The b-value provides important information about the 

charge storage kinetics: b = 1 indicates capacitive storage, while b = 0.5 

is characteristic for a semi-infinite diffusion-limited process for a 

battery-type redox process [34]. It should also be noted that the kinetic 

process of the electrode is complex and often involves more than one 

mechanism, which means that the exponent (b) often can take a value 

between 0.5 and 1 [38]. Thus, some literature suggests that the Co based 

electrode materials to the battery-like energy storage mechanism [38]. It 

is worth mentioning that many previous studies have perplexedly 

reported that Co-compound based materials exhibit pure 

pseudocapacitance. A study by T. Brousse et al. [33], pointed out that 

capacity (C or mAh/g) should be presented as the unit, for the assessment 

of the electrochemical performance of such battery-mimic materials, that 

is why the results are presented in the unit of mAh/g. The reaction 

kinetics of this intercalation pseudocapacitive behavior is close to that of 

battery-type behavior. Due to the phase transformation (topotactic 

transition) of the electrode material as depicted in the CV and GCD 

curves (strong faradaic redox peaks and flat voltage plateaus, 

respectively). That is why the electrode profile is still similar to that of a 

battery-type electrode, where charge storage occurs in a fixed potential 

window via. redox reaction mechanism [34]. The electrochemical 

performance of CCH is evaluated by CV, GCD, and EIS measurements. 

6.2.2.6.1 Cyclic voltammetry study 

Figure 6.6 (a) shows typical CV curves recorded at different scan 

rates, typically from 1-100 mV/s in the potential window of 0.0 V to 0.55 

V. A pair of redox peak is evident from the CV curve, representing the 

typical faradaic nature. At scan rate of 1 mV/s, the redox couple at Epa = 

0.29 V (Co
2+

/Co
3+

) during oxidation reaction and Epc = 0.20 V 
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Figure 6.6 Electrochemical performance of CCH electrode (a) Cyclic 

voltammogram of CCH nanowire array (a) CV curves taken at different scan 

rates, (b) graph of specific capacity versus scan rate, (c) peak current (ip) 

dependence on square root of scan rate (v)
1/2

.  
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) during reduction reaction are observed. The peak separation 

is ΔEp = 0.045 V, indicating a highly reversible redox process. The 

cathode that store charges via. electrochemical reactions ((de) 

intercalation/redox mechanism) must contain suitable lattice sites/ 

channels or spaces to store and release the stored charges reversibly. The 

peak arises from the faradaic redox process, mainly due to the charge-

transfer reactions of cobalt Co(II) ↔ Co(III) ↔ Co(IV) in an aqueous 

electrolyte. However, the literature suggests redox couples of 

Co(OH)2/CoOOH and CoOOH/CoO2 [38]. The CCH reduced to CoOOH 

further reduced to from Co(OH)2 eq. (6.7). The redox peaks emerge from 

the rapid and reversible processes due to the electrochemical topotactic 

(phase transformation) according to eq. (6.7-6.8)). The structural changes 

expected at the atomic level in 1D hierarchical nanowire array of CCH 

during electrochemical redox reactions. The Co6(CO3)2(OH)8·H2O has its 

pseudocapacitive core as Co
2+

, which could be converted Co
3+

 

(Co(OOH)) during electrochemical testing. The Co
3+ 

(Co(OOH)), which 
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was further converted by Co6(CO3)2(OH)8·H2O but the CO3
2-

 ions were 

resolved in the electrolyte and CoOOH remain as a solid, that’s why it 

forms Co(OH)2. The cobalt valency changes from +2 to +3 during 

charging (increases) and discharging (decreases), results in the topotactic 

transition process of Co6(CO3)2(OH)8·H2O → Co(OH)2 as depicted in eq. 

(6.7) and (6.8). A report by Deng et al. on the density functional theory 

[39], further assisted on the vital role of lattice relaxation in the 

stabilization of the transition states and the removal of one H atom per 

formula unit from CoOOH → Co(OH)2. In this process, the structural 

modification takes place towards CoOOH ↔ Co(OH)2. The 

deprotonation includes the rearrangements of the atoms of both O and 

OH. The CoOOH and Co(OH)2 adjust such that they transform mutually 

into each other. The advantage of these transformation reactions is that it 

offers the fast switching rates contributing towards the high power 

density, high rate capability, and long cycling stability. The asymmetric 

nature observed at higher scan rates show the better high-rate response of 

CCH. From CV curves the area under the curve helps to calculate the 

specific capacity of the electrode material by eq. (2.29). The CV curves 

tend to augment the shape and shifting of redox peaks.  

With the increase in scan rate, there is a decrease in specific capacity, 

suggesting the electrode polarization, diffusion controlled 

electrochemical process as it can be seen in figure 6.6 (b), which shows 

the dependence of specific capacity with scan rate. At lower scan rates 

(i.e. 1-10 mV/s), the entire inner surface of the electrode is 

homogeneously electroactive, i.e., the electrical potential at the surface 

of the nanowire is homogeneous throughout the whole network of the 

nanowire array. At higher scan rates (typically 20-100 mV/s), the 

transport of electrons/ions through the whole nanowire array network is 

fast, and the effective interaction between the electrode and the 

electrolyte ions is greatly reduced due to inadequate time which leads to 

lower specific capacity [40, 41]. Hence, the specific capacity determined 

at the slowest scan rate is considered to be closest to that of full 

utilization of the electrode material. The specific capacity obtained at 5 

mV/s scan rate is 243.55 mAh/g. Figure 6.6 (c) shows the 
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interdependence of the anodic peak current (ip) on scan rate to 

understand the charge storage kinetics/mechanism. The plausible 

electrochemical reactions are represented as follows: 

Co6(CO3)2(OH)8·H2O+4OH
-
↔6CoOOH+2CO3

2-
+H2O+e

- 
                (6.7) 

CoOOH + OH
-
 ↔ Co(OH)2 + H2O                   (6.8)  

If the crystallinity of 1D CCH nanowire is high, the protonation and 

deprotonation reaction would be limited through its tunnels. Though the 

high crystallinity can offer higher conductivity; it leads to loss of surface 

area. Contrary to this, the lower crystallinity results in a highly porous 

structure, hence its electrical conductivity is low. Therefore, the balance 

should exist between electrical conductivity in the solid phase and ionic 

transport in the pore [42]. The physically and chemically bound water is 

beneficial for ion transportation. The loss of water content during the 

heat treatment reduces the ion conductivity as well as loss of specific 

capacity if the heat treatment is too high [43]. It is reported that the heat 

treatment up to 200 
o
C results in the removal of both physi- and chemi- 

adsorbed water [44]. Since there is no post heat treatment process 

involved for the synthesized sample, therefore it is believed that the 

associated physi- and chemi- bound water might have shown some 

significant impact on encouraging the electrochemical performance of 

CCH and resulted in the new type of crystal structure. Thus, the deduced 

robust crystal structure has enough storage sites which are dynamic in 

providing high capacity, impressive cycling stability along with high 

energy and power density [45]. The criterion for selecting the crystal 

structure is as follow (1) availability of guest sites for (de)intercalation of 

ions. (2) A tunnel-like structure such that it forms a 3D geometry thus 

allows the facile ionic transfer. (3) The structure can be reversibly 

formed during electrochemical cycling like it has a flexible framework, 

sustainability of volume expansion, (4) capability of withstanding strain 

and associated structural deformation, and (5) with given chemical 

composition, crystal structure, different morphologies of material can 

form different interface structures, crystal surfaces, which can influence 

its chemical, physical, and electrochemical properties [46].  
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Figure 6.7 (a) charge-discharge curves at different current densities, (b) graph 

of specific capacity vs current densities.  
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6.2.2.6.2 Galvanostatic charge-discharge study 

The GCD tests were carried in the potential range 0-0.44 V at various 

current densities and shown in figure 6.7 (a). The specific capacity is 

calculated using eq. (2.30) and found to be ~161.4 mAh/g @ 2500 mA/g 

current density. The GCD curves deviate from the perfect triangular 

shape (capacitive behavior) and possess two distinct voltage plateaus. 

There is a sudden potential drop followed by a slow decay in the 

discharge curve. The first potential drop is due to the internal resistance, 

and the later one is attributed to faradaic reactions [47]. The specific 

capacity decreases gradually with the increase in current density. The 

decrease can be ascribed as follows, at lower current densities; ions      

can penetrate almost all the inner-pores as well as the whole of the 

surface of the electrode material. Therefore, accessing almost all 
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accessible active sites for the charge storage. To better understand the 

superiority of this material, a detailed comparison of specific 

capacitance/capacity obtained for various morphologies of CCH by 

different synthesis techniques is provided in Table 6.4.  

At elevated current densities, the effective utilization of the electrode 

material is restricted to the outer surface of electrodes and ions don’t 

have adequate time to penetrate the inner portion of the active material as 

it can be seen in figure 6.7 (b), which shows the dependence of specific 

capacity with respect to discharge current. The capacity fade might be 

attributed to the electrochemical dissolution of electrode materials, 

reduction of active sites, phase transformation and increased resistance of 

the electrode materials. Moreover, during the charging and discharging 

processes, the high porosity is helpful to easily relieve the internal stress 

and protecting the electrode from physical damage. It can be further 

observed from the figure 6.7 (b) that the capacity retention is ~ 53% of 

the initial capacitance when the current density is sufficiently very high, 

i.e., at 100,000 mA/g. Hence, the outperformed rate capability is shown 

by the robust CCH crystal structure. 

Table 6.4 The comparison of specific capacitance/capacity obtained from 

various synthesis methodologies and their morphology of CCH electrodes. 

Morphology Synthesis 

method 

Specific 

capacitance/

capacity (F/g 

or mAh/g) 

Current 

density 

(mA/g) 

Electr

olyte 

used 

Capacity 

retention 

Cycles@

mA/g 

Ref

. 

Nanorods of 

CCH/activate

d carbon (AC) 

composite 

Hydrother

mal 

301.44 F/g
 

(composite) / 

253 

F/g(pristine) 

1 A/g 6 M 

KOH 

95.6%,10

00 cycles 

@ 4 

mA/g 

[26] 

CCH 

nanowire 

array 

Hydrother

mal 

1381 F/g 2 A/g 6 M 

KOH 

92%, 

5000 

cycles@4

0 A/g 

[48] 

Cobalt 

carbonate 

hydroxide/ 

graphene 

aerogel 

Hydrother

mal 

1134 F/g 1 A/g 6 M 

KOH 

NA [30] 

CCH films Coprecipi 1075 F/g 5 mA 2 M 92%, [49] 
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derived from 

CoAl layered 

double 

hydroxides 

tation 

under 

Hydrother

mal 

condition 

/cm
2
 NaOH 2000 

cycles@3

0 

mA/cm
2
 

CCH 

nanorods 

Hydrother

mal 

466 F/g 1 A/g 6 M 

KOH 

99%, 

2000 

cycles@ 

10 A/g 

[50] 

CCH 

Spherical 

cluster 

composed of 

nanoplates 

Hydrother

mal 

347.6 F/g 1A/g 2 M 

KOH 

- [51] 

CCH/Carbon 

composite 

Solvother

mal 

3500 mAh/g 0.05 mA 

/cm
2
 

0.5 M 

LiTFS

I in 

TEGD

ME 

55 cycles [52] 

CCH 

nanoflakes 

Hydrother

mal 

2111 mF/cm
2
 20 mA 

/cm
2
 

1 M 

KOH 

91.7%, 

1000 

cycles@6

0 

mA/cm
2
 

[53] 

Hierarchical 

1D NWAs of 

CCH 

Hydrothe

rmal 

243.55/ 

161.465 

(1594 F/g
 
/ 

1188F/g) 

5 mV/s
 
/ 

2500 

mA/g 

1 M 

KOH  

95%, 

2000 

cycles @ 

20,000 

mA/g  

Thi

s 

wor

k 

6.2.2.6.3 Electrochemical impedance study 

EIS study helps to explore the charge transfer and diffusion kinetics 

behavior of the electrode material, which supported the above findings. 

EIS spectrum is obtained in the frequency range of 1 MHz to 0.01 Hz by 

applying a 10 mV AC sinusoidal perturbation. The Nyquist plot is shown 

in figure 6.8 (a), the plot consists of semicircle followed by a straight 

line in the low-frequency region, which is related to the electrochemical 

and mass transfer processes, respectively [54]. The Nyquist plot was 

fitted using an equivalent circuit fitting model as shown in figure 6.8 (b).  

The EIS spectrum consists of three unique regions, namely (I) the 

solution resistance (R1) which is due to the ionic resistance of the 
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Figure 6.8 (a) Nyquist plot obtained before CV, after CV and GCD tests and 

after 2000 GCD cycles (inset demonstrates the magnified image of high-

frequency), and (b) equivalent circuit fitting diagram. 

 

electrolyte, intrinsic resistance of electrode and contact resistance at the 

interface of electrode-electrolyte. (II) The charge transfer resistance (R2) 

associated with the porous structure. (III) Warburg resistance (W1), it 

describes the fast reaction kinetics and diffusion of redox species in the 

electrolyte [55]. The constant phase element (CPE) (Q1) is attributed to 

the formation of electric double layer formation at the electrode-

electrolyte surface. The electrochemical process is diffusion controlled 

mainly depends on various parameters like porous structure (pore-size 

distribution), electrolyte concentration, and ion dynamics (ion movement 

in and out from the pores), etc. Theoretically, the vertical line at low-

frequency region shows the ideal capacitor (C1) behavior. However, the 

plot shows the vertical line is inclined at some angle, is related to ion 

diffusion behavior. This deviation is attributed to two reasons: (i) 

different penetration depth of the AC signal in virtue of pore size 

distribution at both electrodes, leading to abnormal capacity, (ii) redox 

reaction occurred at the electrode, giving rise to pseudocapacity. The 

change in various parameters R1, R2, Q1, C1, and W1 corresponds to 

above-defined values of solution resistance, charge transfer resistance, 

CPE, capacitance, and Warburg, the values obtained after fitting the data 

using equivalent circuit fitting model for before CV, after CV and GCD 

and after 2000 cycles test are shown in Table 6.5. The magnitude of the 

parameters of equivalent circuit diagram is considerably low even after 

2000 cycles. The low values signify that the morphology obtained in the 

current study its robust crystal structure has a noteworthy influence on 

the enhanced performance.  
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Table 6.5 Circuit parameters obtained after fitting the EIS data using 

equivalent circuit diagram at various stages of experiments namely, before CV, 

after CV and GCD test and after cycling stability test (2000 cycles). 

 
R1 

(Ω) 

R2 

(Ω) 

Q1 

(Fcm
-2

S) 

C1 

(F) 

W1 

(Ωs
-1/2

) 

Before CV and GCD test 0.773 4.38 0.0044 0.049 0.010 

After CV and GCD test 0.851 5.11 0.0034 0.0045 0.0086 

After 2000 GCD cycle 1.11 5.39 0.0014 0.0042 0.0074 

Figure 6.9 (a) illustrates the Ragone plot of hierarchical 1D nanowires 

of CCH. It is observed that by increasing the current density from 2,500 

mA/g to 100,000 mA/g, the specific energy density has decreased from 

59.43 Wh/kg to 30.67 Wh/kg, while the specific power density has 

increased from 959.48 W/kg to 36.80 kW/kg, respectively. The energy 

density and power density of the electrode materials can be calculated 

using the following relations (2.36) and (2.37). The long-term cycling 

stability test is conducted to understand the capacity retention for longer 

cycle behavior of the electrode material. The stability test was carried out 

at two different current densities of 20,000 mA/g as well as 100,000  

mA/g (to understand the long-term cycling stability response of electrode 

material at lower as well as higher current density for longer cycles) and 

is shown in figure 6.9 (b) and (c). The capacity retention of ~95 % and 

~85 % were observed after 2000 and 1600 cycles at a relatively higher 

current density of 20,000 mA/g and 100,000 mA/g,  respectively. The 

diffusion of ions through the electrode material might create a blockage 

of pores/dead pores when accessed for an extended period; especially get 

reduced when used for long-term stability. The enhanced electrochemical 

results of the hierarchical 1D nanowires of CCH could be attributed to 

the following reasons. (i) Highly dense nanowire array provides a short 

diffusion path, it not only reduces the internal resistance but also 

facilitates faster kinetics and excellent mechanical adhesion. (ii) The 

orientation of 1D hierarchical CCH nanowire (00l) for delivering large 

active sites. (iii) It provides easy access of electrolyte in the inner pores 
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Figure 6.9 (a) Graph shows the Ragone plot as a function of energy density 

and power density, (b and c) shows the plot for capacity retention of 2000 and 

1600 cycles, respectively for CCH operated at a current density of 20,000 mA/g 

and 100,000 mA/g, respectively. 
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as well as over the surface. (iv) A robust tunnel-like structure consisting 

of 3D geometry along the c-axis. 

6.3 Summary 

In summary, an easy, simple and economic hydrothermal technique 

was employed to synthesize hierarchical 1D nanowires of 

Co6(CO3)2(OH)8·H2O with an average diameter of ~ 40 nm. The crystal 

structure was successfully solved. The 1D nanowire array shows the 

BET surface area, pore volume and BJH pore size distribution of as high 

as 332.74 m
2
/g, 0.364 cm

3
/g and 1.5-10 nm (micro-mesoporous), 

respectively. The specific capacity of 243.55 mAh/g@ 5 mV/s scan rate 

and ~161.465 mAh/g@ 2500 mA/g current density observed in aqueous 

electrolyte. The CCH electrode material exhibited the excellent energy 

and power density of 59.43 Wh/kg and 36.80 kW/kg, respectively with 

excellent capacity retention of 95% after 2000 cycles @ 20,000 mA/g. 

The emergence of such excellent electrochemical properties in this 
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material is ascribed to their small/short c-axis lattice constant through 

which the tunnels are extending along the c axis. The free space in the 

tunnels is not large enough for a water molecule insertion since it would 

be at a too short distance of the nearest oxygen atoms (2.55 Å), but there 

would be place for a K
+
/Na

+
 ion, which may be helpful for fast and better 

ion transportation through this tunnels connected by short c-axis. The 

mechanism of behind excellent electrochemical performance is 

ascertained.  The overall encouraging electrochemical performance of 

this high-performance battery-mimic material is useful for developing 

novel electrode material to be potentially competitive for energy storage 

applications. 
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CHAPTER 7 

“Wire-in-a Sheet”: A Battery-like 3D Hierarchical Core-

Shell Nanostructured Cobalt Carbonate Hydroxide 

Hydrate@Zinc Carbonate Hydroxide Electrode for 

High-Performance Energy Storage Application 

7.1 Overview 

In the previous chapter, the study was focused on exploring a special 

novel Mx(CO3)y(OH)z·nH2O type of material, i.e., Co6(CO3)2(OH)8·H2O. 

It is a new class of materials which shown excellent electrochemical 

charge storage performance. Through this study, the idea of 

crystallography and electrochemistry was combined to explore the new 

concepts. The study provides a probable optimistic prediction to solve 

the energy storage problem. Due to the unique charge storage properties 

offered by the robust crystal structure of CCH; further an attempt was 

being made to explore another aspect i.e., designing a novel and hybrid 

combination of a core-shell nanomaterial. 

In this chapter, the self-supported binder-free hierarchical 1D CCH 

NWAs, ZCH flowers and 3D hierarchical core-shell CCH@ZCH 

(NWAs@NSs) were directly grown on Ni-foam by a facile, cost-

effective two-step hydrothermal method. The hierarchical 1D CCH 

NWAs acts as the core, while the 2D ZCH ultrathin NSs act as the shell. 

Thus, forming 3D interconnected core-shell network on Ni foam. This 

nanostructure offers various advantages like [1]: (i) NWAs have a large 

surface area for accumulation of a large number of active sites for shell 

material. (ii) NWAs serve as the backbone for the growth of 2D ultrathin 

NSs of ZCH. (iii) The ultrathin NSs significantly increase the contact 

area with the electrolyte, facilitating rapid diffusion and ionic transport 

results in high-energy storage and excellent rate performance. The 

unique ‘wire-in-a-sheet’ structure exhibited battery-like behavior, and 

its remarkable electrochemical performance is attributed to the cation 

intercalated pseudocapacitance/extrinsic pseudocapacitance. This is first 

of its kind of report on 3D hierarchical core-shell CCH@ZCH NWAs-
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NSs on conductive substrates by using the hydrothermal method. As 

expected, the cost-effective 3D hierarchical core-shell CCH@ZCH 

nanostructure composite electrodes manifested a high specific capacity 

328.36 mAh/g at 2 mV/s scan rate and 246.7 mAh/g at current
 
density of 

1 A/g. A good long-term cycling stability of ~80% capacity retention 

after 2000 cycles even at very high current density of 20 A/g, and 

impressive high energy density of 48.82 Wh/kg at power density of 

227.37 W/kg at current density of 1A/g and energy density of 18.33 

Wh/kg even at very high power density of 6.6 kW/kg at current density 

of 30 A/g, respectively suggesting the potential applicability as a high-

performance electrode material. The synergistic effect of the core-shell 

nanostructure is due to the modification of the core material with 

deposition of shell components on it. This fundamental understanding 

opens up a new avenue to the highly efficient utilization of Co-Zn based 

materials for advanced energy-storage applications with intrinsic safety, 

and with potential application for other multivalent cations that are often 

plagued with poor reversibility and sluggish kinetics. 

7.2 Results and discussion 

7.2.1 Materials synthesis: (a) Preparation of Hierarchical 1D 

CCH NWAs, (b) Preparation of ZCH flowers and 3D 

hierarchical CCH@ZCH core-shell nanostructure 

The synthesis procedure and growth mechanism of (a) 1D CCH 

NWAs was explained in the previous chapter. To prepare flower-like 

morphology of (b) ZCH and the 3D hierarchical core-shell CCH@ZCH 

nanostructure, the following procedure was followed. Briefly, 5 mM 

Zn(NO3)2·6H2O and 0.5 M Urea and 10 mM NH4Cl were dissolved in 50 

mL DI water with vigorous stirring at room temperature to form a  

homogeneous transparent solution. Then this resulting solution was 

transferred into 100 mL Teflon-lined stainless steel autoclave. The 2 

pieces of cleaned Ni-foams and 2 pieces of previously grown self-

supported 1D hierarchically NWAs of CCH on Ni-foam were immersed 

into the reaction solution to grow the 2D ultrathin nanosheets (act as a 

shell) on 1D CCH nanowires (act as a core) to form the 3D hierarchical 

core-shell nanostructure of CCH@ZCH. The autoclave was sealed and 
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maintained at 110°C for 5 hours in a muffle furnace followed by furnace 

cooling to room temperature. Finally, Ni-foam coated with ZCH flower-

like morphology, and 3D hierarchical core-shell CCH@ZCH 

nanostructure was repetitively rinsed with distilled water and ethanol.  

The mass loading on Ni-foam was 0.6 mg of the ZCH. The mass loading 

of CCH@ZCH core-shell nanostructure was 1.0 mg. The chemical 

reactions involved in the preparation process of ZCH flower-like 

morphology can be illustrated in reactions (7.1-7.7) [2]. 

Growth mechanism: Scheme 7.1 (a) depicts the binder-free 

fabrication process of 3D hierarchical core-shell nanostructure of 

CCH@ZCH on Ni-foam. Initially, the free-standing CCH NWAs was 

directly grown on Ni-foam via. hydrothermal method. Then, the as-

grown self-supported 1D hierarchical CCH NWAs served as the scaffold 

for the subsequent growth of 2D ultrathin ZCH NSs. The growth 

mechanism mainly involves the hydrolysis precipitation process, in 

which urea can slowly provide both carbonate and hydroxyl anions 

(relation 7.1-7.7) to form CCH and ZCH [3]. The growth mechanism for 

CCH was explained in the previous chapter which includes the 

hydrolysis precipitation process, where the urea gradually produces both 

carbonate and hydroxyl anions (relation 7.2-7.4) to form 1D CCH NWAs 

[3]. The growth mechanism for ZCH is depicted in scheme 7.1 (b) and 

can be explained as follows: most favorably the growth of the shell 

material (ZCH) is due to “oriented attachment” and “self-assembly” 

processes [4]
 
which involve a spontaneous self-organization of adjacent 

particles so that they share a common crystallographic orientation, 

followed by joining of these particles at a planar interface. The process is 

particularly relevant in the nanocrystalline regime, where bonding 

between the particles reduces overall energy by removing surface energy 

associated with unsatisfied bonds [5]. Here, the 1D NWAs acted as the 

backbone to guide the self- assembly of ultrathin 2D NSs of ZCH for the 

preferential deposition. The heterogeneous nucleation occurs after 

supersaturated solution with numerous Zn-based sites is formed. Then, it 

is attached to the surface of 1D CCH nanowire, forming active 

nucleation sites by reducing surface energy. The active sites would 
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Scheme 7.1 Schematic illustration for growth of (a) hierarchical 1D nanowire 

arrays of CCH (b) 3D hierarchical core-shell nanostructure of CCH@ZCH. 

minimize the interfacial energy barrier for the subsequent growth of Zn-

based sites [6]. Finally, the Zn-based sites self-assemble lead to the 

formation of ultrathin 2D NSs which are interconnected with each other, 

forming a highly porous rough surface. As the deposition proceeds, these 

nanoparticles self-assemble which leads to form homogenous ultrathin 

NSs and finally produce the interesting “wire-in-a-sheet” 3D hierarchical 

core-shell nanostructure composed of 1D NWAs and 2D ultrathin NSs. 

The above explanation could be further elaborated via. scheme 7.1 (b). 

The above explanation is well further supported with a detailed 

investigation by FESEM, TEM, and HRTEM. 
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6𝐶𝑜(𝑁𝑂3)2 · 6𝐻2𝑂 ↔ 6𝐶𝑜2+(𝑎𝑞) + 12𝑁𝑂3
−(𝑎𝑞)                               (7.1) 

𝐻2𝑁𝐶𝑂𝑁𝐻2 + 𝐻2𝑂 ↔  2𝑁𝐻3 + 𝐶𝑂2                                                       (7.2) 

𝐶𝑂2  + 2𝑂𝐻− ↔ 𝐶𝑂3
2− + 2𝐻+                                                                   (7.3) 

𝑁𝐻3 + 𝐻2𝑂 ↔ 𝑁𝐻4
+ + 𝑂𝐻−                                                                       (7.4) 

𝐶𝑜2+ + 0.5𝐶𝑂3
2− + 𝑂𝐻− + 0.11𝐻2𝑂

↔ Co(𝐶𝑂3)0.5(𝑂𝐻) · 0.11𝐻2𝑂                                       (7.5) 

5𝑍𝑛(𝑁𝑂3)2 · 6𝐻2𝑂 ↔ 5𝑍𝑛2+(𝑎𝑞) + 10𝑁𝑂3
−(𝑎𝑞)                              (7.6) 

5𝑍𝑛2+ + 2𝐶𝑂3
2− + 6𝑂𝐻− ↔ 𝑍𝑛5(𝐶𝑂3)2(𝑂𝐻)6                                    (7.7) 

 7.2.2 Materials Characterization and Electrochemical 

Measurements 

Synchrotron radiation, angle-dispersive XRD measurement were 

performed at beamline (BL-12) of Indus-2 synchrotron radiation using 

image plate area detector (MAR345dif) in transmission mode at a 

wavelength of (λ = 0.8077 Å)) available at synchrotron radiation facility 

at RRCAT, India. FTIR spectrum of as-prepared CCH was recorded 

using Bruker Tensor 27, FTIR spectrometer. FESEM images were 

obtained by a Supra55 Zeiss, FESEM microscope. TEM, HRTEM, and 

SAED were conducted on Tecnai G2 F20 S-twin operated at 200 kV. 

The samples used for TEM/HRTEM analysis were prepared by drop 

casting ethanol CCH suspension dispersion copper-grids. TGA was 

carried out using TGA/DSC 1 Star System analyzer (Mettler Toledo) 

from the range of 25 
o
C to 900 

o
C in the air with a ramp rate of 5 

o
C/min. 

Surface area analysis and pore size distribution were carried out at 77 K 

using N2 adsorption-desorption study with an automated gas sorption 

analyzer Quantchrome Autosorb iQ2. XPS was recorded on Oxford 

Instrument Germany, Omicron ESCA which has a monochromatic Al 

radiation as an excitation source (E = 1486.7 eV). 

7.2.2.1 Structural characterization using synchrotron-based 

powder XRD facility and FTIR study 

Synchrotron XRD measurements investigated the crystalline 

structure and phase purity of the as-synthesized samples. In the previous 

chapter, the detailed XRD analysis of CCH was already explained. XRD 

pattern of ZCH is indexed as the pure monoclinic phase of zinc carbonate 

hydroxide (Zn5(CO3)2(OH)6) can be indexed to the (JCPDS 01-072-
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Figure 7.1 (a) XRD pattern and (b) FTIR spectra of CCH, ZCH and 

CCH@ZCH nanostructure, respectively. 
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1100) phase, belongs to hydrozincite mineral family with a lattice 

constant of a = 13.62 Å, b = 6.30 Å, and c = 5.42 Å (space group of 

C2/m). The XRD pattern of the core-shell (CCH@ZCH) nanostructure is 

a combination of both the CCH and ZCH phases. Figure 7.1 (a) shows 

the XRD pattern of CCH, ZCH, and CCH@ZCH. FTIR measurement 

was carried out to investigate further and probe the major functional 

groups of the samples. Figure 7.1 (b) shows the combined FTIR spectra 

of CCH, ZCH, and CCH@ZCH. The sharp peaks at ~ 3500 cm
-1

 are 

assigned to the stretching vibration of the O-H group of molecular water 

and of hydrogen-bound O-H groups [7], noting that the peak at 1620-

1632 cm
-1

 is due to the bending mode of water molecules [8]. The 

shoulder vibration appearing at around 3369-3382 cm
-1

 is attributed to 

the O-H groups interacting with carbonate anions. The presence of CO3
2-

 

in the samples is due to hydrolysis of urea and evidenced by its vibration 



 
 

160 

 

bands from middle to lower wavenumbers, which suggests the presence 

of a mono- or poly-dentate carbonate ligand [9]. The bands observed at 

1501-1514 cm
-1

 are assigned to stretching vibration CO3
2-

 group. A 

shoulder peak at around 2377 cm
-1

 is from hydrogen bonding in the 

interlayer indicating the presence of interlayer water molecules in cobalt 

carbonate hydroxide hydrate [10]. The peaks at 964 and 522 cm
−1

 

correspond to δ(Co−OH), and ρw (Co−OH) bending modes [11]. The 

peaks at 685-689 cm
-1

 correspond to the Co-O vibrational modes [12].  

Other absorptions below 1000 cm
-1

 are associated with Co-O stretching 

and Co-OH bending vibrations. The peak at 1050 cm
-1

 and 830 cm
-1

 are 

assigned to the v1 and v2 stretches of carbonate and are consistent with 

carbonates being bound to an octahedral and tetrahedral zinc center as 

expected in the hydrozincite structure [13]. The band centered at ~ 2347 

cm
-1

 is present exclusively in Zn5(CO3)2(OH)6, and it is attributed to 

adsorption of atmospheric CO2 on metallic cations [14]. Almost identical 

adsorptions due to CO2 are found in hydrozincite in the literature. The 

bands at 521 cm
−1

 and 516 cm
−1

 show the presence of zinc oxide [15]. 

Therefore, the result suggests that Co and Zn compound phase consists 

of Co
2+

, Zn
2+

, OH
-
, and CO3

2-
 ions and the composition would be similar 

to CCH, (Co(OH)x(CO3)0.5(2-x)·nH2O) and ZCH (Zn5(CO3)2(OH)6). 

7.2.2.2 Morphological and structural characterization using 

FESEM, TEM, HRTEM, SAED and EDX  

The morphological study of all the as-synthesized samples was 

carried out using FESEM microscopy. Figure 7.2 (a-c) shows the 

FESEM image of hierarchical 1D CCH NWAs, ZCH flowers, and 3D 

hierarchical NWAs-ultrathin NSs (core-shell) heterostructured 

nanomaterial of CCH@ZCH and the inset of each image show the 

corresponding magnified images. The as-grown nanomaterials are highly 

dense and found to have uniform coverage throughout the Ni-foam as 

can be seen from the images in figure 7.2 (a-c). The typical 1D acicular 

(needle-like) structure CCH nanowire is evidenced from the FESEM 

image (figure 7.2 (a)) and its corresponding inset. It has been observed 

that the CCH nanowire tip diameter is ~ 8-10 nm, average diameter ~ 40 

nm with an average length of ~ 3 μm. Figure 7.2 (b) shows the flower 
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(resemblance with Marigold flower) like morphology and its size of the 

order of μm size, and the inset shows the corresponding magnified image 

of it. The further closer inspection of this flower-like morphology reveals 

that it is composed of an enormous number of small nanosized 

petals/flakes of the size of 2-5 nm and also provides the short conduction 

length for diffusion of electrolytic ions. It is believed that these several 

nanosized petals/flakes enhance the overall surface area and porous 

structure which can expose more active sites for the intercalation of ions, 

thereby enhancing the rate of electrochemical reaction. The surface area 

and porosity measurement results (provided in the section 7.2.2.3) can 

further support it, which suggest the ZCH has high surface area and 

porous structure than that of CCH. The as-synthesized 1D hierarchical 

CCH NWAs served as a scaffold for supporting the growth of 2D 

ultrathin NSs of ZCH as evidenced by figure 7.2 (c). The closer 

inspection of figure 7.2 (c) (inset) confirms that NSs were conformably 

coated and covered the whole of the NWAs and resulted in the formation 

of a unique “wire-in-a-sheet” 3D core-shell heterostructure of 

CCH@ZCH. This 3D well-assembled nanostructure is favorable to 

provide large surface areas for further active material growth. The length 

of the core-shell nanomaterial is ~ 3 μm and average diameter ~ 100 nm. 

The resulting 3D heterostructure is highly porous and well 

interconnected to each other and therefore provides linkages to 

throughout the structure for the accession of electrolytic ions. The space 

between each core-shell nanostructure constitutes the ordered channels 

on a large scale, and these open channels serve as diffusion pathways, 

making the active materials more accessible to the electrolyte ions. 

Moreover, those ultrathin ZCH nanosheets significantly increase the 

redox active sites during electrochemical behavior. Hence, results in 

enhanced electrochemical performance of core-shell nanostructure. TEM 

and HRTEM results elucidated further insights into the detailed 

morphological and structural aspects of the as-synthesized samples. 

Figure 7.2 (d) shows the TEM image of CCH nanowire, and it can be 

concluded from the image that the average diameter of nanowires is ~ 40 

nm and length up to ~ 3 µm and figure 7.2 (e) shows the TEM image of 
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Figure 7.2 (a-c) FESEM (inset shows the magnified images),(d-f)TEM images 

(inset (f); TEM image distinguishing the two components of core-shell 

nanostructure), (g-i) TEM and its corresponding lattice resolved HRTEM 

images, (j-l) SAED images, and (m-o) EDS mapping images (inset shows the 

elemental composition of the elemental distribution of respective samples of 1D 

CCH NWAs, ZCH nanoflowers and 3D hierarchical core-shell CCH@ZCH 

NWAs-NSs. 

ZCH. Figure 7.2 (g) shows the TEM image of a single nanowire and its 

inset shows the lattice resolved high-resolution TEM (HRTEM) image. 
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The HRTEM image shows the distance between two consecutive lattice 

fringes of CCH is about ~ 0.87 nm, is in good agreement with the (100) 

interplanar distance of orthorhombic CCH phase. Figure 7.2 (j) shows 

the corresponding well-dotted SAED pattern taken on a single nanowire 

of CCH, suggests the single crystalline nature of nanowire. Figure 7.2 (e) 

and (h) shows the TEM image of ZCH flowers like morphology and its 

magnified image, respectively. The inset of figure 7.2 (h) shows the 

HRTEM image; the lattice spacing found to be ~ 0.19 nm corresponds to 

(330) plane. The corresponding SAED results present a ring-like 

diffraction pattern of ZCH flowers, indicating the polycrystalline 

nature/structure as shown in figure 7.2 (k). Figure 7.2 (f) shows the TEM 

image of the core-shell nanostructure of CCH@ZCH, shows the layer of 

ultrathin NSs of 2D ZCH uniformly covered on the surface of 

hierarchical 1D CCH nanowires. The closer inspection of TEM image 

demonstrates that the 3D hierarchical core-shell CCH@ZCH with an 

average diameter of ~ 100 nm and the shell of ultrathin NSs 

interconnected with each other, providing the open and porous 3D 

structures favoring the electrolyte access and electron transportation 

during electrochemical reactions. The HRTEM image of CCH@ZCH 

core-shell nanostructure is shown in figure 7.2 (i). The lattice fringe in 

the core was calculated to be ~ 0.153 nm corresponds to (412) plane of 

CCH. The lattice fringe in the shell was calculated and found to be ~ 

0.163 nm corresponds to (132) plane of ZCH, respectively. The HRTEM 

results are consistent with those of XRD result. The corresponding 

SAED results composed of both dot-like and a ring-like diffraction 

pattern of CCH NW and ZCH NS, respectively, indicating the 

combination of both the crystalline phase as shown in figure 7.2 (l). The 

chemical composition of the samples are determined by EDS analysis, as 

shown in figure 7.2 (m-o) for CCH, ZCH, and CCH@ZCH, respectively, 

confirming the presence of Co, Zn, C, and O elements. 

7.2.2.3 Gas sorption studies 

N2 adsorption-desorption isotherms were conducted to examine the 

surface area and porous characteristics of CCH and ZCH powder 
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Figure 7.3 N2 adsorption-desorption isotherm and pore size distribution 

graph of (a, b) CCH, and (c, d) ZCH, respectively. 
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samples and displayed in figure 7.3. The N2-adsorption-desorption 

isotherm and pore size distribution graphs are shown in figure 7.3 (a-d) 

for CCH and ZCH samples, respectively. The BET surface area and pore 

volume of CCH NWAs and ZCH flowers are 332.74 m
2
/g, 392.98 m

2
/g, 

and 0.364 cm
3
/g, 0.4876 cm

3
/g, respectively. The corresponding pore 

size distribution curve derived from the isotherm by using the BJH 

method shows that the majority of the pore diameter is in the range of 

1.5-2.5 nm (microporous), and few pores lie in the range 2.5-10 nm 

(mesoporous) for CCH, and ZCH the average pore size distribution is 1-3 

nm (microporous). It confirms that both the CCH and ZCH possess high 

surface area due to their unique NWAs and flower-like morphology 

along with a massive number of small nanopetals. Such high surface area 

of the shell material could be achieved due to well defined interior spaces 

caused by unique flower-like morphology which consists of several 

nanopetals/flakes. The BET surface area results clearly show that the 

ZCH flowers have nearly 18% higher surface area than the CCH NWAs. 

Therefore, this leads to an efficient charge/ion transport at the core as 
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well as shell, resulting in the enhancement of electrochemical properties. 

Hence, it resulted in a large surface area and micro-mesoporous 

appearance is expected to deliver an enhanced electrochemical 

performance.  

7.2.2.4 X-ray photoelectron spectroscopy studies 

To understand the surface chemistry of the as-grown core-shell 

nanostructure XPS as shown in figure 7.4. The XPS measurement 

confirms the presence of CCH and ZCH. The XPS survey and deep scans 

of Co, Zn, C and O are shown in figure 7.4 (a-e). The XPS complete 

survey scan (figure 7.4 (a)) provides a complete view of the surface 

elemental composition present in the sample. The peaks present in the 

survey spectra confirm the presence of C1s, O1s, Co2p, and Zn2p and 

which could be indexed at 284.8 eV, 530.76 eV, 781.03 eV, and 1021.6 

eV, respectively. All the binding energies (BEs) in this XPS analysis 

were corrected for specimen charging by referencing them to the C1s 

peak (set at 284.8 eV). The high-resolution scan of the 2p core of Co 

shown in figure 7.4 (b) indicates the two major peaks at 781.03 eV and 

796.94 eV, assigned to Co 2p3/2 and Co 2p1/2, respectively, with the spin-

orbit splitting of 15.91 eV. These two significant peaks correspond to 

Co-hydroxyl and Co-carbonate groups, respectively along with the 

presence of satellite features [16]. These binding energies may be 

assigned to the Co-O bonds of the cobalt carbonate unit, the bond 

between cobalt and water and the bond between the cobalt and OH units. 

If the BEs at 786.27 eV is ascribed to the ‘shake-up’ peak, then the band 

at 781.02 eV is the BE of the cobalt bound carbonate. The intense 

satellite peak at ~786.27 eV indicates the presence of Co
2+ 

ions on the 

surface [17]. Usually, the value of binding energy for cobalt oxides is 

around 780-781 eV and Porta et al.[18], reported that the XPS of Co 

hydroxide, carbonate the bond energy of the pure Co hydroxide 

carbonate was found to be 781.2 eV concerning C 1s peak at 284.8 eV. 

The main Co 2p3/2 peak is presented at 781.02 eV concerning C 1s peak 

at 284.8 eV in this work. The BE of Co is assigned to the cobalt bound to 

the hydroxyl and carbonate units [19].  In the case of zinc, the Zn-2p 
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Figure 7.4 XPS spectra for CCH@ZCH nanostructure (a) Survey spectra, (b) 

Co 2p, (c) Zn 2p, (d) C 1s, and (d) O 1s spectra. 
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region in figure 7.4 (c) contains two sharp peaks at 1021.6 eV and 1044.7 

eV, corresponds to Zn 2p3/2 and Zn 2p1/2, respectively, with the 

characteristic peak separation distance of 23.1 eV. The energetic 

difference between the peaks indicates that the Zn atoms are in +2 

oxidation state [20]. The BEs of carbon in figure 7.4 (d) shows four BEs 

at 284.88, 288.09 and 289.91 eV and are assigned to carbon in carbonate, 

C=O and C-O bonds, respectively. These BEs are associated with the 

carbon in the carbonate anion. The BEs of O 1s spectra in figure 7.4 (e) 

show the peak centered at 532.30, 530.76 eV and 526.80 eV are 

attributed to oxygen to water, carbonate species and hydroxyl units, 
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respectively. Porta et al. reported bond energy for oxygen at 529.7 and 

530.4 eV for Co-hydroxide carbonate [18].  

Herein, it can be concluded that the core-shell structures consisting 

of the CCH NWAs core and the flaky ZCH ultrathin NSs shell are 

successfully deposited on the Ni-foam substrate. Counted on their 

favorable nanostructures of large surface areas and proper coverages 

over the substrates, it is desired to have good electrochemical 

performances for these core-shell electrodes. 

7.2.2.5 Electrochemical performance of 3D hierarchical 

CCH@ZCH using CV, GCD and EIS study   

Electrochemical measurements were performed in a three electrode 

system where the as-grown electrodes on Ni foam acting as a working 

electrode. The measurement was carried out in the presence of 1 M KOH 

aqueous electrolyte. The mass loading on CCH is ≈ 0.4 mg/cm
2, ZCH is 

≈ 0.8 mg/cm
2 and for the core-shell CCH@ZCH it is ≈ 1.2 mg/cm

2. CV, 

GCD, EIS, and long-term stability tests were performed using an Autolab 

PGSTAT302N electrochemical workstation. 

7.2.2.5.1 CV, GCD, EIS, and stability study of CCH@ZCH 

The electrochemical performance of CCH@ZCH, CCH, and ZCH 

were investigated in a three-electrode system by CV, GCD, and EIS to 

understand the charge-storage mechanism and redox kinetics of the 

electrode material shown in figure 7.5 (a-f). Here, the discussion was 

limited only to the performance of the core-shell nanomaterial and its 

comparison. Figure 7.5 (a) shows the CV curves of core-shell 

CCH@ZCH nanomaterial, recorded at different scan rates, typically 

from 1-100 mV/s in the potential window of 0.0 V-0.55 V. The redox 

couple is evidenced by the CV curve located at ~ 0.38 V (Co
2+

/Co
3+

) 

during oxidation reaction and ~ 0.21 V (Co
3+

/Co
2+

), can be ascribed to 

reversible redox reactions, suggests that the  cobalt ion state 

transformation during the potential sweep, representing the typical 

faradaic behaviour. The peak separation is ΔEp = 0.085 V indicates the 

reversible redox process. The peak arises from the faradaic redox 

process, mainly due to the charge-transfer reactions of cobalt 

Co(II)↔Co(III)↔Co(IV) in an aqueous electrolyte. However, the 
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Figure 7.5 Electrochemical measurement for 3D hierarchical core-shell 

CCH@ZCH nanostructures (a) CV curves obtained at different scan rates, (b) 

scan rate vs. specific capacity, (c) GCD curves obtained at various current 

densities, (d) current density vs. specific capacity, (e) Nyquist plot and inset 

shows the magnified image of low frequency region, and (f) cycling 

performance at
 
20 A/g. 
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literature suggests redox couples of Co(OH)2/CoOOH and CoOOH/CoO2 

[21][5]. The CCH reduced to CoOOH further reduced to from Co(OH)2 

eq. (7.8). The redox peaks emerge from the rapid and reversible 

processes due to the electrochemical topotactic (phase transformation) 

reaction (eq. (7.8-7.9)). The structural changes expected at the atomic 

level in 1D hierarchical nanowire array of CCH during electrochemical 

redox reactions. The Co6(CO3)2(OH)8·H2O has its pseudocapacitive core 

as Co
2+

, which could be converted Co
3+

 (Co(OOH)) during 
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electrochemical testing. The Co
3+ 

(Co(OOH)), which was further 

converted by Co6(CO3)2(OH)8·H2O but the CO3
2-

 ions were resolved in 

the electrolyte and CoOOH remain as a solid, that’s why it forms 

Co(OH)2. The cobalt valency changes from +2 to +3 during charging 

(increases) and discharging (decreases), results in the topotactic 

transition process of Co6(CO3)2(OH)8·H2O → Co(OH)2 as depicted in eq.   

(7.8) and (7.9). A report by Deng et al. on the density functional theory 

[22], further assisted on the vital role of lattice relaxation in the 

stabilization of the transition states and the removal of one H atom per 

formula unit from CoOOH → Co(OH)2. In this process, the structural 

modification takes place towards CoOOH ↔ Co(OH)2. The 

deprotonation includes the rearrangements of the atoms of both O and 

OH. The CoOOH and Co(OH)2 adjust such that they transform mutually 

into each other.  The advantage of these transformation reactions is that it 

offers the fast switching rates contributing towards the high power 

density, high rate capability, and long cycling stability.  

The strong interaction of ZCH and the OH
-
 ions in an aqueous 

electrolyte drives the formation of Zn(OH)2 eq. (7.10), which further 

converts into zincate ion (Zn(OH)4)
2- 

eq. (7.12), further get converted to 

ZnO eq. (7.13) and becomes electrochemically inactive [23]. The 

asymmetric nature observed at higher scan rates show the better high-rate 

response of CCH@ZCH and CCH. The interdependence of specific 

capacity with scan rates can be observed in figure 7.5 (b). CV curves 

tend to augment further the shape and shifting of redox peaks with an 

increase in scan rates which resulted in a decrease in specific capacity, it 

is due to the electrode polarization, and diffusion controlled 

electrochemical process. The specific capacity derived from eq. (2.29) 

and further calculated using eq. (2.31-2.35). At higher scan rates 

(typically 20-100 mV/s) [24], the effective interaction between the 

electrolyte ions and the electrode is greatly reduced due to inadequate 

time which leads to lower specific capacity [25].
 
Hence, the specific 

capacity obtained at the slowest scan rate (i.e., 1-10 mV/s) is believed to 

be closest to that of full utilization of the electrode material. Figure 7.5 (c 

and d) shows the GCD curves obtained at different current density and 
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corresponding specific capacity vs. current density plot, respectively. 

Figure 7.5 (e and f) shows the EIS and stability plot, respectively for 

CCH@ZCH nanostructures. 

7.2.2.5.2 Comparative CV, GCD, EIS and stability study of 

CCH@ZCH, CCH, and ZCH 

Comparative CV curve is shown in figure 7.6 (a) for CCH, ZCH and 

CCH@ZCH electrodes at a scan rate of 5 mV/s. Markedly, the CV curve 

of CCH@ZCH has drastically expanded, and the area under the CV 

curve is much larger, after incorporation of ZCH in the shell, nearly 2 

order greater than that of pristine CCH, and ZCH indicating that 

CCH@ZCH have a significantly higher electrochemical response than 

those of the single components. Due to the incorporation of 2D ultrathin 

ZCH NSs, the NSs do not restrain the inside core NWAs from reaction 

with OH
-
, but it increases the overall integrated, effective sites for 

electrochemical redox reactions. The CV curve follows the similar 

pattern to that of ZCH, so it can be concluded that because the shell 

dominates the overall performance because of its porous surface and 

through the surface the electrolyte ion diffuses, and core helps for fast 

ion transportation. The high rate performance of CCH@ZCH battery-

type material significantly depends on their kinetics origin, which was 

investigated by detailed CV investigation. The specific capacity 

calculated using eq. (2.29). The specific capacity obtained at a scan rate 

of 2 mV/s
 
is 328.35 mAh/g, 243.55 mAh/g

 
and 173.12 mAh/g

 
for 

CCH@ZCH, CCH, and ZCH, respectively. Table 7.1 provides a 

comparative study of specific capacity as a function of scan rate of 

CCH@ZCH, CCH, and ZCH, respectively. It is noteworthy that the 

synergistic enhancement of this novel core-shell nanostructure is ~ 40 % 

and ~ 90% higher with respect to the single components of CCH and 

ZCH, respectively. It could be originated from the following aspects: (i) 

the ultrathin 2D ZCH nanosheets shell favors the fast redox reaction 

kinetics, (ii), the hierarchical 1D CCH core nanowire served as a fast 

path for electron transport, which would support high-power density; 

finally, (iii) improved the electrical conductivity of CCH@ZCH. Thus, it 

can be stated that the performance of 3D hierarchical core-shell 
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Figure 7.6 Comparative electrochemical characterization of 3D hierarchical 

core-shell heterostructure of 1D CCH nanoneedle arrays@ 2D ultrathin 

nanosheets of ZCH (a) CV curves obtained at different scan rates, (b) scan rate 

vs. specific capacity, (c) GCD curves obtained at various current densities, (d) 

current density vs. specific capacity, (e) Nyquist plot and inset shows the 

magnified image of low frequency region, and (f) cycling performance at 20 A/g. 
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CCH@ZCH nanostructure is mainly contributed due to the contribution 

of both, i.e. the core and the shell. The plausible chemical reactions (7.8-

7.9) for CCH [26] and ZCH [27] are given below (7.10-7.12): According 

to Yan et al. [28, 29], when the Zn5(CO3)2(OH)6 is reacted with aqueous 

KOH electrolyte it undergoes the phase change reactions and results in 

complete transformation ZnO, below is the detailed chemical reaction 

(7.10-7.12). 
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Co6(CO3)2(OH)8·H2O+4OH
- 
→ 6CoOOH+2CO3

2-
+H2O+e

- 
            (7.8) 

CoOOH + H2O + e
-
  ↔  Co(OH)2 + OH

-
                  (7.9)  

Zn5(CO3)2(OH)6↔Zn(OH)2+ CO2 + H2O + e
-
         (7.10) 

Zn(OH)2 + 2OH
- 
↔ (Zn(OH)4)

2- 
+ 2e

-
                  (7.11) 

(Zn(OH)4)
2- 

↔ ZnO + H2O + 2OH
-
         (7.12) 

The charge storage is not limited only to cationic diffusion from the 

interior of the crystalline framework but also dependent on the surface-

confined phenomenon. In cation intercalated pseudocapacitance, the 

advantage of batteries (i.e. charge stored in the bulk of the electrode 

materials) is united with the advantage of pseudocapacitors (i.e. the 

charge stored via. faster diffusion than batteries). Therefore, the 

extrinsic/intercalation pseudocapacitance possess high energy density 

along with high power density. To differentiate the charge storage 

mechanism of pseudocapacitor or battery-like, an emphasis on the charge 

storage kinetics is provided; an analysis of the anodic peak current (ip) 

and its interdependence on scan rate was carried out. By assuming the 

power-law dependence of the peak current, ip, on scan rate (v), eq (7.13) 

[30]: 

 ip =av
b
                                                                         (7.13) 

Where a and b are variables, and a plot of the v
1/2

 versus ip, resulted 

in a straight line. The b-value provides important information about the 

charge storage kinetics: b = 1 indicates capacitive storage, while b = 0.5 

is characteristic for a semi-infinite diffusion-limited process for a 

battery-like redox process [30]. It should also be noted that the kinetic 

process of the electrode material is complex and often involves more 

than one mechanism, which means that the exponent b often can take a 

value between 0.5 and 1 [21]. A study by T. Brousse et al. [31], pointed 

out that capacity (C or mAh/g) should be presented as the unit, for the 

assessment of the electrochemical performance of such battery-mimic 

materials, that is why the results are presented in the unit of mAh/g.  

Table 7.1 Comparison of specific capacity (mAh/g) versus scan rate for 

CCH, ZCH, and CCH@ZCH. 

Scan rate (mV/s) CCH@ZCH CCH ZCH 

2 328.35 243.55 173.12 
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5 310.94 238.65 151.49 

10 276.32 236.82 135.42 

20 227.56 223.53 120.03 

30 191.94 211.32 111.94 

40 161.78 200.18 105.93 

50 137.58 190.24 101.06 

The GCD curves obtained at different current rates and are shown in 

figure 7.5 (c) and 7.6 (c), and it can be observed that the GCD curves 

deviate from the ideal triangular reported in case of EDLCs. The GCD 

curves possess two distinct slopes/plateaus corresponds to redox nature 

of the electrode material which is a typical battery-like behavior. The 

specific capacity values were derived from the discharge curve using eq 

(2.30). Figure 7.5 (d) and 7.6 (d) illustrates the specific capacity as a 

function of current density. The specific capacity of 246.66 mAh/g is 

observed at a current density of 1 A/g
 
which is further reduced to 92.61 

mAh/g at a current density of 30 A/g. The specific capacity gradually 

decreases with the increase in current density and the decreasing nature 

can be explained as follows: at lower current densities, ions can penetrate 

almost all the inner-pores of the electrode material. Hence accessing 

almost all available pores of the electrode but at elevated current 

densities, effective utilization of the electrode material is restricted only 

to the outer surface of electrodes and ions do not have sufficient time to 

penetrate the inner portion of the active material. 

Figure 7.6 (c) shows the comparative GCD curves of CCH@ZCH, 

CCH, and ZCH at a discharge current density of 1 A/g. The smart design 

of this unique 3D hierarchical core-shell CCH@ZCH nanostructure 

endowed with stable and exceptional higher electrochemical 

performance regarding specific capacity with much longer charge-

discharge time, as well as larger discharge plateau, indicating its smaller 

polarization and higher electrochemical reactivity than those with the 

single components. The specific capacity was found to be 246.7 mAh/g, 

161.45 mAh/g and 151.43 mAh/g for the CCH@ZCH, CCH, and ZCH, 

respectively, at 1 A/g current density. Table 7.2 shows comparative 

specific capacity as a function of current density for 1D CCH NWAs, 
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ZCH flowers, and 3D hierarchical core-shell CCH@ZCH nanostructure. 

The core-shell nanostructure exhibits higher specific capacity and better 

rate capability than those of the single components. Nearly 49 % of 

capacity retention is maintained for CCH@ZCH (from 246.66 mAh/g
 
to 

92.61 mAh/g), when the current density is increased from 1 A/g to 20 

A/g, much higher than those for ZCH it is ~32% (from 151.43 mAh/g
 
to 

49.21 mAh/g) and for CCH it is nearly equal ~51% (from 161.46 mAh/g
 

to 86.88 mAh/g) when charge-discharge current rate changes from 1 A/g 

to  20 A/g. In this study, the GCD curves deviate from the ideal 

triangular behavior (in the case of EDLCs) and possess two distinct 

slopes. There is a sudden potential drop followed by a slow decay in the 

discharge curve. At the current density, 20 A/g the rate capability 

performance of 3D hierarchical core-shell CCH@ZCH nanostructure 

(~117.31 mAh/g) was almost 30 % more than the 1D CCH (86.88 

mAh/g) and nearly 60% more than the ZCH (49.21 mAh/g), respectively. 

It clearly shows the synergistic effect due to the smart combination of 

“wire-in-a-shell” 3D hierarchical core-shell nanostructure.  

Table 7.2 Table for comparison of specific capacity (mAh/g) versus current for 

CCH@ZCH, CCH, and ZCH. 

Current (mA) CCH@ZCH CCH ZCH 

1 246.7 161.4 151.43581 

2 245.7 144.8 139.6973 

3 223.2 139.1 95.9692 

4 216.1 130.3 86.61836 

5 202.2 127.4 81.20471 

6 194.5 123.4 79.72826 

8 180.3 121.6 66.93237 

10 166.7 115.8 63.97947 

12 155.6 108.6 59.05797 

14 146.9 104.2 55.12077 

16 138.3 101.3 55.12077 

18 133.4 92.7 53.15217 

20 117.3 86.9 49.21498 

EIS technique has been widely used to investigate charge transfer 

and diffusion kinetics in the electrode materials. The Nyquist plot 
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consists of a semicircle accompanied by a straight line at the low-

frequency region, which corresponds to the electrochemical process and 

mass transfer process, respectively. EIS spectra composed of three 

distinct regions. First is the intercept on the real axis at high-frequency 

region provides the Rs due to the ionic resistance of the electrolyte, 

intrinsic resistance of electrodes and contact resistance at the electrode-

electrolyte interface [32]. Second is the charge transfer resistance (Rct) 

can be calculated from the semicircle diameter in the high-frequency 

region which is due to the diffusion of electrons [33]. The third is the 

Warburg resistance, the slope of the EIS curve in the low-frequency 

region describes the diffusion of redox species in the electrolyte [34]. 

Figure 7.6 (e) shows the comparative EIS spectra of 1D CCH NWAs, 

ZCH flowers, and 3D hierarchical core-shell CCH@ZCH nanostructure. 

The EIS plots show that the intercept on X-axis and the diameter of the 

semicircle for 3D hierarchical core-shell CCH@ZCH nanostructure are 

smaller than those with the individual components. The vertical line at 

low-frequency region parallel to imaginary impedance axis indicates the 

ideal capacitor behavior. The 3D hierarchical core-shell CCH@ZCH 

nanostructure shows more vertical line than the other components 

suggesting the lower ion diffusion resistance in core-shell nanostructure. 

The values of Rs and Rct for 3D hierarchical core-shell CCH@ZCH 

nanostructure were 0.57 Ω and 1.18 Ω, respectively, which is 

significantly lower than those of the single components, for CCH value 

of Rs and Rct were 0.63 Ω and 1.66 Ω, respectively and for ZCH value of 

Rs and Rct were 0.75 Ω and 2.56 Ω, respectively. It has been observed 

that even after 2000 cycles the value of Rs and Rct for 3D hierarchical 

core-shell CCH@ZCH nanostructure were slightly changed to 0.68 Ω 

and 1.62 Ω, respectively. This is significantly lower than those of the 

single components, for CCH value of Rs and Rct were 0.69 Ω and 1.9 Ω, 

respectively and for ZCH value of Rs and Rct were 1.41 Ω and 4.74 Ω, 

respectively indicating the low internal resistance and high rate 

capacitive behaviour of 3D core-shell nanostructure than those with the 

single components. Thus, the impedance results partly explain the 

observed superior electrochemical performance of CCH@ZCH. The 



 
 

176 

 

 
Figure 7.7 Peak current (ip) dependence on square root of scan rate (v)
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long-term cycling stability test was investigated for the synthesized 

electrode materials.  

Figure 7.6 (f) shows the comparative cycling performance for 2000 

cycles at 20 A/g discharge current density. The capacity retention for the 

core-shell CCH@ZCH nanostructure gradually decreases from 100% to 

80%, whereas the capacity retention for 1D hierarchical CCH nanowire 

and ZCH flowers is drop down to ~73% and 70%, respectively. Figure 

7.7 shows the interdependence of the anodic peak current (ip) on scan 

rate to understand the charge storage kinetics/mechanism of the core-

shell nanostructure along with the individual components. 

Figure 7.8 shows the Coulombic efficiency (ɳ = 88%) during 2000 

GCD cycles at a very high current density of 20 A/g. After testing the 

electrode material for long cycle life, the CV test was carried out after 

2000 cycles and checked the difference between the CV taken before and 

after 2000 GCD cycles. To the surprise, the CV curve retains its shape 

though there is a small reduction in the area under the curve is observed 

which is quite low as shown in figure 7.8 (b). The overall capacity 

retention and coulombic efficiency demonstrate the electrochemical 

suitability of CCH@ZCH nanomaterial with the higher feasibility of the 

redox process. The fading in specific capacity might be attributed to the 

electrochemical dissolution of electrode materials, reduction of active 

sites, and increased resistance of the electrode materials.  
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Figure 7.8 (a) Coulombic efficiency of CCH@ZCH (ɳ= 88%) and inset shows 

the first and last six GCD cycles, (b) CV test carried out before and after 2000 

cycles GCD test obtained at scan rate of 5 mV/s.   
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Figure 7.9 displays the Ragone plot (energy density as a function of 

power density at different current densities). The energy and power 

density were calculated from the relations (2.36) and (2.37), respectively. 

The energy density of ~ 48.82 Wh/kg, 31.96 Wh/kg, and 29.97 Wh/kg 

corresponds to CCH@ZCH, CCH, and ZCH, respectively which is ~1.5 

order higher than the CCH and ~2 orders higher than the ZCH without 

compromising much power density. The power density of ~6.6 kW/kg, 

19.79 kW/kg and 11.75 kW/kg for CCH@ZCH, CCH, and ZCH, 

respectively were observed. Although, such high power densities were 

achieved as it is well known that there is always a gap between energy 

density and power density hence the energy densities were compromised. 

At such high power density the energy density was found to be ~18.33 
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Figure 7. 9 Comparative Ragone plot of CCH, ZCH and CCH@ZCH. 
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Wh/kg, 16.50 Wh/kg, and 9.74 Wh/kg, for CCH@ZCH, CCH, and ZCH, 

respectively. It is clear that at such high power density, the energy 

density remains the highest for 3D hierarchical core-shell CCH@ZCH 

nanostructure when compared with the single components. It suggests 

that the smart design of 3D hierarchical core-shell CCH@ZCH 

nanostructure has a dramatic impact on electrochemical performance. 

The results indicate that the 3D hierarchical core-shell CCH@ZCH 

nanostructure shows both the advantage of excellent charging-

discharging capability (power density) and energy storage (energy 

density). 

7.3 Summary 

In summary, this study demonstrates a facile two-step hydrothermal 

synthesis method to prepare self-supported “wire-in-a-sheet”: A battery-

like electrode composed of 3D hierarchical core-shell CCH@ZCH 

nanostructure on Ni-foam. A plausible formation mechanism for the 

growth of 3D hierarchical core-shell CCH@ZCH nanostructure is 

proposed. The synergy between core and shell resulted in enhancement 

of electrochemical properties of the reported core-shell nanostructure. 

Compared with the bare 1D hierarchical CCH NWAs, ZCH flowers, the 

3D hierarchical core-shell CCH@ZCH nanostructure exhibited higher 

electrochemical activity and reliability. The 2D ZCH ultrathin NSs were 

assembled on 1D hierarchical CCH NWAs, resulting in an overall high 

specific surface area, abundant, accessible electroactive sites, short ion 
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transport pathways, and superior electron collection efficiency. By taking 

advantages of the synergetic effects, the 3D hierarchical core-shell 

CCH@ZCH nanostructure exhibited high desirable cycle life and rate 

performance. The results indicate that the 3D hierarchical core-shell 

CCH@ZCH nanostructure is promising for the high-performance 

electrode material. Hence, it is believed that the present work can 

contribute to the rational, smart design of electrode materials for 

electrochemical energy storage application. It can have a synergistic 

effect through minimizing particle size, enhancing the specific surface 

area, inducing porosity, preventing particles from agglomerating, 

facilitating electron and proton conduction, expanding active sites,  

protecting active materials from mechanical degradation, improving 

cycling stability, and providing extra specific capacity. As a result, the 

obtained 3D nanostructured material can overcome the drawbacks of the 

individual substances and embody the advantages of all constituents. 
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CHAPTER 8 

3D Mesoporous Flowers of Nickel Carbonate 

Hydroxide Hydrate for High-Performance 

Electrochemical Energy Storage Application 

 8.1 Overview 

This chapter is focused on 3D hierarchical mesoporous structure, 

composed of micron-sized flowers and nanopetals of nickel carbonate 

hydroxide hydrate (Ni2(CO3)(OH)2·H2O) (NCH), successfully 

synthesized by a single-step simple, and facile hydrothermal method. 

The growth of nanostructure is dominated by hydrolysis precipitation of 

urea which acts as a source OH
-
 and CO3

2-
 ions which are responsible for 

the formation of NCH. The excellent battery-like responses were 

professed for the 3D hierarchical NCH electrochemical performance is 

accredited to the intrinsic nature of NCH, the micro/nanostructure 

material by forming a unique 3D flower-like morphology. The 

nanopetals act as reservoirs and provide sufficient space for available for 

the adsorption of electrolytic ions. The 3D NCH hierarchical structure 

offers the specific capacity of ~353 mAh/g at 1 mV/s scan rate and ~245 

mAh/g at current density of 1.83 A/g, respectively. The electrode 

material exhibited very high capacity retention of ~80% and ~64% when 

tested for the moderate and the highest current density of 20A/g and 40 

A/g, respectively. The EIS analysis was used to probe the charge-transfer 

kinetics and charge storage performance and found to be in correlation 

with other charge storage analysis. The outstanding electrochemical 

performance is accredited to the intrinsic nature of NCH, the 

micro/nanostructure material by forming a unique 3D flower-like 

morphology. This ingenious synthesis strategy resulted in overall 

excellent electrochemical properties; indicating the NCH is a potential 

candidate for high-performance energy storage applications. 

8.2 Results and discussion 

8.2.1 Synthesis of mesoporous Ni2(CO3)(OH)2·H2O  
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The direct growth binder-free technique was adopted by using simple, 

fast, inexpensive and facile hydrothermal method for the fabrication of 

nanomaterial on the Ni-foam substrate. In brief, 5 mM Ni(NO3)2·6H2O, 

0.5 M urea and 10 mM NH4Cl was dissolved in 50 mL of deionized 

water and stirred for 30 minutes to obtain a homogeneous mixture. The 

resulting solution was transferred into 100 mL Teflon-lined stainless 

steel autoclave. For the direct growth, a few (2-3) pieces of Ni-foam 

substrates (1cm x 1cm) were immersed into this reaction chamber. 

Before using Ni-foam, it was cleaned with 3 M HCl for 10 min, then 

ultrasonically cleaned with ethanol, acetone and distilled water to remove 

impurities and oxide layers from the surface and allowed to dry 

completely. Then, the autoclave was sealed and held at 110 °C for 5 h in 

a muffle furnace after which it was allowed to cool to room temperature. 

Finally, we retrieved Ni-foams which were found coated with the green 

color (NCH), and the excess greenish precipitate was filtered using 

Whatman filter paper, followed by repetitive rinsing with distilled water 

and ethanol. The plausible chemical reactions involved in the above 

preparation process is illustrated below (8.1-8.5) [1]. The active mass 

loading on Ni-foam before and after the hydrothermal treatment was 

estimated to be ~ 0.6 mg/cm
2
 of the NCH. 

Growth mechanism: In the present work, the precursor materials are 

Ni(NO3)2·6H2O, Urea, and NH4Cl for synthesizing NCH. During the 

synthesis process, the above reactants undergo hydrolysis precipitation 

reaction in an aqueous solution, where urea gradually produces OH
-
 and 

CO3
2-

 which further reacts with Ni
2+

 cations and initiates the nucleation. 

Earlier reports suggested that the formation of NCH is dependent on the 

amount of urea [2] where CO3
2-

 ions play a critical role in the growth 

process of NCH. The formation of NCH was started with homogeneous 

nucleation. The formation of NCH was started with homogeneous 

nucleation. According to Xiao et al., the nucleation and growth rate is 

governed by JN = Aexp(-∆G*N/KT), -∆G*N = -16kTlnSR)
2 

where 

A is a pre-exponential factor; ∆G* corresponds to the nucleation 

activation energy; k is Boltzmann constant; T is the temperature; is the 
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Scheme 8.1 Schematic diagram of formation mechanism of 

micro/nanostructured flowers and nanosized petals/sheets.  

 interfacial free energy per unit surface area;  is the molecular volume: 

SR corresponds to the relative supersaturation [3]. Considering the 

solubility product constant (Ksp) at 298 K of Ni(NO3)2, is 2.20 x 10
-6 

which is quite higher than the NiCO3 (1.43 x 10
-7

), Ni(OH)2 (5.48 x 10
-

16
) and Ni3(PO4)2 (4.78x 10

-32
). The lower saturation is expected for 

Ni(NO3)2 results in faster nucleation rate due to significantly lower 

interfacial energy than NiCO3, Ni(OH)2, and Ni3(PO4)2. Therefore, the 

dissociated Ni
2+

 reacts with CO3
2-

 and OH
-
 leads to the formation of low-

energy surface nanopetals. The tendency of nanopetals formation is 

favorable, and it may be related to the intrinsic square coordination 

structure of Ni
2+ 

because of its electronic configuration (d
8
) [3]. It further 

leads to subsequent nucleation and growth of more thermodynamically 

favorable formation of the microsized flower of NCH. The scheme 8.1 

illustrates the growth mechanism for the formation of 

micro/nanostructured NCH. Therefore, a simple strategy was utilized to 

attain a high-performance battery-type electrode material was realized by 

developing a mesoporous NCH. Thus, the combination of Ni
2+

, CO3
2-

, 

and OH
- 
induces to form Ni2(CO3)(OH)2·H2O (plausible reaction 8.1-8.5) 

3D mesoporous flower-like morphology, as illustrated in scheme 8.1.   

Ni(NO3)2·6H2O → Ni
2+

 (aq.) + 2NO3
-
           (8.1) 

H2NCONH2 + H2O → 2NH3 + CO2                     (8.2) 
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NH3 + H2O → NH
4+

+ OH
-
              (8.3) 

CO2+2OH
- 
→ CO3

2-
 + 2H

+
             (8.4) 

2Ni
2+

 + CO3
2-

 + 2OH
- 
+ H2O→

 
Ni2(CO3)(OH)2·H2O       (8.5) 

8.2.2 Materials Characterization and Electrochemical 

Measurements 

FESEM images were obtained by a Supra55 Zeiss, FESEM 

microscope. XRD measurement was carried out using D2-Phaser Bruker 

XRD instrument (equipped with a Cu Kα source (λ=1.5406 Å). FTIR was 

carried out using the PerkinElmer Spectrum Two FT-IR L60300 

instrument. XPS measurement was carried using synchrotron radiation 

facility at hard X-ray photoelectron spectroscopy (HAXPES) beamline 

BL-14 which has double-crystal monochromator [Si (111)] with 

excitation energy of 4.4 keV. Surface area analysis and pore size 

distribution were carried out at 77 K using N2 adsorption-desorption 

study with an automated gas sorption analyzer Quantchrome Autosorb 

iQ2. 

8.2.2.1 Structural characterization using powder XRD and 

FTIR study 

To identify the crystal structure and phase purity of the NCH, powder 

XRD technique was employed. Figure 8.1 (a) shows the XRD pattern of 

the prepared light greenish NCH. The diffraction peaks of NCH can be 

indexed to Otwayite, orthorhombic Ni2(CO3)(OH)2·H2O phase of JCPDS 

card no. 29-0868 also the maximum peak matches with the reported 

literature [4]. The XRD pattern shows the crystalline nature and pure 

phase. Though there are some weak peaks observed which are elusive, it 

might be due to the polycrystalline nature of the material. It is due to the 

lattice expansion of nanoparticles caused by some possible phenomena 

like grain surface relaxation [5], that there is the formation of point 

defects, confinement effects, and uncompensated coulombic interaction 

[6]. The NCH is composed of hydrated phase, and it is considered that 

the hydrated phase has played a significant role in enhancing the overall 

energy storage performance because the physically and chemically 

bound water is beneficial for ion transportation. The loss of water content 

during the heat treatment reduces the ion conductivity as well as loss of 
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Figure 8.1 (a) XRD pattern, and (b) FTIR spectra of Ni2(CO3)(OH)2·H2O. 
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specific capacity if the heat treatment is too high [7]. It is reported that 

the heat treatment up to 200 
o
C results in the removal of both physi- and 

chemi- adsorbed water [8]. Since there is no post heat treatment process 

involved for the synthesized sample, therefore it is believed that the 

associated physi- and chemi- bound water has shown some significant 

impact on encouraging the overall electrochemical performance of NCH. 

FTIR measurement further explored the composition of the 

synthesized NCH material. Figure 8.1 (b) shows the FTIR spectrum of 

NCH, taken from 400-4000 cm
-1

. The broad band at 3641 cm
-1

 is due to 

absorption of H2O along with some more bands between 3650-3500 cm
-1

 

which belong to O-H stretching vibration. The IR spectrum contains the 

bands of characteristic vibrations for the CO3
2- 

group. The carbonate 

group vibrations observed at 1550 cm
-1 

(strong, 𝜗𝑂𝐶𝑂2
), 1470 cm

-1
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Figure 8. 2 (a) FESEM image flower like of NCH (inset shows the high 

magnification image), (b-c) shows the high magnification image of 3D 

hierarchical mesoporous NCH flowers like morphology composed of nano 

petals/flakes and (d) shows the EDX image and inset shows the elemental 

distribution. 

 

(strong,  𝜗𝐶𝑂3
), 1053 cm

-1
 (sharp, 𝜗𝐶=𝑂), 831.40 cm

-1
 (sharp, 𝜗𝐶𝑂3

), and 

668.22 cm
-1

 ( 𝜌𝑂𝐶𝑂) [9–11]. The band at 1620-1700 cm
-1

 is attributed to 

the bending vibration of adsorbed water molecules and δO-H of a 

hydroxyl group, suggesting the existence of crystal water in the as-

synthesized sample [12]. The vibration from 1000-1300 cm
-1

 belongs to 

a C-O stretching mode of vibrations. The band at 1005 cm
-1 

is associated 

with weak bending vibration of δM-OH and the vibration at 475 cm
-1

 is 

related to 𝜗𝑁𝑖𝑂. FTIR analysis further affirms the formation of 

Ni2(CO3)(OH)2·H2O phase. 

8.2.2.2 Morphological and structural characterization using 

FESEM 

Figure 8.2 (a) shows the FESEM of the as-prepared 

micro/nanostructured NCH. It is evident from the image that the NCH 

formed nearly microscale, spherical flower-like morphology, uniformly 

distributed over Ni-foam figure 8.2 (a). The inset of figure 8.2 (a) shows 

the magnified image of the single NCH flower. Further, the closer 

inspection was done at very high magnification (170 kX and 250 kX) of 

these spherical flowers reveals that they are composed of tiny nanosize 
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Figure 8.3 N2 adsorption-desorption isotherm and the inset shows the pore-size 

distribution of NCH. 

  

 

0.0 0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

100

(a)

Desorption

 

 

Q
u

a
n

ti
ty

 a
d

so
r
b

e
d

 (
c
m

3
g

-1
)

Relative Pressure (P/P
o
)

Adsorption

10 100

0.00

0.05

0.10

0.15

0.20

0.25

 

 

d
V

(l
o
g

d
) 

(c
m

3
g

-1
n

m
-1

)

Pore Diameter (nm)

 Pore size distribution (b)

petals/flakes thereby enhancing the overall active surface area figure 8.2 

(b-c). When it is used as an electrode, this unique 3D hierarchical 

morphology composed of micro/nanosized particles provides fast 

charge/mass transport at the electrode-electrolyte interface due to 

reduced contact resistance. Moreover, the nanopetals shorten the 

diffusion distance for charges/ions and thereby enhance the use of active 

material and reduce the volume change during the faradaic reaction by 

accommodating the ions. Figure 8.2 (d) shows the EDX analysis of 

NCH. Though it was not possible to precisely quantify this effect the best 

estimate of the elements are 25.12%, 28.48%, and 46.39% for Ni, C, and 

O, respectively. The large quantity of C and O is attributed to CO3
2-

, 

generated from the urea hydrolysis.  Therefore, the NCH compound 

phase is supposed to contain Ni
2+

, OH
-
, and CO3

2-
 ions. 

8.2.2.3 Gas sorption study  

The role of surface properties of the electrode materials regarding 

pore size distribution and surface area is something which cannot be 

neglected in charge storage performance. To understand the formation of 

the porous structure of the synthesized material N2 adsorption-desorption 

isotherm measurement was carried out. The BET surface area and pore 

volume of NCH flowers found to be 23.39 m
2
/g and 0.141 cm

3
/g, 

respectively.  The isotherm analysis reveals the type IV kind isotherm 

and it is categorized as an H3 type hysteresis loop shown in figure 8.3 (a) 

according to the IUPAC classification. The pore size distribution curve 

derived from the isotherm by using the BJH method shows that most of 

the pore diameter is in the range of 2-5 nm (mesoporous range), figure 
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Figure 8.4 XPS spectrum of NCH (a) survey spectrum, high-resolution spectra 

of (b) C1s, (c) O 1s, and (d) Ni 2p of NCH. 

  

 

1000 800 600 400 200 0

(a)

N
i 

3
s

N
i 

3
p

N
i 

3
s

C
 1

s

N
 1

s

O
 1

s

N
i 

2
p

 

 

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

 Survey scan

N
i 

2
s

292 288 284 280

C=O

 
 

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

(b)

C-O

C-C C 1s

538 536 534 532 530 528 526

 

 

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

(c) O 1s

OH
-

C-O

C=O

880 870 860 850

Ni 2p(d)

Sat.
Sat.

Ni 2p
1/2

 

 

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

Ni 2p
3/2

8.3 (b) shows the pore-size distribution curve of the synthesized material.  

8.2.2.4 X-ray photoelectron spectroscopy studies 

To further explore and understand the properties of the synthesized 

material XPS measurement was carried out and shown in figure 8.4 (a-

d). The XPS result confirmed Ni, C and O are present in NCH as the 

main elements, agrees well with the earlier discussion. The survey 

spectrum affirms the presence of all these elements and the high-

resolution C 1s spectrum reveals the main peak at a binding energy (BE) 

of 284.9 eV assigned to the adventitious carbon (C-C) and weakly 

adsorbed C-O (287.63 eV) and C=O (289.02 eV). The existence of N 1s 

peak in the survey spectrum shows the presence of C-N, C=N, and N-

C=O (might be accredited to urea residue) in the NCH sample. The core-

level of XPS signal of O 1s shows a broad peak of OH
-
 (530.02 eV) and 

peaks of C-O (531.51 eV) and C=O (533.27 eV), these attributed to 

oxygen to water; carbonate species and hydroxyl units, respectively. The 

Ni 2p spectrum is fitted well using Shirley background fitting to spin-

orbit coupling and two shake-up satellite peaks, which can be assigned to 
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the Ni
2+ 

cation. Conferring to the fitted data, the peaks at BEs of (855.64 

eV) and (873.34 eV) along with the two satellite peaks occurred at 

861.41 eV and 879.02 eV, representing the existence of Ni
2+ 

in NCH 

[13]. It is worth mentioning that the high-resolution Ni 2p spectrum 

demonstrates the peak splitting energy of 17.7 eV between it Ni 2p3/2 and 

Ni 2p1/2 which corresponds to the spin-orbit coupling. The XPS results 

confirmed the presence of CO3
2-

 and OH
-
 groups, thus affirming the 

formation of NCH phase. XPS results can be further supported with the 

XRD, EDX and FTIR results which further claims the concurrence of Ni, 

C, and O and thus confirms the formation of Ni2(CO3)(OH)2·H2O phase.  

By the above observation, it can be assured that NCH is successfully 

obtained.  

8.2.2.5 Electrochemical performance of 3D mesoporous flowers 

of NCH using CV, GCD and EIS study 

Electrochemical measurements were performed in a three-electrode 

system with as-grown NCH electrode on Ni foam acting as a working 

electrode. The measurements were carried out in the presence of 1 M 

KOH aqueous electrolyte. CV, GCD and EIS and cycling stability 

studies were carried out using the Autolab Metrohm PGSTAT302N 

electrochemical workstation. 

8.2.2.5.1 Cyclic voltammetry study  

CV studies have helped to examine the electrochemical kinetics and 

redox behavior of NCH. The typical CV curve for the mesoporous NCH 

is taken at various scan rates ranging from lower to high scan rate (1-100 

mV/s) and the potential range of 0-0.65 V, presented in figure 8.5 (a). 

From the CV graph, the non-rectangular shape reveals the faradaic nature 

which resulted in battery-like behavior originated due to the topotactic 

reversible redox reactions. The CV curve presents the pair of redox 

peaks, attributed to the reversible conversion of Ni
2+

/Ni
3+

and Ni
3+

/Ni
2+ 

transition due to the oxidation and reduction processes, respectively. A 

report by Chen et al. [14], suggests that during electrochemical testing 

using CV and GCD test, the in-situ conversion of Ni2(CO3)(OH)2 into 

Ni(OH)2 takes place. The corresponding faradaic redox reactions of NCH 

material are proposed according to eq. (8.6-8.7) [14–16]: 
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Figure 8.5 (a) Cyclic voltammogram of NCH, (b) corresponding specific 

capacitance versus scan rate plot, and (c) peak current (ip) dependence 

on square root of scan rate (v)
1/2

. 
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Ni2(CO3)(OH)2 + 4OH
- 
→ 2 NiOOH + 2CO3

2-
+ 2H2O + 2e

- 
           (8.6) 

NiOOH + H2O + e
-
 ↔ Ni(OH)2 + OH

-
                  (8.7)  

The resulting Ni(OH)2 is known for its excellent battery-like 

electrode material, provide enhanced overall electrochemical 

performance. The above equations explain the topotactic transformation 

of NCH to NiOOH and Ni(OH)2; due to this, a typical faradaic battery-

like feature was observed in the CV curves, exhibiting two pair of redox 

peaks as shown in figure 8.5 (a). The Ni2(CO3)(OH)2 has its 

pseudocapacitive core as Ni
2+

, which could be converted Ni
3+

 (Ni(OOH)) 

during electrochemical testing. The Ni
3+ 

(Ni(OOH)), which was further 

converted by Ni2(CO3)(OH)2 but the CO3
2-

 ions were resolved in the 

electrolyte and NiOOH to remain as a solid, that is why it forms Ni(OH)2 

[14]. In this process, the Ni2(CO3)(OH)2 convert to NiOOH which further 

converted to Ni(OH)2. The two redox peaks emerge from the rapid and 

reversible processes due to electrochemical topotactic (phase 

transformation) reaction of Ni
2+

/Ni
3+ 

and Ni
3+

/Ni
2+

 according to the 
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above eq. (8.6-8.7). From CV curves the area under the curve helps to 

understand reaction kinetics and calculate the specific capacity of the 

electrode material by eq. (2.29). With the increase in scan rate from 1-

100 mV/s, the peak shift is observed, and it is due to the ohmic resistance 

and polarization process occurred at the electrode-electrolyte interface, 

which is affected by the fast rate of electron transfer kinetics/diffusion 

processes as a result of the specific capacity decreases [17]. Figure 8.5 

(b) shows the plot of specific capacity vs. scan rate, and it is observed 

that at lower scan rate it is accredited to the full diffusion and migration 

of electrolytic ions into the active materials at low scan rates. Whereas, at 

higher scan rates, the diffusion effect restricts the migration of the 

electrolytic ions, causes some active surface areas to become inaccessible 

for charge storage. Hence, the specific capacity determined at the slowest 

scan rate is considered to be closest to that of full utilization of the 

electrode material. The specific capacity obtained at 1 mV/s scan rate is 

~353 mAh/g. To investigate the effect of scan rate in 1M KOH 

electrolyte solution on the electrode material’s response towards the 

anodic peak current was determined by using the power-law dependence 

of the peak current, ip, on scan rate (v), ip =av
b 

[18]. The parameters a 

and b are variables, and the plot of v
b
 versus ip resulted in a 

linear/straight line. The b-value provides essential information about the 

charge storage kinetics: b = 1 indicates capacitive storage, while b = 0.5 

is characteristic for a semi-infinite diffusion-limited process for a 

battery-like redox process [18]. Figure 8.5 (c) shows the interdependence 

of the anodic peak current (ip) on the square root of the scan rate to 

understand the charge storage mechanism, indicating battery mimic 

nature. 

8.2.2.5.2 Galvanostatic charge-discharge (GCD) study 

The GCD test was carried out at various current densities as shown 

in figure 8.6 (a). The specific capacity is calculated using eq. (2.30) and 

found to be ~245 mAh/g at 1.83 A/g current density, and ~157 mAh/g at 

16.67 A/g current density. After increasing the current density to 10 

times, ~ 64 % of the capacity was retained from its initial value; imply an 
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excellent rate capability of the sample. The capacities calculated using 

GCD curves demonstrated a good match with those obtained from the 

CV measurements. The decent charge storage performance of the NCH 

results from the typical battery-like behavior which is due to the 

continuous topotactic conversion from Ni2(CO3)(OH)2 to NiOOH and 

from NiOOH to Ni(OH)2. The voltages plateaus consist of two distinct 

slopes (an indication of faradaic processes) in the GCD curves illustrate 

the typical battery-like behavior, as confirmed by CV. There is a 

negligible IR (voltage) drop followed by a slow decay in the discharge 

curve. As the current density increases the specific capacity gradually 

decreases and the decrease in specific capacity can be ascribed as at 

lower current densities the ions can penetrate almost all the inner pores 

as well as the whole of the surface of the active electrode material 

thereby, accessing almost all the active site for charge storage.  Whereas, 

at elevated current densities, the electrode material’s utilization is 

restricted to the interfacial surface and ions do not have adequate time to 

penetrate the inner portion of the active material as it can be seen in 

figure 8.6 (b), which shows the dependence of specific capacity 

concerning the discharge current. The capacity fade might be attributed 

to the electrochemical dissolution of electrode materials, reduction of 

active sites, phase transformation and increased resistance of the 

electrode materials. Moreover, during the charging and discharging 

processes, the high porosity is helpful to quickly relieve the internal 

stress and protecting the electrode from physical damage. The critical 

parameter for this battery-like electrode material with high performance, 

good capacity retention capability of NCH is accredited to the short 

diffusion paths, the considerable contact area, mesopores and the boosted 

electrical conductivity. These excellent charge storage performances of 

the NCH are mainly ascribed to its unique structure, and flower-like 

morphology consists of nanopetals with mesoporous structure. A detailed 

comparison of specific capacity obtained for various morphologies of 

NCH by different synthesis techniques is provided in Table 8.1. 
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Figure 8.6 (a) Galvanostatic charge-discharge curve of NCH, and (b) 

corresponding specific capacity versus current density plot. 
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Table 8.1 The comparison of specific capacitance/capacity obtained 

from various synthesis methodologies and their morphology of NCH 

electrode material. 

Morphology 
Synthesis 

method 

Specific 

capacitance/

capacity 

(F/g/mAh/g) 

Current 

density 

(A/g) 

Electr

olyte 

used 

Capacity 

retention, 

Cycles@

mA/g 

Ref. 

NCH 

microsphere 

Hydrother

mal 
1178 F/g 0.5 

3 M 

KOH 
- [2] 

NCH 

converted to 

Ni(OH)2 

nanostructur

e 

Wet 

chemical 

and 

electroche

mical 

cyclic 

reaction 

1517 F/g 0.5 
6 M 

KOH 

1000 F/g, 

2 

A/g@100

0 cycles 

[19] 
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NCH and 

NSH 

carnation 

like structure 

Hydrother

mal 

236 and 277 

mAh/g 
0.5 

1 M 

KOH 

60.3 and 

73.2%, 

3A/g 

@3000 

cycles 

[24] 

NCH 
Hydrother

mal 
416 mAh/g 3 

1 M 

KOH 

~48%, 10 

A/g @ 

10,000 

cycles 

[38] 

Hierarchica

l 3D 

mesoporous 

flowers of 

NCH 

Hydrothe

rmal 

353 and 295 

mAh/g 

 

1 mV/s 

and 

1.67 A/g 

1 M 

KOH 

64%, 40 

A/g 

@2000 

cycles 

This 

wor

k 

8.2.2.5.3 Electrochemical impedance spectroscopy study  

EIS study helps to explore the charge transfer and diffusion kinetics 

behavior of the electrode material, which supported the above findings. 

EIS spectrum is obtained in the frequency range of 100 kHz to 10 mHz 

by applying a 10 mV AC sinusoidal signal. The Nyquist plot is shown in 

figure 8.7 (a), the plot consists of semicircle followed by a straight line 

in the low-frequency region, which is related to the electrochemical and 

mass transfer processes, respectively [21]. The Nyquist plot was fitted 

using an equivalent circuit fitting model as shown in figure 8.7 (b). The 

EIS spectrum consists of three unique regions, namely (i) solution 

resistance (R1) owing to the ionic resistance of the electrolyte, intrinsic 

resistance of electrode and contact resistance at the interface of 

electrode-electrolyte, (2) the charge-transfer resistance (R2), it is related 

to the porous structure and (3) Warburg resistance (W1), it describes the 

fast reaction kinetics and diffusion of redox species [22]. The constant 

phase element (CPE) (Q1) is attributed to the formation of electric 

double layer formation at the electrode-electrolyte surface. The 

electrochemical process is diffusion controlled and dependent on 

numerous factors similar to electrolyte concentration, porous structure 

(pore-size distribution, micro/mesopores, etc.), and ion dynamics (ion 

movement in and out from the pores), etc. Theoretically, the low-

frequency region shows the ideal capacitor (C1) should exhibit the 
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Figure 8.7 (a) EIS spectra of NCH and inset show the magnified image 

of low-frequency region (b) corresponding equivalent circuit diagram. 
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vertical line behavior. However, the plot shows the vertical line is 

inclined at some angle, is related to ion diffusion behavior. This 

deviation is attributed to two reasons: (i) different penetration depth of 

the AC signal in virtue of pore size distribution at both electrodes, 

leading to abnormal capacity, (ii) redox reaction occurred at the 

electrode, giving rise to pseudocapacity. The figure 8.7 (a) inset shows 

the magnified EIS plot before and after CV and after 2000 GCD cycles. 

The change in various parameters R1, R2, Q1, C1, and W1 corresponds 

to above-defined values of solution resistance, charge transfer resistance, 

CPE, capacitance, and Warburg, the values obtained after fitting the data 

using equivalent circuit fitting model for before CV, after CV and GCD 

and after 2000 cycles test are shown in Table 8.2. The low values signify 

that the morphology obtained in the current study its robust crystal 

structure has a noteworthy influence on the enhanced performance.  

Table 8.2 Circuit parameters obtained after fitting the EIS data using 

equivalent circuit diagram at various stages of experiments namely, before CV, 

after CV and GCD test and after cycling stability test (2000 cycles). 

 
R1 

(Ω) 

R2 

(Ω) 

Q1 

(Fcm
-2

S) 

C1 

(F) 

W1 

(Ωs
-1/2

) 

Before CV and GCD test 1.00 0.26 0.0015 0.00133 0.0144 

After CV and GCD test 1.0 1.31 0.002 0.00146 0.0154 

After 2000 GCD cycle 
1.10 1.71 0.0012 0.0007 0.013 

Figure 8.8 illustrates the long-term cycling stability test. Good cycling 

stability at very high current density is another critical factor to judge the 

electrode material’s response for its suitability for the long-term 
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Figure 8.8 Long-term cycling stability test of NCH carried out (a) moderate 

(20 A/g) current density (~80% capacity retention), and (b) highest (40 A/g) 

current density (~64% capacity retention). 
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application. The cycling stability test was carried at moderate as well as 

high current density to understand the long-term cycling stability 

response of electrode material at lower as well as higher current density 

for longer cycles to understand the capacity retention for more extended 

cycle behavior of the electrode material and shown in figure 8.8 (a) and 

(b). The electrode material was tested at a moderate and a very high 

current density of 20 A/g and 40 A/g, respectively and the capacity 

retention of ~ 80 % and ~ 64 %, respectively was observed. The 

excellent cycling stability is related to the high structural stability of 

NCH electrode during the electrochemical process. The diffusion of ions 

through the electrode material might create a blockage of pores/dead 

pores when retrieved for an extended period; especially get reduced 

when used for long-term stability. The excellent capacity retention even 
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at high current rate demonstrates the capability of the synthesized 

material to sustain such a tremendous amount of current for the extended 

period, tested nearly for 24 hours.   

8.3 Summary 

In conclusion, a 3D hierarchical NCH electrode material was 

successfully synthesized by a hydrothermal method which involves the 

hydrolysis precipitation of urea. The nanopetals/flakes with random 

orientations are considered to be the building blocks which are self-

assembled into the unique 3D mesoporous micro/nanostructured flower-

like morphology. The FESEM image indicates the flower-like 

morphology constructed with nanosized petals/sheets, thus forming 

micro/nanostructured material resulted in enhancing the overall active 

surface area which is responsible for the enhanced electrochemical 

performances. The XRD, FTIR, EDX and XPS characterization confirms 

the formation of NCH. The CV and GCD results reveal that the NCH is 

battery-like electrode materials and this is originated due to the cationic 

intercalated pseudocapacitance which is generally observed in extrinsic 

type pseudocapacitive electrode materials. The specific capacity of ~353 

mAh/g@1 mV/s scan rate and ~ 245 mAh/g at a current density of 1.83 

A/g was observed in an aqueous electrolyte. The long-term cycling 

stability response at the moderate and the highest current density was 

measured, and the electrode material outperformed and achieved very 

high capacity retention of ~80% and 64% at 20 A/g and 40 A/g current 

densities, respectively. The EIS analysis helped to probe the charge-

transfer kinetics and charge storage performance and found to be in 

correlation with other charge storage analysis. These findings suggest 

that the NCH has outperformed excellently well and the encouraging 

electrochemical properties of this high-performance battery-like material. 

It proves to useful for developing novel electrode materials based on 

metal hydroxycarbonates and would provide novel insights in the 

development of high power-energy dense electrode material for their 

potential energy storage applications. 
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CHAPTER 9 
Conclusions and Future Scopes 

9.1 Thesis summary 

This thesis is focused on synthesizing various TM-based electrode 

materials with a variety of nanostructures for its potential application in 

the field of energy storage application, SCs and batteries-like electrode 

materials. The prime importance is given on synthesizing a variety of 

TM-based nanomaterials and exploitation of electrochemical charge 

storage performance. This thesis enabled to explore a new family of 

MCH based compounds which are found to be useful for a variety of 

industrial applications. The materials are unique in a sense that this class 

of material are not yet well explored and this allowed us to determine the 

crystal structure of one of the synthesized material CCH and able to 

establish the correlation with the crystallography and electrochemistry. 

This study has enabled us to explore a similar class of other materials.  

1. The first chapter is about the importance and need for energy 

storage, various types of energy storage devices, a brief overview of 

electrochemical energy storage device. A basic distinction between 

supercapacitive (EDLCs), pseudocapacitive: intrinsic and extrinsic 

pseudocapacitor (faradaic/redox) is provided. Various TM-based 

electrode materials have been introduced and investigated novel 

materials in order to fulfill future energy needs. The thesis has been 

divided into two parts: the first part deals with AB2O4 type cubic 

spinel compounds, and the next part deals with 

Mx(CO3)y(OH)z·nH2O, there are some advantages with the AB2O4 

type compounds along with some of the disadvantages, to overcome 

those disadvantage the solution was provided in the second part of 

the dissertation.  

2. The second chapter describes the synthesis methods namely 

chemical bath and hydrothermal methods. The detailed analytical 

characterization tools (various physicochemical and electrochemical 
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charge storage measurements) for investigating the synthesized 

materials. 

3. In the third chapter, we have investigated the mesoporous flakes of 

NiCo2O4 electrode material synthesized via. chemical bath method. 

The mesoporous NiCo2O4 demonstrates good electrochemical 

performance with high specific capacitance calculated (~1125 F/g) 

from GCD method at a current density of (0.05A/g), which is the 

highest among the intrinsic/bare NiCo2O4 material without any 

heterostructure and supporting substrate material, hence promising 

electrode material for SC. The comparative EIS study shows that the 

porous NiCo2O4 possess the low solution as well as charge transfer 

resistance which suggests the better electrical conductivity amongst 

NiFe2O4 and CoFe2O4. Due to its better conductivity, it is found 

superior to the other electrode materials. 

4. In the fourth chapter, we have investigated the nanocrystalline 

porous NiFe2O4 SC electrode material, prepared by a simple, fast 

and non-expensive chemical bath method. The specific capacitance 

of ~542 F/g was achieved at a sweep rate of 2 mV/s. The role of 

ammonia is very important which provides the basic medium during 

synthesis environment and has an impact on the materials 

morphology, and successfully obtained the ultrathin flake of porous 

NiFe2O4. The material has demonstrated the excellent reversibility 

and excellent cyclability up to 1050 cycles. 

5. In the fifth chapter, the study was endeavored to obtain the thermally 

stable and crystalline 2D layered mesoporous hexagonal platelets of 

cobalt oxide (Co3O4) with (111) facets were prepared by template-

free wet chemical synthesis approach. Co3O4 delivered a high 

specific capacity of 305 mAh/g at 5 mV/s
 
and 137.6 mAh/g at ~ 

434.8 mA/g from CV and GCD, respectively. It is noteworthy that 

only 38% of the capacity reduction was observed when current 

density was increased to almost 100 times (i.e. from 434.8 mA/g to 

43480 mA/g). The capacity retention was found to be 81.25 % after 

2020 GCD cycles at a current density of 12170 mA/g. The 2D 

layered hexagonal structure of mesoporous Co3O4 has demonstrated 
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the power density of 9.33 kW/kg and energy density of 32.03 

Wh/kg.  

6. In the sixth chapter, the hydrothermal technique was employed to 

synthesize hierarchical 1D nanowire arrays of Co6(CO3)2(OH)8•H2O 

with an average diameter of ~40 nm, and the crystal structure was 

successfully solved. The specific capacity of 243.55 mAh/g@ 5 

mV/s scan rate and ~161.465 mAh/g@ 2500 mA/g current density 

observed in aqueous electrolyte. The CCH electrode material 

exhibited the excellent energy and power density of 59.43 Wh/kg 

and 36.80 kW/kg, respectively with excellent capacity retention of 

95% after 2000 cycles @ 20,000 mA/g. The emergence of such 

excellent electrochemical properties in this material was ascribed to 

their small/short c-axis lattice constant through which the tunnels are 

extending along the c axis. The free space in the tunnels is not large 

enough for a water molecule insertion since it would be at a too 

short distance of the nearest oxygen atoms (2.55 Å), but there would 

be place for a K
+
/Na

+
 ion, which may be helpful for fast and better 

ion transportation through this tunnels connected by short c-axis.  

7. In the seventh chapter, a facile two-step hydrothermal synthesis 

method was demonstrated to prepare self-supported “wire-in-a-

sheet”: A battery-like 3D hierarchical core-shell CCH@ZCH 

nanostructure electrode on Ni-foam. A plausible formation 

mechanism for the growth of 3D hierarchical core-shell CCH@ZCH 

nanostructure is proposed. The integrated binder-free electrode was 

directly served as electrode for electrochemical measurements and 

has demonstrated outstanding performances, in terms of high 

specific capacity of ~328.36 mAh/g at 2 mV/s scan rate and ~246.7 

mAh/g at 1 mA current
 
density (1 A/g) and an excellent long-term 

cycling stability of ~80% capacitance retention after 2000 cycles 

even at very high current density of 20 mA (20 A/g). Due to the 

unique porous 3D core-shell heterostructure, the results show the 

superior electrochemical performance in terms of high energy 

density of 48.82 Wh/kg at power density of 227.37 W/kg at current 

density 1 A/g and energy density of 18.33 Wh/kg even at very high 
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power density of 6.6 kW/kg at current density of 30 A/g, 

respectively. The remarkable synergistic performance indicated that 

the 3D hierarchical core-shell heterostructure CCH@ZCH as a 

promising battery-like electrode material and had shown great 

potential for energy storage.  

8. Finally, in the last chapter, a 3D hierarchical NCH electrode material 

was successfully synthesized via. a hydrothermal method which 

involves the hydrolysis precipitation of urea. The nanopetals/flakes 

with random orientations are considered to be the building blocks 

which are self-assembled into the unique 3D mesoporous 

micro/nanostructured flower-like morphology. The specific capacity 

of ~ 353 mAh/g@1 mV/s scan rate and ~ 245 mAh/g at a current 

density of 1.83 A/g was observed in an aqueous electrolyte. The 

electrode material was further tested to understand the long-term 

cycling stability response at the moderate and the highest current 

density, and to the surprise, the electrode material outperformed and 

achieved very high capacity retention of ~80% and 64% at 20 A/g 

and 40 A/g current densities, respectively. The EIS analysis helped 

to probe the charge-transfer kinetics and charge storage performance 

and found to be in correlation with other charge storage analysis. 

9. Apart from the above study, a prototype device was fabricated in 

order to check the suitability of device level applications. 

It is essential to recognize the potential application of the synthesized 

materials for real life or device level application. Since the primary goal 

of this thesis is to explore novel electrode TM-based electrode materials 

for energy storage (SC and battery-like) applications. Few of the 

materials was explored for its potential utilization at device level testing 

and developed a prototype non-flexible device which and tested in a 

pouch cell ‘Jelly-type’ configuration using both aqueous and gel 

electrolytes. The electrodes for full cell system was fabricated using the 

procedure mentioned in section (2.5.1). The choice of the substrate was 

replaced with SS substrate and Cu-sheets. The amount of mass loading 

was also high ~ 50 mg was casted over a 4 cm x 4 cm substrates. The 

cells are packaged in series to meet energy and power requirements. The 
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electrolyte used for testing of full cell device were aqueous (6 M KOH), 

and non-aqueous (PVA-KOH). This chapter presents one such result 

obtained for Co3O4 electrode material, and the symmetric device was 

fabricated as shown in figure 9.1(a-b) and assembled in a pouch cell type 

configuration figure 9.1 (c). This assembled device was later 

electrochemically tested using various techniques like CV, GCD, EIS, 

and stability test. The device shown in figure 9.1 (d) shows the device is 

charged and then allowed it to discharge after this device was fully 

charged for 4 seconds, it powered the commercial yellow light emitting 

diode (LED) for 10 seconds. 

 
Figure 9.1 Images are depicting various processes: from device fabrication to 

testing.  

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2-10

-8

-6

-4

-2

0

2

4

6

8

100 mV/s
(a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-0.003

-0.002

-0.001

0.000

0.001

0.002

0.003

C
u

r
r
e
n

t 
(A

)

Potential (V)

 5 mV/s

C
u

r
r
e
n

t 
(m

A
/c

m
2
)

Potential (V)

5 mV/s

0 10 20 30 40 50 60 70 80 90 100
0

5

10

15

20

25

30

35

40

S
p

e
c
if

ic
 c

a
p

a
c
it

y
 (

m
A

h
/g

)

Scan rate (mV/s)

(b)

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0 (c)

P
o
te

n
ti

a
l 

(V
)

Time (s)

 10 mA  13 mA

 14 mA  16 mA

 18 mA  20 mA

 22 mA  24 mA

10 15 20 25 30 35 40
0

2

4

6

8

10

12

14

16

18

20

S
p

e
c
if

ic
 c

a
p

a
c
it

y
 (

m
A

h
/g

)

Current density (mA/cm
2
)

(d)

0 400 800 1200 1600
0

20

40

60

80

100 (e)

C
a
p

c
it

y
 r

e
te

n
ti

o
n

 (
%

)

Number of Cycles
100 200 300 400 500

0

50

100

150

200 (f)

-Z
"

 (

)

Z' ()

 Before CV test

 After stability test

300 400 500 600 700 800
1

10

E
n

e
r
g

y
 d

e
n

si
ty

 (
W

h
/k

g
)

Power density (W/kg)

(g)



 
 

207 

 

Figure 9.2 Electrochemical performance of symmetric device composed of 

Co3O4 electrode material in a full cell system. (a) CV analysis at different scan 

rates, (b) specific capacity vs. scan rate plot, (c) Discharge profile at various 

current densities, (d) corresponding specific capacity vs. current density plot, 

(e) EIS analysis, (f) Cycling stability test up to 1600 cycles, and (g) Ragone 

plot.  

Electrochemical performance was analyzed by CV at scan rates from 

5 mV/s to 100 mV/s, and the graph is shown in figure 9.2 (a). The CV 

curve retained the typical pseudocapacitive like shape. The area under 

the CV curve helps to determine the specific capacity calculated from eq 

(2.29). Figure 9.2 (b) shows the specific capacity vs. scan rate plot. The 

discharge profile is shown in figure 9.2 (c), and it is obtained at different 

current densities, from 10 mA/cm
2
 to 24 mA/cm

2
. The specific capacity 

was calculated using eq. (2.30) at different current densities to 

understand the response of the device and is shown in figure 9.2 (d). 

Figure 9.2 (f) shows the cycling stability test up to 1600 cycles and its 

retained ~84%. Figure 9.2 (g) shows the Ragone plot of the device, 

suggesting the maximum energy density of 10.2 Wh/kg and the power 

density to be 717.7 W/kg.  

To conclude, this thesis highlights new TM-based electrode 

materials and displays that materials are promising candidates for energy 

storage applications, i.e. for both SCs and battery-like electrode 

materials, but it has to be further improvised to understand better and 

optimize these materials.  

9.2 Future scope 

During this doctoral study, a variety of TM-based nanomaterials (1D 

nanowire arrays, 2D layered hexagonal platelets, 3D nanoflowers, 

nanoflakes, nanotubes, nanopetals, etc.) using different synthesis 

techniques have been explored. Some of the key findings which gave us 

further links to explore further are given as follows: 

1. Investigating the role of dimensionality of nanomaterials to 

develop a specific faceted {111} Co3O4 hexagonal layered platelets 

showing a high-rate capable energy material, with ~ 62% capacity 

retention even after increasing the current density to 100 times, 

along with features like excellent storage capacity of 305 mAh/g 
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(ED: 32 Wh/kg and PD: 9.4 W/kg) and capacity retention ~82% 

after 2020 cycles at ~12 A/g current density. This work has given 

an idea of tuning various properties by playing with the different 

sites of crystal facets. 

2. Similarly, the other research findings in this thesis, deals with the 

crystal structure solution of 1D nanowire arrays of cobalt carbonate 

hydroxide hydrate (CCH) and its energy storage performance in 

terms of charge storage capacity (243.55 mAh/g), capacity 

retention (95%) and ED (59.43 Wh/kg) and PD (36.80 kW/kg). 

Through this work, an idea of crystallography and electrochemistry 

was developed to explore new concepts and provide a probable 

optimistic prediction to solve the energy storage problem. 

3. Previously, the role of dimensionality on energy storage 

performance was investigated and developed a core-shell type 

nanostructure of the 1D nanowire array and 2D ultrathin 

nanosheets to develop a unique 3D nanostructure with Wire-in-a-

Sheet morphology, and showed an enhanced synergistic 

performance in terms of charge storage capacity (328.36 mAh/g), 

capacity retention (86%) and ED (48.82 Wh/kg) and PD (6.6 

kW/kg). This work has given an idea of synthesizing a novel core-

shell type hybrid nanomaterials for future energy demand. 

In the upcoming decades, human society is going to face crucial 

challenges regarding scarcity of energy resources conjoined with climate 

change. To move towards the sustainable and renewable resources, 

electrochemical energy storage can play a vital role in creating a more 

flexible and reliable electricity system. New emerging advanced sectors 

like hybrid electric vehicles, portable electronics, robotics, and wearable 

systems are going to put more pressure and will require new innovative 

solutions to meet the demand. The flexible energy storage (FES) can 

bring the paradigm shift in the field of advanced energy storage sector. It 

will cater to the needs of a broad spectrum of applications ranging from 

healthcare, consumer electronics, electric vehicles, smart packaging, 

wearables such as smartwatches and e-textiles, sports and military 

applications, etc. These wide-ranging applications need electrical power, 
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and most of these, exclusively wireless communication, smartphones, 

and light-emitting devices, need a relatively large current of the order of 

many milliamps (mA). Therefore, search for novel electrode materials is 

required to develop highly efficient flexible energy storage devices, 

which can power the advanced emerging devices. Figure 9.3 (a and b) 

shows the future vision and components of FES system. The aim is to 

achieve high energy and power dense electrode material which could be 

possible by making the hybrid material, i.e. use of TM and carbon-based 

composite material, which would lead to synergistic charge storage 

performance. So, there is an opportunity to develop the novel materials 

along with the composites of TM-based electrode materials of Ni, Co, 

Zn, Mn, Fe, Ti, Mo, and Cu, etc. (high energy density) and carbon-based 

material (high power density). Also, in past few years, many new 

promising materials are emerging for energy storage application, which 

is yet to be explored, including 2D materials (other than 2D graphene) 

MXenes, MOFs, POMs and metal nitrides, etc. To gain further in-depth 

understanding about the materials behavior, their growth mechanism, 

charge storage performance, and its reals life application, so that it can be 

utilized for the benefit of society and fulfill the increased energy demand 

with low cost and eco-friendliness. The future work will be focused 

towards the hybrid integration of FES system (using the above 

mentioned materials) with energy conversion device like photovoltaics 

(PVs), i.e., energy conversion and storage in a single system or a self-

powered FES system. 

 
Figure 9.3 (a) Schematic of design of materials design and composite based 

FES system, and (b) the hybrid integration of FES device with energy 

conversion device, like PVs. 


