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Abstract 

3d transition metal oxides have been considered as a promising anode materials for 

rechargeable lithium-ion batteries (LIBs) as it possess high theoretical capacity, low toxicity, 

and cost effectiveness. Nanostructure engineering provides an opportunity to play with 

different morphology and structures of nanomaterials which helps to enhance the 

electrochemical performance of electrode materials. Carbon plays an effective role in hybrid 

nanomaterials electrode for LIB, as it improves the electrochemical performance by enhancing 

the conductivity, buffering the volume expansion and contraction of the electrode material 

during continuous charge discharge process. Doping of heteroatoms such as Nitrogen, Boron, 

Sulphur etc. on the surface of carbon matrix can improve electrochemical performance with 

enhanced lithiation capacity. Lone pair electrons of N and S atoms contribute to extension of 

the conjugated electron clouds of carbon matrix resulting in increased conductivity which 

enhances the rate capacity and cycle life of the electrode material.  

The main objective of the research is to develop metal oxide and carbon based anode 

materials for LIBs with high specific capacity, excellent rate performance and long cycle life.  

In case of transition metal oxide and carbon nanocomposite, carbon matrix act as barrier to 

inhibit agglomeration of metal oxide nanoparticles, stabilize the solid electrolyte interphase 

(SEI) film, and restrain the volume change of metal oxide during cycling process along with 

improved electronic conductivity of the composite. Finally, nanocomposite of transition metal 

oxide and carbon provides high specific capacity with long cycle life which serves as an 

excellent anode material for LIB. 

Chapter 1: This chapter highlights the importance of energy storage devices and LIBs. This 

chapter also encompasses of working principle and different components of LIBs. It also 

includes the several challenges of LIBs in practical applications. 

Chapter 2: This chapter includes the synthesis techniques of different nanocomposites of 

metal oxides and carbon materials. Then it describes the different instrumental techniques for 

material characterisation like powder X-ray diffraction, scanning electron microscope, 

transmission electron microscopy, X-ray photoelectron spectroscopy, thermal gravimetric 

analysis, and electrochemical characterisation of material with cyclic voltammetry, 

galvanostatic charge-discharge and impedance measurement.       

Chapter 3: This chapter demonstrates the synthesis of ternary hybrid composite of Ni(OH)2‐
Fe2O3/Carbon Nano Onions (NFOC) by using two‐step solution phase method which delivers 

a high reversible discharge capacity of 928 mAhg−1 at 50 mAg−1 and 673 mAhg−1 at a higher 



Ph.D. Thesis/ AcSIR/NCL Abstract 

 

  

PRAVIN KUMARI DWIVEDI 2 

 

current density of 1000 mAg−1 with excellent rate performance. Additionally, it shows stable 

cycle life up to 1000 cycles with 96% capacity retention and more than 99% of coulombic 

efficiency. The reversible reaction of Fe2O3 and Ni(OH)2 with Li, maintains its long cycle life 

with higher reversible discharge capacity and CNOs improve the efficient electronic transfer, 

accommodate substantial volume expansion and maintain the structural integrity of the material 

during lithiation‐delithiation process. 

Chapter 4: This chapter involves the synthesis of nanocomposite of polydopamine (PDA) 

derived N doped carbon with Nickel ferrite / Nickel Oxide as an electrode material via 

solvothermal reaction followed by annealing at 5500C. Here, PDA, being a nitrogen-rich 

biomimetic polymer, has been used to synthesize N doped carbon which can buffer the volume 

expansion of high-capacity lithium-storage materials and improve the conductivity of electrode 

material during continuous lithiation delithiation. NDC/NiFe2O4/NiO shows high specific 

capacity of 786 mAhg-1 at 0.1 Ag-1 of current density. At 2 Ag-1 of current density it exhibits 

463 mAhg-1 of Specific capacity.  Additionally, it shows very stable cyclic performance up to 

1000 cycle at 1 Ag-1 of current density and deliver specific capacity of 510 mAhg-1. 

Chapter 5: This chapter describes the synthesis of nanocomposite of Co3O4 nanoparticles with 

3D network of CNH foam via freeze drying process. The composite were formed by decorating 

Co3O4 NPs on to CNH foam with high surface area. These interconnected network helps in 

good conductivity of Li-ions and electrons during charge-discharge and provide stability. CCO 

1:1 shows high reversible capacity of 797 mAhg-1 at 0.1 Ag-1 of current density and at very 

high current density of 5 Ag-1 it exhibit 702 mAhg-1 of specific capacity. Also, it gives stable 

performance over 500 cycles with 78% capacity retention as well as >99 % coulombic 

efficiency. 

Chapter 6: N and S co-doped carbon spheres with Co3O4 nanocomposite (NSCS-Co3O4) is 

developed in this work via solvothermal reaction of saccharose with L-cysteine.  Hetero atoms 

doping in carbon matrix alter the electronic properties, which increase the reactivity of carbon 

surface and become effective for anchoring metal oxide nanoparticles. N and S doped carbon 

spheres provide efficient electron/ion transfer channels, hinder the agglomeration of Co3O4 

nanoparticles and serve as a buffer to sustain volume expansion during charge-discharge and 

enhance the electrochemical performance of electrodes.  Stable cycling behaviour is observed 

at 1 Ag-1 with 1285 mAhg-1 of specific capacity retained after 350 cycles along with more than 

99% of coulombic efficiency.  

Chapter 7: This chapter highlights the overall conclusion of above chapters. Future prospects 

include the use of above prepared electrode material as an anode for Na-ion battery.  
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Chapter 1 

Introduction 

 

 

 

This chapter includes an introduction to energy storage devices and Li ion battery. A 

brief discussion about the importance of the Li ion battery with improvement over the other 

secondary batteries like lead acid, Ni-Cd, and Ni-MH battery is given. The basic information 

of different cell components like anode, cathode, separator and electrolyte is depicted. It 

includes different types of materials used as an anode and cathode. The battery terminologies 

like power density, C-rate, etc. with the aging and internal resistance of battery responsible 

for battery degradation are described. Last section of the chapter describes the challenges for 

Li ion battery in practical applications. 
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1.1 Energy resources  

Energy resources available in the world are classified mainly into two categories: 

Renewable and Non-Renewable Energy sources. Non-renewable as the name suggests are 

those energy resources which are in limited quantity and are not replenished. Fossils Fuels, 

coal, petroleum and natural gases are some examples of non-renewable resources which are 

viable to be extinct. 1, 2 Renewable energy resources unlike non-renewable resources are 

abundant in nature and are naturally available. Some of the examples of renewable energy are 

solar energy, tidal energy, wind energy, geothermal energy, etc. 3, 4 

 

Figure 1.1: Types of energy resources. (https://byjus.com/physics/renewable-energy/ and 

https://benz.lastri.co/what-makes-a-non-renewable-energy-resource/) 

1.2 Need for energy storage  

Population explosion and rapid industrialisation in the previous century has affected 

the balance and harmony between nature and mankind severely. Mankind has been dependent 

on non-renewable resources for its energy requirement in the modern world to an extent of 

their endangered depletion, which affects sustainability. 5 This led to the way of sustainable 

development in which energy requirements are fulfilled without harming ecosystem and 

using only natural resources. Implementing sustainable development faces some hindrances 

like the uneven distribution of renewable resources across the world. For instance, solar 

energy in some areas is too extreme while in others it is limited or with low insolation and 

thus it cannot be used in this region. Similarly other renewable energy resources like wind 

energy, tidal energy and geothermal energy show characteristic fluctuations and hence their 

utilisation faces some hurdles. Thus the current situation demands for conservation of energy 

and its storage and a lot of attention is being given in this field as the fossil fuels are depleting 

at an alarming rate. This led to the idea of clean and green energy which remains 

environment friendly and do not cause any pollution for energy conversion and storage.  

https://byjus.com/physics/renewable-energy/
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1.3 Energy storage systems  

The energy storage devices provide us the ease of usage of energy at anytime and 

anywhere. These devices are used for storing and supply of energy in a desired form at the 

time of requirement. There are generally mechanical storage systems, chemical storage 

systems and electrical storage systems. Mechanical storage systems can be classified into 

Hydroelectricity, Pumped storage, Flywheel energy storage and Gravitational potential 

energy. The thermal energy storage systems are based on temperature difference and 

basically capture heat and cold substances. Physical characteristics of the materials such as 

latent heat define the basis of working of thermal energy storage systems and thus it includes 

the phase change materials and the thermo-chemical energy storage in its class. In chemical 

storage systems, working is much like a fuel cell where hydrogen is stored. In electrical 

energy storage systems there are two categories. In the first one capacitors are used to store 

energy electrostatically and in the other one superconducting magnets are used in which a 

direct flow of current induces magnetic field in a superconducting coil. 6 In the 

electrochemical energy storage systems energy is stored in the form of chemical energy. The 

above mentioned energy storage technologies have been analysed over the time and it was 

found that in energy usage sectors, electrochemical and chemical energy storage have great 

significance. Most of the energy is used in residential purposes as well as transportation. For 

this a convenient, portable and easy handling energy storage system provides much utility. In 

this regard electrical and electrochemical energy storage systems become utterly important to 

be flourished.  

1.4 Electrochemical energy storage devices  

The electrochemical energy storage devices have primary components as follows: 

Cathode: Reduction takes place during discharge reaction (Positive Electrode) 

Anode: Oxidation takes place during charge reaction (Negative Electrode) 

Separator: Thin film material used to avoid direct contact between cathode and anode to 

prevent short circuiting of cells and allows ions to flow through it. 

Electrolyte: An aqueous, alkaline or organic medium which facilitates ion flow from one 

direction to another. 

Capacitors, supercapacitors, batteries and fuel cells are primarily used as major 

electrochemical energy storage and conversion devices. 

1.4.1 Comparison of different devices 

From application point of view Supercapacitors are used for applications requiring 

large amount of energy in a short interval as they have high power density. 7 Similarly 
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Batteries and Fuel cells are used in applications demanding continuous supply of electrical 

energy as they have high energy density. 8, 9 To deliver power and energy simultaneously, 

these devices could be used in combinations. Performance of these devices is mainly 

analysed and evaluated in terms of energy density and power density. This can be analysed 

from the Ragone plot as it shows power vs. energy densities of various clean energy storage 

devices as shown in figure 1.2. 10 Ragone plot shows that capacitors possess very high power 

density but low energy density and fuel cells have high energy density but low power density. 

Unlike these, supercapacitors and batteries are moderate in their performance. 

Supercapacitors have high power density but lower energy density as compared to batteries. 

Batteries have high energy density which gives reasonably good cycle life and this has 

developed interest among the researchers. This makes batteries to be used in mobile 

applications, various gadgets to grid storage. The development of battery is being done from 

a long time undergoing changes in their chemistry, design and materials. 

 

Figure 1.2: Ragone plot for various energy storage and conversion devices. 

1.5 Li-ion battery 

An electrochemical cell is made up of two electrochemically active positive and 

negative electrodes (anodes and cathodes) in an electrolyte solution. Both the electrodes are 

separated by separator which is ionically conducting and electronically insulating. Stack of 

this type of electrochemical cells forms a Battery. During charging and discharging, electrons 

are transferred from one electrode to another electrode via outer circuit whereas internally 

ions get transferred through the electrolyte to complete the flow of current with the help of 

redox reaction. Once redox reaction gets completed flow of current is restricted and battery 

stops working. Such batteries are termed as primary batteries. 11 Whereas rechargeable 

batteries allow recharging by application of current where electrons flow in opposite 

direction. 12 These are termed as secondary batteries. The electrode capability for any battery 
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is determined by various factors such as electrochemical capacity, energy density, power 

density which depends on the number of electrons exchanged during the redox reaction, 

formula weight and battery voltage which is determined by the difference between the 

involved redox couples’ potential. Lead acid, Ni-Cd, Ni-MH batteries are the type of 

secondary batteries. Lead acid battery is the oldest rechargeable battery which 

is economically priced, but it has a low specific energy and limited cycle life. 13, 14 Also toxic 

nature of lead hinders its practical application. Ni-Cd battery shows high discharge rate, 

ultrafast charging capacity and sustainability up to -20°C temperature. But high self-

discharge and more cost prevents its practical application. Ni-MH is the replacement of Ni-

Cd battery, which is having high energy density, low self-discharge rate, low internal 

resistance and less toxic compare to Ni-Cd battery.15 Among all these batteries, Li ion battery 

shows high energy density, no memory effect, relatively low self-discharge rate (less than 

half  of Ni-Cd and NiMH), and low Maintenance compare to other secondary battery. 16 

Figure 1.3 shows a Ragone plot of various secondary battery technologies in terms of 

volumetric and gravimetric energy density which highlights that Lithium ion battery has 

excellent volume energy density as well as specific energy density. 12 This is the reason that 

portable electronic devices and electric vehicles have used rechargeable LIBs extensively to 

fulfil their power requirement. 

 

Figure 1.3: Ragone plot comparing the various battery technologies in terms of volumetric and gravimetric 

energy density (Reprinted with the permission of Electrochim. Acta, 2012, 84, 235–249). 

The contribution of American scientist John B. Goodenough in the development of Li 

ion battery is very significant.  In 1980, he proposed a Li containing oxide LiCoO2 (LCO) as 

cathode material, which actually started Li ion battery era. In the same year graphite anode 

with solid electrolyte was discovered by Rachid Yazami of Morocco. In 1985, the first 

prototype of Li ion battery was successfully achieved by Japan. 17 In 1991 the 

commercialisation of battery was done by Sony. Li ion batteries are now commercially used 
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for both large scale and small scale applications. Li polymer batteries were initially 

developed by liquid electrolytes. But these electrolytes which were generally based on 

carbonates were flammable and posed a threat to the safety of the device. To mitigate this 

problem, Li polymer batteries were then developed using electrolyte based on polymer or gel. 

But this led to drastic demands which exploited global lithium resources. So, availability, 

safety and cost of lithium reserves have to be answered for large-scale applications. This led 

to the exploration of low cost, abundant resources and safe rechargeable batteries with a long 

cycle-life. 

1.5.1 Working principle of Li-ion battery 

In conventional LIBs, graphite is used as an anode electrode material and layered 

LiCoO2 is used as a cathode electrode acting as intercalate host for Li+, and both of them are 

separated by a porous separator (permeable membrane), which allows Li+ ions to pass 

through it and hinder the short circuit by avoiding direct contact of the electrodes. During 

charging process, Li+ ions de-intercalate from cathode electrode and intercalate into the 

layered graphite via passing through the Li ion conductive electrolyte. Figure 1.4 shows the 

schematic diagram which explains the mechanism of LIB. The lithium ion and electron 

generation occurs through the following reactions: 

Cathode:      𝐿𝑖𝐶𝑜𝑂2 → 𝐿𝑖x𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒−
 

Anode:        6𝐶 + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑥𝐶6 

To pair with the excess positive charge (Li+) generated in the electrode, the electron 

travels via the external electric circuit and reverse mechanism takes place in the discharging 

process.   

 

Figure 1.4: (a) Relative energy diagram of electrode potentials and electrolyte energy gap in LIBs; (b) 

schematic diagram of the lithium intercalation–de-intercalation reaction mechanism in a rechargeable lithium-

ion battery containing solid electrodes and a liquid electrolyte (Reprinted with the permission of J. Mater. Chem. 

A, 2015, 3, 2454-2484). 
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The electrode active material depends upon their electrochemical potential values as 

well as their relative position with the HOMO-LUMO energy gap of the electrolyte. In an 

ideal cell, the electrochemical potential of anode should be lower in energy than the LUMO 

of the electrolyte to avoid the reduction of electrolyte and on the other side electrochemical 

potential of cathode should be higher in energy than the HOMO of the electrolyte to prevent 

the oxidation of electrolyte as shown in figure 1.4. 11 In order to achieve high energy density, 

it is necessary to have maximum electrochemical potential difference between cathode and 

anode along with high capacity value. While maintaining these parameters, the stability of 

electrolyte ought not to be neglected. 18  

1.5.2 Cathodes  

The cathodes (positive electrodes) are usually Li-ions containing 3d transition metal 

oxides involving compounds like layered, spinel, olivine and tavorite depending on the 

crystal structure and atomic arrangement. The various cathodes used in Li ion battery are:  

1.5.2.1 Transition metal oxides  

Introduction of LiCoO2 (LCO), (proposed by Goodenough and commercialized by 

Sony) has marked the beginning of layered transition metal oxides as cathode materials. 19, 20 

These layered transition metal oxides have a hexagonal geometry in which the Li ions and the 

transition metal ions in the octahedral voids occupy alternate layers. Even though LCO is an 

excellent cathode material with several advantages such as high stability, high theoretical 

capacity (274 mAhg-1), low self-discharge rate and high operating voltage (up to 4.2 V), the 

high cost of Co and the limitations in the supply of the same has been hindering the extensive 

utilization of LCO in commercial Li ion batteries.21 In addition to it, LCO also faces 

challenges such as thermal instability and rapid fading of capacity at higher C-rates. 22, 23 

 

 

Figure 1.5: Various cathodes and their operating potentials (Reprinted with the permission of Mater. Today, 

2015, 18, 252–264).  



Ph.D. Thesis /AcSIR/NCL Chapter 1 

 

  
PRAVIN KUMARI DWIVEDI 10 

 

LiNiO2 (LNO) is another promising layered transition metal oxide which possesses 

similar structure and theoretical capacity to that of LCO. Besides, the low cost of Ni makes 

LNO a better material in the economical aspect compared to LCO. The main drawback of 

these materials is that during the synthesis and delithiation process, Li ions were substituted 

by Ni ions and thereby it blocks the Li diffusion pathways. Also these materials possess a 

higher thermal instability since Ni3+ easily gets reduced. 

Thermal instability has been a major concern in these materials and it has been found 

out that the partial substitution of Co by Ni as well as doping with metals such as Al, Mg are 

effective in counteracting thermal instability defects. One such material is 

LiNi0.8Co0.15Al0.05O2 (NCA), which has longer stability and higher discharge capacity (200 

mAhg-1) compared to conventional cathodes. 24 However the presence of solid electrolyte 

interfaces and the formation of cracks at the grain boundaries hinders its performance at 

higher temperatures. LiMnO2 (LMO) is another material explored as cathode in LIBs.25, 26 

Even though Mn is cheap and less toxic than Co and Ni, LMO has less cycling performance 

since it changes its structure from layered to spinel during the process of Li extraction and 

Mn dissolution into the electrolyte at higher voltage. 27, 28 Therefore the need of a stable and 

cheaper cathode material has been very crucial.  

1.5.2.2 Polyanionic compounds 

Polyanionic compounds are another class of promising cathode materials. As the 

name implies, these compounds contain a large size of (XO4)
3- ion; where, X= (P, S, Si, Mo). 

These polyanions are located at the lattice positions. The ability to increase the cathode 

working potential and thereby increasing the power density of the material makes these 

compounds a great choice for cathode materials. LiFePO4 (LFP) is a popular polyanionic 

compound with high power capability and thermal stability. 29 It has an olivine structure 

where octahedral sites are occupied by Li and Fe ions and tetrahedral voids are filled by P 

atoms. Oxygen atoms forms an array of distorted hexagonal closed packing symmetry. Even 

though it serves as a good cathode material, the low working potential and limitations in both 

ionic and electrical conductivity are the major disadvantages. Using various nanostructures 

and composites helps to resolve these problems to a greater extent.  

There are other olivine class compounds such as LiMnPO4, LiCoPO4. 

LiNi0.5Co0.5PO4, LiMn0.33Fe0.33Co0.33PO4 etc that has shown an improvement in capacity 

values but has limited conductivity (figure 1.6).30, 31 Li3V2(PO4)3 (LVP) is the most promising 

material among these class since it has high operating voltage (4 V) and high specific 
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capacity (197 mAhg-1). Also the carbon composite of LVP has performed well at higher C 

rates and their values are in accordance with the theoretical capacity. 

 

Figure 1.6: Crystal structures of (a) layered (LiCoO2), (b) spinel (LiMn2O4), (c) olivine (LiFePO4), and (d) 

tavorite (LiFeSO4F) and (e) their discharge profiles (Reprinted with the permission of Mater. Today, 2015, 18, 

252–264). 

1.5.3 Anodes  

Among all alkali metals, Li metal is lightweight with very high specific capacity 

(3800 mAhg-1). Thus, Li is used as an anode material and has very high energy density. But 

dendrite formation during lithiation delithiation at high C-rate can tear the separator and leads 

to the shortening of the cell. Also, safety is another major concern with LIBs, as when it 

comes in contact with moisture, it can easily catch fire. Hence, development of new anode 

material other than Li metal is mandatory. Currently, conventional anode materials for LIBs 

are mainly based on carbonaceous materials such as graphite, which have been used in 

portable electronics for decades. Though, graphite is used as an anode in commercial portable 

electronic devices, it is still lagging behind to meet the requirements for large scale 

applications like EVs and HEVs as it has lower specific capacity.32 To develop high efficient 

anode materials with high specific capacity, long cycle life, easy diffusivity of Li ions and 

with less safety issue is more desirable to substitute graphite anodes. The diverse electrode 

materials have been burst forth, their reaction mechanism with Li ions can be illustrated as 

intercalation-De intercalation, alloying-dealloying, and Conversion reaction mechanisms, as 

shown in figure 1.7. 
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Figure 1.7: Different Reaction mechanism in LIBs (Reprinted with the permission of J. Power Sources, 257 

2014, 421–443). 

1.5.3.1 Intercalation-deintercalation  

Carbon allotropes like graphene, CNFs, CNHs and CNTs, TiO2 based materials, and 

orthorhombic Nb2O5 are showing intercalation and deintercalation reaction mechanism in 

LIBs. These electrode materials are capable enough to provide fast Li ion kinetics and to 

maintain their structural integrity on lithiation-delithiation process due to robust open 

framework with low volume expansion and improve the rate performance and cycle stability. 

Although, insertion materials with their finite accommodation sites have relatively less 

theoretical specific capacity (one electron per metal ion). Due to higher electronic 

conductivity, high surface area, short diffusion path length and more Li ion storage capability 

(2 times higher than graphite) of graphene, graphene oxide and CNTs got more attention 

towards high rate applications, but their low lithiation potential causes intrinsic safety issues. 

33 Also, these insertion materials are promising candidates as conductive additives or an 

electrode support due to their mechanical robustness, chemical stability and better electronic 

conductivity. 

Titanium oxides and their composites are also suitable candidates as an anode 

material for LIBs with safe lithiation potential (>1.5 V versus Li+/Li), excellent reversible 

capacity and less volume change (<5%). However, very low intrinsic electron and ion 

conductivity limits its application for fast rechargeable LIBs. 34 Presently, Li4Ti5O12 has been 

used commercially in ultrafast charging batteries and exhibit longer cycle stability (>1000 

cycles). Similarly, T-Nb2O5 materials with intercalation pseudo capacitance mechanism are 

also suitable candidates for high rate performance of LIBs, offering two dimensional 
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transport pathways and showed little structural changes upon insertion and deinsertion 

mechanism.35   

1.5.3.2 Alloying-dealloying  

  In alloying-dealloying mechanism, metal like Si, Sn, Ge, etc. makes an alloy with Li 

in LixM form and deliver the highest volumetric as well as gravimetric energy densities since 

they can store multiple Li-ions (per M). Thus, these type of materials are efficient for high 

performance LIB applications. Silicon forms Li4.4Si alloy with Li which exhibits highest 

theoretical capacity of 4200 mAhg−1. Similarly, Ge has a theoretical capacity of 1600 

mAhg−1 in the form of Li4.4Ge, and Sn has a less specific theoretical capacity of 960 

mAhg−1 in Li4.2Sn form because of its larger atomic mass. However, poor reaction kinetics 

and large volume expansion during lithiation and delithiation causes material pulverization 

and amorphization leading to the severe capacity fade, decrease in the rate performance and 

cycle life of LIBs.36  Therefore, it is required to develop several nano structural material and 

different nanocomposites which can accommodate large volume expansion and contraction 

while maintaining their mechanical strength during cycling process to improve capacity 

retention and long cycle life.  

1.5.3.3 Conversion reaction 

Transition metal oxides are the potential candidates as anode material for LIBs for the 

substitution of graphite electrode due to very high theoretical specific capacity. Additionally, 

reversible reaction with Li metal reduces the metal-lithium alloy formation as follows:  𝑀𝑂 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔ 𝐿𝑖2𝑂 + 𝑀 (𝑀 = 𝐹𝑒, 𝐶𝑜, 𝑁𝑖, 𝐶𝑢) 

The above forward reaction is thermodynamically feasible and involves multi electron 

transfer per metal atom, leads to high theoretical capacity.37 However, the backward reaction, 

formation of the Li+ ion from Li2O is a thermodynamically unfavourable and facilitated by 

metal nanoparticles (M) synthesis during the reaction and this reversibility of the above 

reaction is well maintained in the nanoscale system and improve the capacity retention as 

well as the thickness of SEI film at high current density. In conversion mechanism, the 

normal reaction voltage range is within 0.5-1.0 V, which increases with the ionicity of the M-

O bond.32  So the higher reversible specific capacity and safer lithiation potential of these 

materials are important parameters for high performance LIBs but poor reaction kinetics, 

large volume expansion and large potential hysteresis, related to the energy barrier in the 

breaking of the M-O bond and the change of electronic conductivity, diminish the 

electrochemical performance and long term cycle life of LIBs for large scale applications.32 

In this context, several researchers have developed nanostructured porous materials and their 
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nanocomposites with improved reaction kinetics to enhance the cycle life and capacity 

retentions of LIBs. 

1.5.4 Conductive additives  

Conductive additives are widely used to decrease the electrical resistance of 

electrochemical system. Most promising conductive additives are carbonaceous materials like 

super-P, MesoCarbon MicroBeads (MCMB), graphene and graphene oxides, carbon 

nanotubes, etc. because of their high electrical as well as thermal conductivity. Also these 

additives remain unreacted in the electrochemical redox reaction of cell.38 Conductive 

additives are very corrosion resistive in acidic and basic medium and have very low weight 

with relatively low production cost. Optimum quantity of conducting carbon (< 10 %) should 

be used to enhance the energy density and specific capacity of the electrode.  

 1.5.5 Binders 

Binders in electrochemical cells are mandatory component which hold the electrode 

material, conductive additive and provide sufficient contact to current collector. An ideal 

binder should be chemically as well as electrochemically inert, conducting in nature, effective 

dispersive and easily accessible to electrolyte. Thus, the choice of suitable binder for any 

particular electrode and electrolyte media affects the rate performance as well as life time of 

the battery. Most commonly used binder is Polyvinylidene fluoride (PVDF) in current battery 

industry because of its high stability and bonding performance but excessive use of PVDF in 

electrode material decreases the battery performance by blocking pores and hinder the 

electrolyte access to active material. Additionally, at higher temperature PVDF forms lithium 

fluoride with lithiated carbon which may become the reason of self-heating thermal runway.    

Polyethylene oxide (PEO), Poly (acrylamide-co-diallyldimethylammonium chloride) 

(AMAC), carboxymethyl cellulose (CMC) and styrene-butadiene rubber (SBR) are another 

potential binders for electrode fabrication in Li-ion battery. 39-41 

1.5.6 Electrolyte  

The electrolytes are the third essential component of rechargeable LIB other than 

anode and cathode. Electrolytes provide an ionic conductive medium to transport lithium-ions 

back and forth in between cathode and anode during lithiation/delithiation process. LIB 

electrolyte is a mixture of non-aqueous organic solutions with dissolved Li-salt. Although, 

capacity of a cell mostly depends upon the structural and electronic nature of its electrodes, 

but poor cycle life is due to the side reactions of electrolyte with electrode materials, hence 

selection of electrolyte plays crucial role in battery performance. Ideally, it should possess 

extensive electrochemical window (4.5 V for high voltage cathodes) to hamper degradation 
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of electrolyte, high Li+ ion conductivity and electronically insulating over a wide range of 

temperature to diminish self-discharge. It should be less toxic, cost effective, non-flammable, 

nonexplosive, chemically and thermally stable. 42 Electrolyte should not undergo chemical 

and mass change during charge and discharge process for long cycle life and safety.  

In LIB, most commonly used electrolyte is lithium salts (LiPF6) (1.0 M) dissolved in 

ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (EC: EMC; 1:1, v/v) or diethyl 

carbonate (DEC) (EC: DEC; 1:1, v/v). But in case of LiPF6, there is possibility of HF 

formation which may corrode the Al current collector and cause safety issue. Another 

alternative electrolyte salt is LiClO4, which is corrosion resistant and has good ionic 

conductivity but it is explosive in nature and formed passivation layer is unstable. Li-

bistrifluoromethane sulphonamide (LiTFSI) has gained interest lately but has low ionic 

conductivity and relatively high cost.43 

As carbonates solvents have flammability issue at higher temperature, thus several 

other solvents like glyme based and ionic liquid electrolytes are also being used to increase 

thermal stability.44, 45 Additives like fluoroethylene carbonate (FEC) and vinylene carbonate 

(VC) are also employed to improve the electrochemical performance of battery. FEC is used 

to increase LiF content in the SEI layer which provide stability to SEI layer and gives long 

term cycle life.  

1.5.7 Separators  

Separator is one of the most essential component of the rechargeable batteries. 

Separator is a very thin insulating polymeric porous membrane which separates both the 

anode and the cathode electrodes to prevent short circuit and facilitates ionic transport. It 

should be mechanically and thermally stable, chemically inert to electrolyte and electrode 

materials, electronically insulated and ion conducting. Whatmann (cellulose membrane) is the 

most commonly used separator which provide good ionic conduction for Li ions. Other than 

Whatmann, polyolefin based separators with semi-crystalline structure like polyethylene, 

polypropylene and their blends (polyethylene-polypropylene) separators are also used.46 

These polymeric single layer and multilayer separators have high thermal and mechanical 

stability, excellent porosity and durability. Now a days, grafted polymers with micro-porous 

nature like poly(methyl methacrylate)-grafted and siloxane grafted polyethylene separators 

show better electrochemical performance to conventional polyethylene 

separators. Polytriphenylamine (PTPAn)-modified separator is another polymeric separator, 

which is electroactive and shows reversible overcharge protection. 
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1.6 Terminologies used in battery field  

1.6.1 Theoretical capacity  

The theoretical capacity of any electrode material gives the valuation of the specific 

capacity attained by that electrode. Theoretical capacity can be calculated by following 

equation: 𝐶 = 𝑛𝐹(𝑀𝑤 × 3.6) 

Where n is the no. of Li ions participate during charge-discharge, F is the Faraday’s constant 

(96500 C mol-1) and Mw is molecular weight of the material in gmol-1. The unit of theoretical 

capacity is mAhg-1.  

1.6.2 Energy density and Power Density 

Amount of charge stored during charging and discharging by any material is called 

energy density. 48 The energy density of any battery is calculated by following equation:  

                                                𝐸 = 𝐼𝑡 × 𝑉 

Where E is the energy density, I is current, t is time of charging and discharging, V is voltage.  

The unit of gravimetric energy density is Whkg-1.  

Capability of any electrode material to store or deliver charge during charge-discharge 

process is called power density and it can be calculated by following formula: 𝑃 = 𝐸 × 𝑡 

Unit of power density is Wkg-1.  

1.6.3 Solid electrolyte interphase (SEI) 

In battery, during lithiation and delithiation electrolyte decomposition takes place on 

electrode surface and forms an electronically insulating and ionically conducting polymeric 

layer which is called as solid electrolyte interphase (SEI) layer.47 SEI layer formation plays a 

very crucial role in electrochemical performance of battery. SEI layer prevents further 

reduction of electrolyte on electrode surface and affords ion conducting interface. As 

substantial amount of Li ions get utilized in SEI layer formation in initial cycle, which leads 

to the irreversible capacity loss (IRL). For better battery performance thickness of SEI layer 

should be optimum. Otherwise too thick SEI causes increase in the charge transfer resistance 

by preventing the permeation of ions and too thin SEI gets shattered during lithiation-

delithiation and exposes electrode for further electrolyte reduction which potentially cause 

more capacity loss. 48, 49  
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Figure 1.8: Illustration of SEI layer components (Reprinted with the permission of Electrochim. Acta. 55, 2010, 

6332–6341). 

1.6.4 C-rate  

A rate at which the battery is charged or discharged relative to its maximum capacity 

is called as C -rate. 1C rate means a current which charge or discharge the complete battery in 

1 hour. The C-rate can be calculated by the theoretical capacity and the active mass loading 

of electrode material. 

1.6.5 Stability 

Stable performance of any battery is decisive factor in determining the durability of 

the LIB. If any battery is showing stable capacity performance for several hundreds of cycles 

and not losing the initial capacity then that would be the ideal situation. But practically, 

battery capacity fades during continuous cycling and the capacity retention is calculated for a 

number of cycles. There are several reasons which increase the capacity fading like poor 

shelf life (storage of battery for the long time without any use cause capacity decay for the 

initial cycles), electrolyte degradation, side reaction of electrode and electrolyte etc.  

1.6.6 Coulombic efficiency  

Coulombic efficiency (CE) is also called current efficiency or faradaic efficiency. CE 

is the ratio of the total charge delivered during discharge process to the total charge stored 

during charging process in a full cycle. The Coulombic efficiency (C.E.) is calculated as 

follows: 

C.E. = 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑐𝑖𝑡𝑦𝐶ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∗ 100 

If coulombic efficiency is 100 % then the number of ions extracted and stored are 

same during discharge and charge process. If it is less than 100 % that means ions are 

irreversibly lost in discharge process, which is due to the ions can be trapped in nanopores of 
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the electrode material and can’t be release after applying the same potential. Additionally, 

dissolution of the active material in electrolyte during cycling can be the reason of less 

coulombic efficiency.  

1.7 Factors affecting battery performance  

There are several factors which affect the performance of battery at certain points. 

Primary battery stops working when chemicals present inside the cells are completely 

exhausted or no longer in their original state to undergo the desired chemical reaction. 

Secondary battery shows reasonably longer cycle life however in these batteries also some 

undesirable processes occur which decrease the cycle life. The factors causing these 

unwelcoming outcomes are:  

1.7.1 Aging  

Aging is an undeniable procedure which occurs in battery due to some irreversible 

physical and chemical changes and deteriorates the material and decrease the battery 

performance during cycling. There are several degradation processes occur such as 

electrolyte decomposition, the formation of surface films on both electrodes, compromised 

inter-particle contact at the cathode, etc. causing aging in a cell. The total capacity of any 

battery can be divided into three states- the empty zone which can be refilled, the available 

energy region and the rock content which is inactive or dead and increases as battery ages and 

cannot be rejuvenated.  

 

Figure 1.9: Battery energy utilization zones (Reprinted with the permission of 

https://batteryuniversity.com/learn/article/capacity_loss). 

1.7.2 Internal resistance 

In less conducting materials, internal resistance is unavoidable process in a battery. 

On increasing internal resistance, the internal temperature of the cell increases during charge 

discharge operation and rise the voltage drop which leads to an early shutdown of the device. 

https://batteryuniversity.com/learn/article/capacity_loss
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So complete energy cannot be employed in such case and the battery needs to be charged 

sooner than usual. 

1.7.3 Self-discharge 

In batteries, Self-discharge is a process in which internal chemical reactions reduce 

the stored charge even in unused condition. Self-discharge decreases the life time of batteries. 

It also decreases the initial capacity of battery than a full charge state when actually put to 

use. The rate of self-discharge varies from different battery chemistries and increases with the 

time. The self-discharge is enhanced at elevated temperature conditions and increased 

reaction rates. 

1.8 Battery challenges 

Potentially LIBs are capable of fulfilling energy demands of society and serve its 

needs. The advent of LIBs has become essential part in our household appliances. But we are 

not completely independent of fossil fuels till now and as such non-renewable sources of 

energy are still playing a major role in fulfilling today’s energy requirements. This happened 

because of some key challenges faced by LIBs which are hindering in its complete evolution. 

These are listed below.50 

1.8.1. Increase in energy density 

The biggest challenge for LIBs and other emerging batteries is the competition by 

already existing battery types and by gasoline in terms of performance and price. Like 

gasoline, apart from being cheap it provides 3000 WhL-1 energy density as compared to LIB 

which has energy density of 250 WhKg-1 which is 10-15 folds lesser. It is also true for Lead 

acid battery technology as they span total 60% of automobile applications whereas Li ion 

batteries are not even close. 51, 52 The performance of current systems and energy density can 

be increased if cathode materials possess high redox potentials or have capability to take ions 

in reverse manner (for higher specific capacity). 53, 54 

 

Figure 1.10: Bar graph representation of practical and theoretical energy density of various batteries (Reprinted 

with the permission of Nano Energy, 2013, 2, 443–467).  
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Figure 1.11: Energy density evaluation of various battery chemistries (Reprinted with the permission of Philos. 

Trans. R. Soc. A Math. Phys. Eng. Sci., 2010, 368, 3227–3241). 

1.8.2 Safety 

 In portable electronics and to some extent electric vehicles (EVs), Li ion batteries are 

in great demand and hence are commercially successful. But they pose risk to safety as 

happens with the additives which are used to modify electrode electrolyte interface.55 Though 

these additives are used for stability and capacity enhancement, beyond certain temperatures 

and certain chemical environments, these are not safe to use. Such as in case of LIB 

fabricated using less reducing material LTO as an anode and high oxidising positive electrode 

like LCO.  

 

Figure 1.12: Safety aspects of Li ion battery (Reprinted with the permission of Philos. Trans. R. Soc. A Math. 

Phys. Eng. Sci., 2010, 368, 3227–3241). 

Moreover instead of liquid electrolytes, solid electrolytes including polymer and inorganic 

electrolytes may be used to attain safety as well as performance in terms of high energy 
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density. Figure 1.12 shows the interconnection between all parameters responsible for battery 

performance.56 Operating voltage and compatibility of electrolyte has to be taken care of 

during designing the material as their optimized combination can lead to a prolonged and 

good battery performance. The quality component should never be compromised at the cost 

of safety, though it may come at the cost of power density or energy density and at high cost. 

1.8.3 Cost  

 In practical world, cost and safety go hand in hand, where compromise in cost can 

create safety issues. So we need to shift to materials whose production should not affect the 

battery industry processes largely and their cost is also within range. 57 Most of the Li 

reserves are found to be concentrated in Brine (found in Chile). So the given data is based on 

elemental composition of brine. As the concentration of Li is highly uneven the cost of Li has 

increased tremendously. The estimated consumption of extracted Li (46%) is done by battery 

industry.58 The same is happening to other metals used in this industry as well like Co and Ni 

which form the core of battery chemistry due to their usage as positive electrodes. Therefore 

high power and high energy densities should be the criteria of designing new cathodes. They 

in turn should also be safe and cost effective. 

1.8.4 Clean and green Li-ion battery 

Li-ion battery chemistry is generally considered as green. But due to added energy 

consumption caused by electrode production and the battery recycling is unable to satisfy the 

criteria of green chemistry. Working of LIBs produces CO2 emissions during charging and 

discharging which causes harm. 59 The synthesis of LIBs is costly and the processes are also 

not environment friendly. These factors have to be considered seriously and possibly rectified 

to get sustainable and green batteries. Hence efforts have to be dedicated to upgrade synthesis 

procedures and better recycling techniques to make them greener.60, 61  

1.9 Plan and structure of the thesis 

This thesis includes the synthesis of composites of transition metal oxides and 

different type of carbons (carbon nano onions, 3 D f-CNH foam, and hetero atoms doped 

carbon) and used as anode materials for LIBs application. Transition metal oxides store 

charge via conversion reaction with Li ions and deliver high specific capacity. Utilization of 

carbon material in the composites increases the conductivity of electrodes, provides more 

surface area, and acts as a buffer to maintain structural integrity of electrode materials and 

enhances the electrochemical performance. 
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Chapter 1 explains about energy storage devices, Li ion battery and its working 

phenomenon. Later it discusses the different type of cell components of Li ion battery, 

terminologies used in battery and its challenges in practical application.  

Chapter 2 gives the detailed explanation of different synthesis procedures of 

nanomaterials. It also discusses the different material characterization and electrochemical 

characterization techniques. 

Chapter 3 projects the synthesis of ternary nanocomposite of Ni(OH)2‐Fe2O3/CNOs 

via two step solution phase method and solvothermal procedure. As synthesized material was 

used as an anode material for high performance Li ion battery. This ternary hybrid 

nanocomposite delivers a high reversible discharge capacity of 928 mAhg−1 at 50 mAg−1and 

673 mAhg−1 at a higher current density of 1 Ag−1 with excellent rate performance.  

The chapter 4 presents a synthesis of ternary nanocomposite of Polydopamine 

Derived N-doped Carbon with NiO/NiFe2O4 via same method used in previous chapter 

followed by annealing at 500 ºC temperature in inert atmosphere and utilised as an anode 

material for Li ion battery. It exhibit a reversible discharge capacity of 786 mAhg−1 at 0.1 

Ag−1 and 463 mAhg−1 at a higher current density of 2 Ag−1 with excellent rate performance. 

The chapter 5 emphasizes the synthesis of well-designed Co3O4 nanoparticles 

anchored on functionalized carbon nano horn foam nanocomposite via freeze drying process 

and demonstrated as anode material for Li-ion battery with improved electrochemical 

properties. As synthesized electrode material displays a reversible capacity of 797 mAhg-1 at 

0.1 Ag−1 of current density and excellent rate performance with 702 mAhg-1 at 5 Ag-1 of high 

current density. 

The chapter 6 includes the synthesis of nanocomposite of N and S co-doped Carbon 

spheres (NSCS) with Co3O4. N and S doped carbon spheres are prepared by hydrothermal 

reaction of saccharose with L-cysteine and followed by its carbonization in inert atmosphere. 

Co3O4 and heteroatom doped carbon spheres composite synthesized via solvothermal method 

and further used as an anode material for Li ion battery. It shows stable cycling behavior at 1 

Ag-1 with 1285 mAhg-1 of specific capacity retained after 350 cycles along with more than 

99% of coulombic efficiency. This material shows an excellent rate capability with specific 

capacity retained to 745 mAhg-1 even at high current density of 5 Ag-1.  
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Chapter 2 

Material Synthesis and Characterization 

Techniques 

 

 

 

In this chapter, the general synthesis protocols of the nanomaterials (metal oxides and 

carbon) are discussed. The advantages of synthetic protocols are also outlined. The second 

section of the chapter describes detailed study of various characterization techniques such as 

X-Ray Diffraction, Thermogravimetric analysis, X-ray Photoelectron Spectroscopy, BET 

surface area measurements and electron microscopy (SEM and TEM) which are 

indispensable for nanomaterials characterization. Also a detailed account of electrochemical 

characterization techniques like cyclic voltammetry, galvanostatic charge-discharge 

measurements and impedance measurements employed for analysing Li-ion battery 

performance is presented.  
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2.1 Material synthesis 

Over few decades, lot of fundamental studies are performed on nanomaterials, 

especially on their synthesis and characterization. The key challenging aspect in ensuring the 

efficient utilization of nanomaterials for several applications lies in the synthesis of the 

materials. Synthetic protocols have a major role in controlling the morphology as well as 

various properties of the nanomaterials and composites. Since these engineered nanomaterials 

provides a space for extensive applications, it is vital to explore the domain of it by 

developing more nanomaterials and extend their applications. The most widely used synthetic 

methods for nanomaterials include sol-gel method, microemulsion technique, hydrothermal 

synthesis, chemical vapour deposition, high-temperature pyrolysis and laser-based synthesis 

techniques. 

2.1.1 Sol-gel method 

The sol-gel method comprises of two components sol and gel, respectively. Sol is a 

colloidal suspension of solid in a liquid while the gel is the polymer containing liquid. This 

process involves the network formation of discrete particles or polymers by connecting the 

sol particles. 1 The sol-gel process comprises of two important steps called hydrolysis and 

condensation in which the bonds of the precursor are disintegrated using water in the former 

and the nanomaterials are formed in the latter. The final structure of the material is 

determined after the removal of excess water. 2, 3 

2.1.2 Microemulsion techniques 

Microemulsions are clear, isotropic mixtures of three components such as water (polar 

phase), surfactant and oil or hydrocarbon liquid (non-polar phase). Microemulsions are 

characterized by their thermal stability and homogeneity. Each component plays a significant 

role in maintaining the stability of microemulsions. Surfactants reduce the interfacial tension 

by creating a layer separating the aqueous and organic solvents and thereby preventing the 

merging of droplets. 4 Depending upon the nature of the surfactant used, microemulsions 

constitutes monodispersed droplets like water- in- oil (w/o) or oil- in- water (o/w). These 

droplets are generally in the range of 600-8000 nm in size.  The water-in-oil system which 

forms the reverse micelle organization where the non-polar ends of the surfactant protruding 

outside forms the centre for nanoparticle synthesis. The polar head groups of the surfactant 

are directed towards the interior and as shown in figure 2.1a. It has been reported that there 

are two different microemulsion strategies for the synthesis of nanoparticles, namely (1) one 

microemulsion method and (2) two microemulsion method (figures 2.1b and c). The one 

microemulsion method can be subdivided into two types namely the energy triggering 
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method and microemulsion plus reactant method. As the name suggests, the energy triggering 

method requires a triggering agent which would initiate the synthesis within a single 

emulsion droplet containing the precursor whereas the latter method is started with the 

addition of a reactant into the microemulsion containing the second reactant. 5 

 

Figure 2.1: Shows (a) typical reverse micelle system, (b) various steps involved in one microemulsion 

process and (c) reaction sequence involved in the two microemulsion nanoparticles synthesis (Reprinted with 

the permission of RSC Adv., 2015, 5, 105003-105037). 

2.1.3 Hydrothermal/Solvothermal process 

In hydrothermal synthesis technique, the key factor controlling the synthesis of single 

crystals is the solubility of minerals in water under high temperature and pressure. The 

synthesis and growth are carried out in an apparatus called autoclave, which is a steel 

pressure vessel that has nutrient supply along with water. In order to dissolve the nutrients, a 

temperature gradient is maintained at the opposite ends of the growth chamber. The seeds 

will have additional growth in the cooler end. 6, 7  

The advantages of the hydrothermal method include the ability to synthesize crystals 

of substances which are unstable near the melting point, and the ability to synthesize large 

crystals of high quality. This process is referred as a solvothermal synthesis for the solvent 

other than water. 8-10  
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Figure 2.2: The construction of a hydrothermal autoclave is shown here. A typical autoclave consists of a 

removable Teflon cup inside a stainless steel shell with tight fixable stainless steel lid (Reprinted with the 

permission of Chem. Soc. Rev., 2002, 31, 230–238). 

2.1.4 Chemical vapor deposition and chemical vapor synthesis 

As the name implies, CVD is a deposition technique in which solid films are 

deposited from vapor phase by chemical reaction under very high temperature. It has been 

observed that these films under certain conditions contain ultrafine particles. So CVD can be 

used as a potential synthetic strategy for the synthesis of nanoparticles. To have an efficient 

nanoparticle synthesis, CVD has to tune in such a way that the conditions are to be high 

temperatures, high supersaturation, and long residence times, along with small substrates. So 

by tuning the reaction conditions in this way would lead to the synthesis of NPs instead of 

forming solid films and this process is known as chemical vapor synthesis or chemical vapor 

reaction. During synthesis, the precursors exist in three states were produced as vapors in the 

reactor which requires particles to undergo nucleation. This method can also be used to 

generate a multi-component or doped NPs. Figure 2.3 shows the schematic of general CVD 

instrument. 11-14 

 

Figure 2.3: Schematic of a CVD instrument. (Reprinted with the permission of RSC Adv., 2015, 5, 93364-

93373).  
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2.1.5 Microwave irradiation 

Microwave chemistry has come into the limelight since it has been used in the 

preparative and material synthesis recently. In this method, a high frequency 

electric/magnetic field applied to a system which contains the electric/magnetic dipoles and 

mobile charges such as electrolytic solutions, polar solvents and molten salts. Hence, heat is 

generated by conversion of applied electric energy to heat energy by dipole rotation (electric 

/magnetic) and ionic conduction. Microwave irradiation provides a uniform heating to the 

material as compared to conventional heating where heat conduction occurs through the 

boundaries. Microwave strategy for the synthesis of various types of metal oxides (ZnO, 

TiO2, and CeO2), sulphides, and other one dimensional structures is already well documented. 

15-17 

 

Figure 2.4: Schematic diagram of the microwave experimental setup (Reprinted with the permission of R Soc 

Open Sci. 2017 Sep; 4(9): 170710). 

2.1.6 High temperature pyrolysis  

High-Temperature Pyrolysis synthesis is used for large scale production of carbon 

materials. Carbon-containing precursors like lab synthesised high molecular weight 

compounds, synthetic and natural polymers and biomass are annealed at a high temperature 

of 600 to 2400 0C with different heating rate and dwelling time to produce charcoal, coke, 

porous and non-porous carbon. During heating, this method involves breakage of the existing 

bond between carbon and hetero atoms with the multiple bond formation of carbon atoms. 18, 

19 On the increasing temperature, the content of heteroatoms decreases and the overall 

percentage of heteroatoms in the carbon material depends on the heating rate and the final 

temperature.  

Tubular furnace has been used for the pyrolysis of material, in which carbon precursor 

kept in a tube made of either alumina or quartz. In tubular furnace, there is an inlet for the 

entrance of carrier gases like nitrogen and argon to maintain the inert environment inside the 
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tube and an outlet to pass these gases through the oil trap. Generation of bubbles in oil trap 

helps to maintain the proper gas flow through the tube. The furnace is associated with the 

programmable control unit to programme the ramping rate and the dwelling time of the 

annealing process. 

 

Figure 2.5: Photograph of the tubular furnace used for the synthesis of carbon materials. 

 

2.1.7 Laser-based synthesis 

The laser-based preparation method includes exposure of organic molecules, biomass 

and polymer with high energy laser for a very short period of time. When carbon precursor 

comes in contact with the laser radiation then local heating effect leads to the breaking of 

bonds between carbon and other non-carbon atoms and removes the non-carbon atoms from 

the precursor. Simultaneously, heating from radiation also initiates the formation of new 

carbon-carbon bonds for the carbon backbone of nano/micro materials. This method has been 

used for the synthesis of different types of carbon materials like graphene, carbon dots, 

SWCNTs, diamond and hydrophobic carbon films. In this technique, appropriate heating can 

be maintained by varying wavelength, energy density and power density of laser. 20-23 

2.2 Characterization and measurement techniques  

When material’s dimensions are reduced to the nanoscale, they will exhibit different 

properties than their bulk counterparts. Thus, their structural, electronic and optical properties 

changed drastically when the size is reduced, such changes in the properties can make the 

analysis complicated at times. Further, a detailed study of nanomaterial’s properties is very 

crucial in order to employ them for any specific applications. In general, nanomaterials 

characterization performed for investigation of their morphological (shape and size), 

microstructure (crystallinity, phase), composition (element analysis, phase), interface (surface 

area, surface charge), physiochemical (conductivity, density), transport (diffusion, 

convention) and functional properties and all these properties are interrelated.   Therefore, it 
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is very important to select the appropriate characterization technique that provides precise 

and clear information about the nanomaterials under study.  

2.2.1 Powder X-ray diffraction 

X-ray powder diffraction is a rapid and non-destructive analytical technique routinely 

used as an initial and primary characterization for powdered microcrystalline samples in 

material science laboratory. 24-25 It reveals information about crystalline nature, phase purity, 

crystallite size, crystal planes, interlayer spacing, lattice parameters, and defects present in the 

lattice of nanomaterials. 26 Intensities of XRD peaks depend on atomic distribution within the 

3D crystal lattice and their scattering power. Thus, the XRD pattern is the fingerprint of 

individual atoms present in the materials. X-ray diffractometers consist of mainly three 

components, first one is X-ray tube, which generates monochromatic X-rays beam, second is 

a sample compartment where the homogeneous nanomaterial under study is placed and the 

third one is X-ray detector which collects and detect the intensity of scattered X-ray. 

 

Figure 2.6: Schematic representation of X-ray diffractometer. 

 

When a collimated monochromatic beam of X-rays falls on the sample, atoms present in the 

crystalline sample act as a diffraction grating and produces bright spots at certain angles (). 

These specific angles for bright spots can be measured and correlating to (hkl) planes of the 

crystalline sample by Bragg's law.  𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃………..2.1 

Where, n is a positive integer (order of diffraction),  is the wavelength of the incident X-

rays, d is the inter planer distance, and ‘’ is the scattering angle. When 

sample scanned through a range of 2θ angles, random alignment of powdered material 

produces all attainable diffraction patterns of the crystal lattice. Since, the value of  and  is 

experimentally known, inter planar spacing can be calculated by using the above Bragg's law 

equation. It permits the identification of the compound, their crystalline nature and phase 
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purity due to the distinctive set of d-spacing values for individual materials. Nanomaterials 

have smaller crystallites size and significant surface strains that can cause broadening of peak 

and little shift in the peak positions with respect to a standard reference. The average 

crystallite size (D) can be calculated by using Scherrer’s formula, which is as follows: 27 𝐷 = 𝑘𝜆/𝛽𝑐𝑜𝑠Ɵ……….2.2 

Where, k is Scherrer’s Constant ≈ 0.9 (for spherical particles), λ is the wavelength of X-rays 

used, β is Full Width at Half Maximum (FWHM) of the peak corresponding to the diffraction 

angle θ after correcting for the instrumental contribution to the peak broadening,  𝛽2 = 𝛽𝑀2 − 𝛽𝑆2  …………….2.3 

Where, βM is the measured full width of a peak at half maximum for the sample, βS is the 

instrumental input for peak broadening, and β is the peak broadening due to crystallite size.  

In this study, all the powder X-ray diffraction patterns were collected from 

PANalytical XPERT PRO model X-ray diffractometer equipped with Cu Kα (1.5418 Å) 

radiation and Ni filter. XRD patterns of the synthesized samples were recorded in the 2θ 

range 10-80 degrees with the scan rate of 2 degrees/minute and obtained pattern was 

compared with the standard Joint Committee on Powder Diffraction Standards (JCPDS) data 

or international centre for diffraction (ICDD) data. 28 

2.2.2 Thermogravimetric analysis  

Thermogravimetric analysis (TGA) is a classical destructive analytical technique in 

which weight loss or gain of a sample is measured as a function of temperature. 29, 30 The 

change in the weight of a sample is plotted against temperature, is called the 

thermogravimetric (TGA) curve. The rate of change in the mass can also be plotted against 

temperature, is called a differential thermogravimetric (DTG) curve. It provides information 

about physical properties, such as absorption, desorption of adsorbate molecules and phase 

transitions temperature of material; as well as chemical characteristics such as chemisorption 

and thermal decomposition of the material. Activation energies of the decomposition process 

can be measured by using the Kissinger method. 31 Thermogravimetric analyser contains a 

precision balance and a sample pan which is placed inside a programmable temperature 

controlled furnace. It is performed in various atmospheres like ambient air, inert gas, vacuum, 

oxidizing/reducing gases, corrosive gases, vapours or liquids or "self-generated atmosphere "; 

32 with controlling the vacuum and pressure. In thermogravimetric data analysis, materials 

show weight loss when materials undergo desorption, decomposition, vaporization, 

oxidation, reduction, sublimation, etc. and weight gain is observed when materials form 
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stable solid oxides or compound with atmospheric molecules.  Thermogravimetric analysis is 

not useful technique to find phase change temperature, in this situation differential scanning 

calorimetry (DSC) is used. 33 In the present study, thermogravimetric analysis of powder 

samples was carried out on an SDT Q600 TG-DTA analyser in the temperature range 25-

1000 °C, at a heating rate 10 °C per minute, under air atmosphere. 

2.2.3 Surface area measurement 

Brunauer-Emmett-Teller (BET) analysis is a widely used non-destructive analytical 

technique to estimate surface area of materials. It gives the information of specific surface 

area, pore size distribution and heat of adsorption of a material. It works on the multilayer 

adsorption system unlike Langmuir theory (single layer adsorption). The specific surface area 

and pore size distribution of material are calculated by measuring the 

physical adsorption of gas molecules on a solid surface; like N2 gas which is chemically inert 

with the material surface. There are three main hypotheses, which work during the 

adsorption-desorption process of gas in surface area measurement.  

1. Multilayer adsorption of gas molecules takes place on a solid sample. 

2. The interaction of gas molecules occurs with only adjacent layers; and 

3. The Langmuir theory is applicable for one molecular layer. 

 

Figure 2.7: BET model showing the multilayer adsorption of gas molecules on the solid surface. The 

random distribution of sites covered with different number of adsorbed molecules. 

(https://commons.wikimedia.org/wiki/File:BET_Multilayer_Adsorption.svg) 

Surface area measurement of the sample carried out by calculating multilayer 

adsorption of N2 as a function of relative pressure. The resulting BET equation is as follows: 1𝑣[(𝑃0𝑃 )−1] = 𝐶−1𝑉𝑚𝐶 ( 𝑃𝑃0) + 1𝑉𝑚𝑐……….2.4 

Where, V represents the adsorbed gas quantity, Vm represents the quantity of gas 

adsorbed to form a monolayer on the solid surface, P0 is saturation pressure and P is the 

equilibrium pressures of adsorbate at the adsorption temperature and C is the BET constant. 

https://commons.wikimedia.org/wiki/File:BET_Multilayer_Adsorption.svg
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The above equation 2.4 can be plotted as P / P0 on the x-axis and 1 / v [(P0 / P) − 1] on the y-

axis. It gives a straight line at very low pressure range of 0.05 < P / P0 < 0.35. This BET plot 

is also called as adsorption-desorption isotherm. 33-35 BET constant C can be calculated as 

follows- 

 𝐶 = exp (𝐸1𝑅𝑇 − 𝐸𝐿𝑅𝑇)…………2.5 

Where, E1 is the heat of adsorption for the first layer and EL is the heat of adsorption 

for the next and higher layer and is equal to the heat of liquefaction and heat of vaporization, 

respectively. The total surface area and specific surface area (SSA) is calculated by the 

following equation 𝑆𝑡𝑜𝑡𝑎𝑙 = (𝑉𝑚𝑁𝑆)𝑉 ……………2.6 𝑆𝐵𝐸𝑇 = 𝑆𝑡𝑜𝑡𝑎𝑙𝑎 ………………2.7 

Where, Vm is the molar adsorbed gas volume experimentally obtained from the BET plot, N 

is Avogadro’s number, S is the cross-section of the adsorbing species ( N2 as probe gas  with  

16.2 Å cross-section value), V is the volume of a gas molecule, and a is the adsorbent mass. 

Using adsorption-desorption isotherm, the porous nature of the sample can be analysed. Total 

pore volume is obtained from the amount of vapour of probe gas adsorbed at a relative 

pressure close to one by assuming pores are filled with liquid probe gas having same density 

as bulk liquid.  𝑉𝑙𝑖𝑞 = 𝑃𝑉𝑎𝑑𝑠𝑉𝑚𝑅𝑇 …………….2.8 

Where, Vads  is the volume of gas adsorbed, Vm is the molar adsorbed gas volume, R, P, T 

have usual meaning, such as universal gas constant, the ambient pressure and temperature, 

respectively. Macro and mesopores are analysed by BJH method and micropores are analysed 

by DFT method. 36 

2.2.4 X-Ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a non-destructive surface analytical 

technique. It is used to examine the oxidation state of metals, elemental composition, 

empirical formula and nature of chemical bonding between the elements that present in the 

nanomaterial. 37, 38 XPS is also known as electron spectroscopy for chemical analysis 

(ESCA). Al Kα and Mg Kα are used as X-ray sources, which emits the electron from atom 

present in the nanomaterial. The energy of incident photon (hν) and kinetic energy (KE) of 
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emitted electrons is experimentally known then the electron binding energy (BE) of emitted 

electrons can be calculated by using Ernest Rutherford equation: 𝐵𝐸 = ℎ𝑣 − (𝐾𝐸 + 𝜑)…………..2.9 

Where, h andνare the Plank’s constant and frequency of an incident photon 

respectively and φ is the work function. In XPS, the emitted electron from the material is 

counted and their kinetic energy is measured. The XPS spectra is plotted between electrons 

count and their kinetic energy.  The binding energy of a core electron is used as a fingerprint 

for elemental analysis. The composition of the nanomaterial is estimated by using intensity 

and sensitivity factor, 39 the following general expression is used for composition calculation  𝐶𝑖 = 𝐼𝑖 𝑆𝑖⁄𝛴𝑖𝑛𝐼𝑖 𝑆𝑖⁄ ………….2.10 

Where, I is the peak intensity for the element i and S is the sensitivity factor for peak i. 

 

Figure 2.8 Schematic diagram of working principle of XPS.  

(Reprinted with the permission of A. Vandenbroucke, Diss. Ghent University, 2015). 

  The schematic of working of XPS is shown in figure 2.8. XPS instrument consists of 

the X-ray source, a moderate vacuum sample introduction chamber, sample stage, an ultra-

high vacuum (UHV) stainless steel chamber with UHV pumps, an electron collection lens, an 

electron energy analyzer, Mu-metal magnetic field shielding, an electron detector system. 

XPS plot comprises the binding energy of electron detected on x-axis and intensity (number 

of electrons detected) on the y-axis. Each element shows a specific set of XPS peaks at their 

specific binding energy values to identify their presence in the material. In the present work, 

the XPS measurements of various samples were carried out on VG Microtech Multilab 
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ESCA-3000 spectrometer equipped with a nonmonochromatic Mg Kα X-ray (1253.6 eV) 

source. 

2.2.5 Scanning electron microscopy  

Scanning electron microscopy (SEM) is the non-destructive surface analytical tool. 40 

Schematic diagram of the SEM shown in figure 2.9. A focused beam of high-energy electrons 

blasted on the sample surface at various depths, which produces a variety of signals. These 

signals collected and analysed to get the information about surface topography, crystalline 

structure, chemical composition, and orientation of materials. Raster scan pattern has been 

employed for electron beam scanning and then the image is being produced by correlating 

electron beam position and their detected signal intensity.   

In SEM, elastically scattered secondary electrons are used for image topography 

which is detected by secondary electron detector. Also, this electron sample interaction 

produces back scattered electrons which are used for chemical composition analysis using 

Energy Dispersive X-rays Spectroscopy (EDS) technique. 41, 42 In the present work, 

Morphology and chemical composition of the samples were examined by using Quanta 200 

3D, FEI scanning electron microscope (SEM).  

 

Figure 2.9: Scanning electron microscope. 

 (https://shambaditya2014.wordpress.com/scanning-electron-microscope/) 

 

2.2.6 Transmission electron microscopy  

https://shambaditya2014.wordpress.com/scanning-electron-microscope/
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  Transmission electron microscopy (TEM) is the most powerful technique to 

characterize the nanostructured materials. High energy electrons beam is transmitted through 

a very thin film of the sample (< 100 nm) or a suspension on a grid to form an image. TEM 

can also be used to analyse the chemical composition at the sub-nanometer scale with the 

support of energy-dispersive X-ray spectroscopy (EDS) as a complementary technique. 43, 44 

The schematic diagram of the TEM is shown in figure 2.10. 

Selected area electron diffraction (SAED) pattern gives information about the angular 

distribution of scattering. It can be used to identify the crystalline nature of materials and 

crystal defects. Moreover, Kikuchi lines obtained by multiple diffractions within the 

crystalline lattice is also very useful for understanding the crystallographic orientation and 

sample thickness. 

Sample preparation for TEM analysis is an essential part. TEM specimen should be 

very thin to transmit sufficient electrons with minimum energy loss. . In the present work, 

Transmission Electron microscopy was carried out by Tecnai F30 FEG machine operated at 

an accelerating voltage of 300 kV. 

 

Figure 2.10:   Schematic diagram of the Transmission Electron Microscope. 

(http://www.rpi.edu/dept/materials/COURSES/NANO/shaw/Page5.html) 

 

 

2.3 Electrochemical characterization 

http://www.rpi.edu/dept/materials/COURSES/NANO/shaw/Page5.html
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2.3.1 Electrode fabrication and cell assembly  

For the preparation of the electrode, first the right proportion of active material, 

conducting carbon and PVDF binder are blended and made into a slurry with NMP solvent. 

The above-prepared slurry has been coated on the metallic Cu foil using Elcometer bar coater 

and dried at 100oC for overnight. The next step is hot roll pressing to guarantee a 

homogeneous surface of electrode material, to increase the particle-particle contact, and 

decrease the diffusion paths.  Hot roll pressed electrode sheet was punched into many circular 

electrodes to fabricate electrochemical coin cells. Fabrication of coin cells performed inside 

the glove box in an inert atmosphere, where H2O and O2 level were maintained less than 1 

ppm. 

2.3.2 Electrochemical measurements 

Current, voltage and time are the most important parameter in electrochemistry. All 

electrochemical processes occur at the interface between electrode and electrolyte. Electrodes 

are generally an electronically conductive solid material. The electrode has a certain Fermi 

level, which can be tuned by applying a positive or negative potential. Fermi level of the 

electrode is lowered by applying the positive potential to the electrode. In case of battery, 

when the Fermi level of electrode reduced to electrolyte solution potential, then electron 

transfer occurs from electrolyte to electrode and it is called the oxidation process.  

 

Figure 2.11: Schematic diagram of electrochemical oxidation and reduction process. 

Once, the Fermi level of electrode rise above the electrolyte solution potential, then the 

electrons flow from electrode to electrolyte and it is called the reduction process.  All the 

electrochemical techniques are based on the way of manipulating the electrode potential by 

means of applying the potential, current or both for predetermined time duration. 45-47   

 

2.3.2.1 Cyclic voltammetry 
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Cyclic voltammetry (CV) is a versatile and primary electroanalytical technique used 

to study the electro-active species. CV involves the linear scanning of the potential of a 

stationary working electrode using a triangular waveform. 48, 49 During the CV experiment, 

the potential at the working electrode is controlled against the reference electrode, the 

reference potential is constant throughout the experiment. The potential which is applied 

across the working electrode and counter electrodes is the excitation signal. The excitation 

signal varies linearly with time at a specific sweep rate. Initially, the potential is scanned in 

the positive direction and later the potential is scanned in reverse causing a negative scan 

back to the original voltage to complete the cycle. Hence it is called as cyclic voltammetry as 

shown in figure 2.12.  In CV, resulting current measured during a potential sweep as a 

function of applied potential and this current-potential plot is known as Cyclic 

Voltammogram.  

 

Figure 2.12: Cyclic voltammetry plot of a faradic system displaying peaks corresponding to redox reactions 

(http://urrjaa.blogspot.com/2013/08/cyclic-voltammetry-urrjaa-p0110-2013.html). 

 

The CV profile provides information about quantitative analysis of redox reactions. 50 

It also provides information on various aspects such as thermodynamics of redox process, the 

kinetics of coupled reactions, the kinetics of heterogeneous electron transfer process, etc. In 

this study operating potential of the fabricated battery determined using CV experiment, it 

also gives the information about the kinetics of Faradic reaction and capacity fading of the 

material. 

2.3.2.2 Charge-Discharge Measurement 

Battery dynamic performance is determined by using a galvanostatic charge and 

discharge technique. The speed at which current can be put into and taken from battery is 

http://urrjaa.blogspot.com/2013/08/cyclic-voltammetry-urrjaa-p0110-2013.html


Ph.D. Thesis/ AcSIR/NCL Chapter 2 

 

  
PRAVIN KUMARI DWIVEDI 41 

 

called charge and discharge current rate, respectively. In the ideal battery, the voltage of the 

battery is constant throughout the constant current discharge experiment. 67 However, in real 

battery voltage rises and falls during charging and discharging. The charge and discharge 

dynamics of batteries can be characterized by measurements of voltage under constant charge 

and discharge current inputs. The potential drop is due to activation, and mass transport loss 

and they are dominating in particular depth of discharge are shown in figure 2.13 a. 68-69   

Battery discharged at low, medium and high rates is shown in figure 2.13 b. In high 

rate discharge, the battery voltage drops quickly and only a part of capacity can be realized 

than the lower rate discharge.   

 

Figure 2.13: (a) Energy due to activation, IR and mass transport loss and they are dominating the 

region. (b) Example of voltage curves for different discharge rates (Reprinted with the permission of 

Battery systems engineering, John Wiley & Sons, 2013). 

The coulombic efficiency (CE) of the lithium-ion battery calculated as follows. 54 𝐶𝐸 = 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐶ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ……………..2.11 

2.3.2.3 Electrochemical Impedance Spectroscopy (EIS) 

Cyclic voltammograms and Galvanostatic charge-discharge measurements required 

DC current source whereas EIS involved AC current source and EIS measurements setup is 

similar to the other above mentioned techniques. Like other spectroscopic techniques (UV, 

FTIR etc), in EIS measurement, the response is noted after applying electrical frequency in 

the range of mHz to KHz. EIS has been used for the study of the electrochemical reaction 

mechanism, kinetics and thermodynamics of several redox reactions. Additionally, EIS 

measurements quantitatively characterize the interfacial behaviours of electrode and 

electrolyte. The EIS spectral data were investigated with the help of Nyquist plot, in which, 

X-axis represents the real part of the impedance and Y-axis represents the imaginary part. 55, 

56 The Nyquist plot can portray the real-time changes occurring at the interfaces during 

charging-discharging. Semicircles appear in high-frequency region attribute to faradic 
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resistance or charge transfer resistance, straight line in the low-frequency region indicates the 

diffusive nature of ions in cell assembly. In the Nyquist plot, a region where the first 

frequency point cut occurs is due to the electrolyte and contact resistance RS.  For better 

performance of the device, the semicircle diameter (Rct) and Rs of impedance spectra should 

be minimum. The straight line in the low-frequency region should be parallel to Y axis for 

fast diffusion of ions in the device. The Nyquist plot and its corresponding equivalent circuit 

of the LIBs is shown below in figure 2.14 (a) and 2.14 (b), respectively. 54, 57  

 

Figure 2.14: (a) Nyquist Plot (b) Equivalent circuit of Li-ion battery (Reprinted with the permission of J. 

Electrochem. Soc., 2015, 162, A7037-A7048). 

 

Where Rct, (including Rct1 and Rct2), is internal resistance of electrochemical reaction. Rs is 

series resistance and the CPE (including CPE1 and CPE2) is battery polar plate’s surface 

electric double layer capacitance, correlated with battery capability. In this study, the EIS 

data collected at open circuit voltage in galvanostatic mode.    
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Chapter 3 

Ni(OH)2‐Fe2O3/CNOs Ternary Nanocomposite 

Designed as an Anode with Complementary 

Properties for High‐Performance Li-ion Battery 

 

 

 

Synthesis of the new ternary hybrid composite with excellent electrochemical 

performance for Li‐ion battery is demonstrated. The ternary hybrid composite of Ni(OH)2‐
Fe2O3/Carbon Nano Onions (NFOC) is synthesized by using two‐step solution phase method 

delivers a high reversible discharge capacity of 928 mAhg−1 at 50 mAg−1and 673 mAhg−1 at a 

higher current density of 1000 mAg−1 with excellent rate performance. Additionally, it shows 

stable cycle life up to 1000 cycles with 96% capacity retention and more than 99% of 

coulombic efficiency. The synergetic effect between Ni(OH)2, Fe2O3 and carbon nano onions 

(CNOs) as well as the unique feature of heterostructures are responsible for the improved 

electrochemical performance of the battery. The reversible reaction of Fe2O3 and 

Ni(OH)2 with Li, maintains its long cycle life with higher reversible discharge capacity and 

CNOs improves the efficient electronic transfer, accommodate substantial volume expansion 

and maintain the structural integrity of the material during lithiation‐delithiation process. 
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3.1 Introduction 

Recently, the importance of renewable energy sources has increased with gradually 

limiting conventional sources of fossil fuel. Most of the renewable energy sources like solar 

energy or wind energy are intermittent and need high energy density storage devices to be 

used when required. Additionally, technological advances in electronics and transportation 

pushes forward the requirement of suitable energy storage options. So far, lithium-ion 

batteries (LIBs) have occupied a primary position in fulfilling energy storage requirements in 

the electronic applications, principally for their high energy density and long cycle life with 

good coulombic efficiency. To meet the ever-changing energy storage requirements, it 

becomes necessary to work on active materials like anode, cathode or electrolyte materials, to 

increase their relative performance in a battery. Especially, anode materials are more 

important to increase energy density as well as power density of LIBs. Mostly, battery 

research is focused on developing novel electrode materials which possess properties like 

high energy density, high rate capability along with longer cycle life to replace conventional 

graphite anode materials.1, 2 Since the introduction of LIBs, graphite has been widely used 

anode material for LIBs, owing to its less redox potential towards Li-ion as well as superior 

stability along with the theoretical specific capacity of ~372 mAhg-1. However, 

comparatively low specific capacity of graphite and other carbon materials compels to look 

for alternative materials. Potential alternatives to intercalation carbonaceous materials are Li-

alloying materials such as Si, Ge. and/or conversion materials like transition metal oxides.1 

Transition metal oxides are promising anode materials for their high theoretical capacity 

(~1000 mAhg-1). In conversion reaction, Li-ons react reversibly with metal oxide which 

involves the formation and decomposition of Li2O resulting in the reduction and oxidation of 

metal oxides as in following equation 1.3,4  𝑀𝑥𝑂𝑦 + 2𝑦𝐿𝑖+ + 2𝑦𝑒_  ↔ 𝑦𝐿𝑖2𝑂 + 𝑥𝑀……….. (1) 

The forward reaction is thermodynamically favorable and involves multiple electron 

transfer per unit of metal atoms leading to high theoretical lithium storage. However, 

significant volume expansion occurs during Lithiation/delithiation, which perhaps leads to 

the cracking and pulverization of the electrode owing to internal strain. Also, many particular 

phases of oxides have low electronic conductivity. These issues with transition metal oxides 

reflect in the form of low rate capability and poor cyclic behavior of the electrode. Hybrid 

materials’ systems comprising different transition metal oxides are proposed to alleviate these 

problems.5-8 Hybridization can integrate multiple functional materials with complementary 

properties that can potentially improve electrical as well as ionic conductivity, mechanical 
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stability and electrochemical reactivity of overall electrode. The hybridization concept 

efficiently being applied in the LIBs and mostly the enhancement in the performance can be 

achieved by overcoming the limits of one material in the composite by the other.9, 10 Apart 

from the metal oxides, recently, metal hydroxides are also being investigated as electrode 

materials for the LIBs. It is hypothesized that hydroxyl group gives an additional reversible 

capacity by the formation of LiOH followed by Li2O at relatively lower voltages.11, 12 

However, these studies are scant and still at nascent level. More investigation of the lithium 

storage capabilities of these hydroxides are required to understand and improve their 

electrochemical performance in LIBs. A couple of studies have reported Ni(OH)2 as an active 

anode material for LIB, but its low electrical conductivity (10 to 17 Scm-1) leads to the rapid 

capacity fade at a higher current density in addition to volume expansion and contraction 

issue causing poor cycling stability.13 Conversely, Ni(OH)2 has many advantages like high 

natural abundance, low cost and less toxicity.14, 15 To use the suitable properties of Ni(OH)2 

more effectively an approach of making a composite with carbon has been proposed.16 It has 

been demonstrated that carbon coating can significantly enhance the electronic conductivity 

of electrode materials and provide cycle stability. Subsequently, a composite of reduced 

graphene oxide and Ni(OH)2 showed specific discharge capacity of 507 mAhg-1 at 200 mAg-1 

after 30 cycles. 15 Nanowalls of Ni(OH)2/Ni composite exhibited specific capacity of 0.59 

mAhcm-1 on completion of 100 cycles.16 Nanoflakes of Ni(OH)2/ RGO composite, 

synthesized by co-precipitation method, showed the specific capacity of 1003 mAhg-1after 40 

cycles at 100 mAg-1.17 Nevertheless, these materials are still facing unsatisfactory specific 

capacity and cycle lifetime, particularly at higher current density. Therefore, instead of these 

binary Ni(OH)2/Carbon composites, it would be intriguing to explore ternary composite by 

adding a metal oxide to provide oxide/hydroxide/carbon kind of synergistic assembly. Such 

an assembly can potentially alleviate aggregation of metal hydroxide and metal oxide while 

increasing the overall conductivity of the composite, leading to substantial enhancement in 

capacitance as well as cycle life of a battery. Among metal oxides, iron oxide has excellent 

potential as an anode material for LIB because of its excellent theoretical capacity (~1007 

mAhg-1 for Fe2O3 and ~924 mAhg-1 for Fe3O4), low cost, and environmental benignity. 5, 6 

However poor charge/ion transport kinetics restricts battery performance of this material. 

Considering all these advantages and issues we have conceived an idea to develop ternary 

nanocomposite including Ni(OH)2, Fe2O3 and carbon wherein each component will play a 

role to enhance the complementary properties of each other while leading to overall 

enhancement in its performance as an anode for LIB.  
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Here, we have synthesized an excellent ternary hybrid composite of Ni(OH)2-

Fe2O3/CNOs as an anode material for LIB with longer cycle life and superior rate capability. 

The combination of both transition metal oxides and metal hydroxide in the electrode leads to 

their sequential volume expansion, and they do not expand simultaneously, therefore, 

provides mechanical support to each other during lithiation and delithiation avoiding sizeable 

structural stress. Additionally, the long conductive chains of CNOs act as percolating network 

which is suitable for the efficient electronic transfer and spacing of the nanostructures for 

expansion/contraction during charge-discharge operation. When tested as an electrode for 

LIB, this ternary composite material showed good specific capacity and cycling stability. 

3.2 Experimental section 

3.2.1 Synthesis of Ni(OH)2-Fe2O3/CNOs composites 

 CNOs were synthesized by collecting black carbon from the flame of the burning 

ghee followed by annealing at 800 oC for 3 hours in an inert atmosphere, thereby carbon 

black turns into multishell graphitized CNOs.18 In a typical synthesis of the ternary 

composite, as prepared CNOs were first dispersed in N, N-dimethyl formamide (20 ml) 

followed by sonication for 10 minutes to uniformly disperse the CNOs in the solvent. 90mg 

of Methenamine was then added to above solution under vigorous stirring for 10 min 

followed by the addition of 800 µl aqueous solutions of 0.2M Ni(NO3)2.6(H2O) and 0.2M 

Fe(NO3)3.9H2O respectively. Stirring was continued for 5 h at a temperature of 90 oC and 

then allowed to cool. Then this uniformly dispersed solution was transferred into a 40 ml 

Teflon lined stainless steel autoclave to carry out a solvothermal reaction at 160 oC for 5 

hours. Then the product was washed several times with DI water. This ternary composite 

product, i.e., Ni(OH)2-Fe2O3/CNOs is named as NFOC. For comparison, a binary composite 

containing only Ni(OH)2-Fe2O3 was synthesized by above procedure without the addition of 

CNOs and named as NFO, Ni(OH)2 nanosheets and Fe2O3 nanoparticles are synthesized 

individually by a same solvothermal process using Ni(NO3)2.6(H2O) and Fe(NO3)3.9H2O 

separately. Different composites of CNOs with NFO were synthesized by varying the 

corresponding weight of the CNOs such as 10, 20, and 30 mg and as resulted composites are 

named as NFOC-10, NFOC-20, and NFOC-30 respectively. These synthesis routes are 

depicted schematically in figure 3.1. 
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Figure 3.1: Schematic representation of the overall synthetic route towards the formation of Ni(OH)2, α-Fe2O3, 

Ni(OH)2-α-Fe2O3 and Ni(OH)2-α-Fe2O3/CNO. 

3.2.2 Material Characterization 

Powder X-ray Diffraction patterns were recorded on a Phillips PAN analytical 

diffractometer with CuKα radiation (λ = 1.5406 Å). Transmission Electron microscopy was 

carried out by Tecnai F30 FEG machine operated at an accelerating voltage of 300 kV. 

Morphology and chemical composition of the ternary hybrid composite were examined by 

using Quanta 200 3D, FEI scanning electron microscope (SEM). X-ray photoelectron 

spectroscopic (XPS) measurements were carried out on a VG Micro Tech ESCA 3000 

instrument. Thermogravimetric analysis were performed with SDT model Q600 of TA 

instrument with heating rate at 10degree per minutes in air atmosphere. 

3.2.3 Electrochemical Characterization 

The electrochemical properties of the ternary composite NFOC are examined by two-

electrode coin cell (CR2016) configuration. The composite anode was prepared by mixing 

the active material NFOC with the conductive additive (super P) and the 

binder(polyvinylidene difluoride, PVDF).This mixture was coated on  Cu foil, which serves 

as a current collector, subsequently dried at 90ºC overnight before making a cell assembly in 

an Ar-filled glovebox. The coin cells were assembled by using lithium metal foil as a counter 

electrode, a quartz microfiber paper (Whatman) as a separator and 1 M LiPF6 in ethylene 

carbonate (EC)–diethyl carbonate (DEC) (1: 1 by volume) as an electrolyte. Cyclic 

voltammetry (CV) was performed using SP-300 EC Biologic potentiostat at a scan rate of 

0.25 mVs-1 between 5 mV and 3.0 V. The galvanostatic discharge-charge cycling of the cells 
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was carried out at different current densities between potentials of 0.005 and 3.0 V by using 

MTI battery analyzer. The electrochemical impedance spectroscopy (EIS) was used to 

measure impedance in the frequency range from 100 KHz to 50 mHz with an AC amplitude 

of 10 mV. 

3.3 Results and discussion 

3.3.1 Powder X-ray diffraction 

The crystalline structure and phase purity of the electrode materials were analysed by 

p-XRD, and the corresponding diffraction patterns are shown in the figure 3.2. In the 

diffraction pattern of CNOs, two diffraction peaks are observed at 24.5°, and 44.0° 

corresponds to the (002) and (001) planes of the graphitized carbon, respectively. From the 

diffraction patterns of Ni(OH)2 and Fe2O3, it was observed that the corresponding diffraction 

planes at the respective 2 theta values are for the hexagonal phase [JCPDS no. 22-0444] of 

the Ni(OH)2 nanosheets along with a space group of P3̅1m (no. 162) and rhombohedral phase 

[JCPDS no. 84-0306] of the Fe2O3 nanoparticles along with the space group of R3̅c (no.167) . 

From the diffraction patterns of the hybrid samples (NFO and NFOC), it was observed that 

the diffraction planes of Ni(OH)2 and Fe2O3 were appeared without shift in the 2 theta values 

confirming that there is no formation of mixed phase oxide or hydroxides (bimetallic oxide or 

hydroxide). Apart from that no other peaks of impurities were detected, demonstrating that 

materials with high purity could be obtained under controlled experimental conditions. 

 

Figure 3.2: p-XRD pattern of CNO, Fe2O3, Ni(OH)2, , NFO and NFOC-20   

3.3.2 X-Ray photoelectron spectroscopy 

XPS analysis was performed for the binary and ternary composite material (NFO & 

NFOC), to know the oxidation state of the metal ion as well as elemental composition in the 

composite. The survey scan spectra of NFO and NFOC in the range of 0-1000 eV is shown in 

the figure 3.3a, and the high-resolution elemental scan spectra of Fe 2p, Ni 2p, C1s and O1s 

in the ternary composite material are shown in figure 3.3 (b-e). Ni 2P3/2 and Ni 2P1/2 peaks at 
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binding energies of 855.3 eV and 873.0 eV with the spin-energy splitting of 17.7 eV along 

with the satellite peaks at 861.1 eV are observed in the Ni 2p elemental spectra confirming 

the presence of Ni in +2 oxidation state.19 XPS results are in agreement with p-XRD studies 

of Ni(OH)2. Elemental spectra of Fe2p shows the presence of Fe 2P3/2 and Fe 2P1/2 peaks at 

the binding energies of 711.3 eV and 724.6 eV along with the satellite peak in between these 

peaks, confirms that Fe is in +3 oxidation state. 20 The elemental spectra of C 1s consist of 

five deconvoluted peaks at 284.4, 285.6, 286.3, 287.3 and 289.3 eV. The high intense peak 

obtained at 284.4 eV of the binding energy confirms the presence of the sp2 hybridized C–C 

bond; the other peaks at 285.6 eV, 286.3, 287.3 and 289.3 eV demonstrate the presence of sp3 

hybridized C–C, C– O (epoxy), C–OH and O-C=O bonds in CNOs, respectively. 21-23 O 1s 

spectra of the ternary composite (figure 3.3e) is deconvoluted into 4 peaks at 532.7, 531.7, 

530.6 and 529.3 eV assigned to the hydroxyl oxygen, surface adsorbed oxygen and lattice 

oxygen, respectively. 24 

 

Figure 3.3: (a) XPS survey spectrum of NFOC-20 (b-e) XPS spectra of Fe 2p, Ni 2p, C 1s, and O 1s, 

respectively. 

3.3.3 Scanning electron microscopy 

The structural morphology of the as-prepared materials is studied by FESEM, and the 

corresponding images are shown in figure 3.4. SEM images (figure 3.4a and 3.4b) show that 

Fe2O3 nanoparticles are agglomerated and Ni(OH)2 have nanosheets like morphology with 

several irregular interspaces. The SEM image of NFO (figure 3.4c) indicates that Fe2O3 

nanoparticles are decorated on the Ni(OH)2 nanosheets. SEM image of ternary composite 

NFOC-20 (figure 3.4d) shows that addition of CNOs has made the composite very dense and 

compact in arrangements. Fe2O3 decorated Ni(OH)2 nanosheets are wrapped on and in 
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between CNOs that can potentially reduce the cracking and pulverization of active material 

during lithiation/delithiation. The higher resolution SEM images are shown in the inset of 

figure 3.4(a-d). SEM elemental mapping of Ni, Fe, C and O (figure 3.5) taken at the same 

area on the ternary composite is demonstrating the homogeneous distribution of all the 

elements in the ternary composite. 

 

Figure 3.4: SEM images of (a) Fe2O3, (b) Ni(OH)2 , (c) NFO (d) NFOC-20. 

 

Figure 3.5: (a-e) SEM elemental mapping of Ni, Fe, O and C in NFOC-20 and (F) EDX spectrum of NFOC-20. 

 

3.3.4 Transmission electron microscopy 

TEM analysis was carried out to investigate the structural morphology of the as-

prepared materials. Figure 3.6(a-c) shows the TEM images of Ni(OH)2, Fe2O3 and CNO. 

TEM image of Ni(OH)2 have nanosheets like morphology in which irregular interspaces of 
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nanoflowers as shown in figure 3.6a. Figure 3.6 (b and c) confirms the cubic structure of 

Fe2O3 nanoparticles and spheroidal structure of carbon nanoonions, respectively. The 

decoration of Fe2O3 nanoparticles on the Ni(OH)2 nanosheets is confirmed by TEM imaging 

and the corresponding TEM images of NFO and NFOC-20 are shown in figure 3.6d and 3.6e, 

respectively. From these pictures, it is observed that Fe2O3 nanoparticles are decorated on 

Ni(OH)2 nanosheets and these sheets are wrapped on and in between CNOs. The HRTEM 

images in the inset of figure 3.6e exhibit the lattice fringes of NFOC-20. The d-spacing value 

of 0.37 nm and 0.25 nm corresponds to the (012) plane of Fe2O3 and (111) plane of Ni(OH)2. 

 

Figure 3.6: TEM images of (a) Ni(OH)2, (b) Fe2O3, (c) CNO (d) NFO and (e) NFOC-20 (inset of figure e 

showing lattice fringes with d-spacing values). 

3.3.5 Thermogravimetric analysis 

Thermal stability of all the above samples were analysed by thermogravimetric 

analysis (TGA) under air atmosphere at a scan rate of 10 °C min−1 up to 1000 °C (figure 3.7). 

As we can see that the pure α-Fe2O3 sample remains stable up to 96.5 % over the whole 

temperature range while Ni(OH)2 begins to decompose at 230 °C and complete weight loss 

occurred at 295 °C with 33.6 % weight loss associated with the conversion of Ni(OH)2 into 

NiO. The TGA curve of the binary composite shows the combined effect of Fe2O3 and 

Ni(OH)2 with 28.5 % of weight loss, whereas in case of ternary composite 50 % weight loss 

at 500 °C confirm the presence of 50 % of CNOs by weight in the ternary composite of 

NFOC. 
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Figure 3.7: Thermo-gravimetric analysis of Ni(OH)2, Fe2O3, NFO and NFOC-20. 

3.3.6 Cyclic voltammetry 

To evaluate the electrochemical behavior of these materials as an anode for LIB, 

standard coin-type cells were assembled with as-synthesized materials as a working electrode 

and lithium foil as a reference and counter electrode. The electrochemical reaction of the 

ternary composite as an anode material for LIB can be explained by the following reactions: 𝑁𝑖(𝑂𝐻)2 + 2𝐿𝑖+ + 2 𝑒− ↔ 𝑁𝑖 + 𝐿𝑖𝑂𝐻………… (2) 𝐹𝑒2𝑂3 + 6𝐿𝑖+ + 6𝑒− ↔ 2𝐹𝑒 + 2𝐿𝑖2𝑂….……… (3) 

 

Figure 3.8: Cyclic voltammograms of (a) first cycle of NFO (b) first cycle of NFOC-20 (c) second cycle of 

NFO and NFOC-20 (d) second cycles of Ni(OH)2, Fe2O3, and NFO electrodes in the voltage range of 0.05-3.0 

V. 

Cyclic voltammetry (CV) was employed to investigate the electrochemical activity of 

these electrodes in the potential window of 0.05 V to 3.0 V vs. Li/Li+ at 0.25 mVs-1 of scan 

rate. From figure 3.8a we can see that in the first cycle of NFO, three peaks appear at 1.3 V, 

1.0 V, and 0.5 V in the cathodic region ascribed to the initial reduction of Ni2+ and Fe3+. The 

solid electrolyte interface (SEI) layer formed on the surface of the electrode material and in 

the anodic region two peaks appear at 1.49 V and 2.2 V which corresponds to the oxidation 
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of Fe to Fe2+/ Fe3+ and Ni to Ni2+. Whereas in the first cycle of NFOC-20 (figure 3.8b) a 

slight shift in the corresponding reduction and oxidation peaks is observed due to the 

structural modification of the electrode material by the addition of the CNOs. In the second 

cycle of both the electrodes, i.e., NFO and NFOC-20 (figure 3.8c), anodic and cathodic peaks 

are broadened and not as distinguishable as those of individual Ni(OH)2 and the Fe2O3 

component shown in figure 3.8d. This might be because of their different composition and 

addition of the CNOs. Figure 3.8d shows second cycle of CV curve of Ni(OH)2 nanosheets, 

Fe2O3 nanoparticles and NFO.  

Two cathodic peaks at 0.71 V & 1.61 V and three anodic peaks at 1 V, 1.40 V & 2.4 

V are observed in the CV of Ni(OH)2 nanosheets which corresponds to the reduction of Ni2+ 

to Ni and decomposition of LiOH at the electrode-electrolyte interface, respectively and vice-

versa in case of oxidation.11 In Fe2O3, two cathodic peaks at 0.89 V & 0.77 V and two anodic 

peaks at 1.64 V and 1.9 V are observed which corresponds to the reduction of Fe3+ to Fe2+  

and Fe2+ to Fe and vice-versa.25, 26 From the CV analysis of these samples it can be reiterated 

that the reduction and oxidation processes in the Ni(OH)2 and Fe2O3 components of hybrid 

electrodes happens sequentially (with their maximal electrochemical redox activity at 

different potentials), which is accompanied by the sequential volume expansion and 

contraction in Ni(OH)2 and Fe2O3 components of the electrode. As a result, the development 

of stress in the electrode is subdued, and the structural integrity of the hybrid electrode is 

retained.  

3.3.7 Charge-discharge measurements 

The Galvanostatic charge-discharge studies are performed to estimate the Lithium-ion 

storage properties of all the electrode materials at an applied current density of 0.05 Ag-1 in 

the voltage range of 0.01-3 V vs. Li/Li+ and the corresponding charge-discharge profiles are 

shown in figure 3.9. From the charge-discharge profiles, it is observed that all the electrode 

materials (Ni(OH)2, Fe2O3, NFO, and NFOC-20) have shown very high irreversible discharge 

capacity. The discharge capacities of Ni(OH)2, Fe2O3, NFO and NFOC-20 in the 2nd cycle are 

found to be 1139, 1029, 1485 and 928 mAhg-1, respectively at an applied current density of 

50 mAg-1. The discharge capacity of Ni(OH)2 nanosheets electrode has decreased to 1044 

mAhg-1 in the sixth cycle while maintaining 91 % capacity retention compared to the second 

discharge capacity. Similarly, 88% of capacity retention was observed in the Fe2O3 electrode. 

In case of binary composite (NFO), the second discharge capacity was obtained to be 1485 

mAhg-1, higher than the Ni(OH)2 and Fe2O3 electrodes; however, it decreases rapidly by the 

sixth cycle. On addition of CNOs, the discharge capacity of 928 mAhg-1 is observed for 
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NFOC-20 electrode. Comparatively less capacity for this ternary composite was expected due 

to the addition of 50% of carbon material (CNOs) in the composite, which is having low 

theoretical specific capacity than the metal oxide or hydroxide. But after the addition of 

CNOs, the loss of specific capacity over few cycles is also lesser than other electrodes, 

confirming the enhancement in the stability of the electrode. 

 

Figure 3.9: Charge/discharge profiles of (a) Fe2O3, (b) Ni(OH)2 (c) NFO and (d) NFOC-20 electrodes up to 6 

cycles at 50 mAg-1 current density. 

3.3.8 Rate Performance 

The rate capability is also an essential parameter for LIBs, mainly because of its 

significance in evaluating power capability. Figure 3.10 (a and b) demonstrates the rate 

capability performance of all the samples at different applied current densities from 0.05 to 1 

Ag-1. It can be seen in figure 3.10a that with an increase in the applied current density there is 

a rapid decrease in the specific capacity of all non-CNO electrodes. Whereas on the addition 

of CNOs, the rate capability also enhances and delivers average reversible discharge 

capacities of 1112, 831, 815, 753, and 673 mAhg-1 at the current densities of 0.05, 0.10, 0.25, 

0.50, and 1.00 Ag-1 respectively for the NFOC-20. As mentioned earlier, for comparison 

various weight % of CNOs were used to make a ternary composite. The rate capabilities of 

these ternary composite electrodes are shown in figure 3.10b along with the data for NFO as 

well.  NFOC-20 retained 60.5 % specific discharge capacity even when applied current 

density was increased to 1.0 Ag-1 from 0.05 Ag-1. As the current density reverted to 0.1 Ag-1, 

the reversible capacity of the NFOC-20 electrode showed the specific capacity of 890 mAhg-1 

after 36 cycles. Given that the initial reversible specific capacity of NFOC-20 at 0.1 Ag-1 

current density was 811 mAhg-1 these results exemplify more than 100% capacity recovery 

for NFOC-20. In figure 3.10 (a and b) it is seen that Ni(OH)2, Fe2O3, NFO and NFOC-10 
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electrodes experience significant capacity fading and capacity recovery after 36 cycles are 

unsatisfactory. NFOC-30 ternary composite showed enhanced rate capability but with 

somewhat less specific capacity value because of an excess of carbon content. Therefore, it 

can be concluded that improved electrochemical performance of the ternary composite 

NFOC-20 is because of the addition of an optimum quantity of CNOs, which increases the 

electronic conductivity and provides mechanical integrity to the electrode. 

 

Figure 3.10: Rate capability of (a) Fe2O3, Ni(OH)2, NFO and NFOC-20 electrodes (b) NFO, NFOC-10, NFOC-

20 and NFOC-30 electrodes at various current densities. 

3.3.9 Electrochemical impedance spectroscopy 

To understand the role of CNOs on Li-ion diffusion into the electrode, we have 

performed electrochemical impedance spectroscopic studies and the corresponding Nyquist 

plots are shown in the figure 3.11.   The Nyquist plots were measured at an open circuit 

potential condition in the frequency range of from 100 KHz to 50 mHz at 10 mV after 

running the cyclic voltammograms. The Nyquist plots of electrodes for Ni(OH)2, Fe2O3, NFO 

and NFOC-20 consists of semicircle at high-to-medium frequency region and a sloping line 

at the low-frequency region. This semicircle is attributed to the charge transfer resistance 

(Rct) between the electrolyte and the electrode. The slope line might be related to the Warburg 

impedance (Zw) induced by lithium ion diffusion in the electrodes. Based on the circuit fitting 

model, α-Fe2O3, Ni(OH)2 and NFO electrodes have Rct value of  29.42, 35.70, 18.32 Ω,  

respectively as shown in figure 3.11. Impedance measurements indicate that upon mixing 

both the Ni(OH)2 and Fe2O3 in a composite, the charge transfer resistance decreased due to 

the synergistic effect of both components enhancing the conductivity of the electrode. 

Further, the addition of CNO into this composite makes it more conducting and decreases the 

charge transfer resistance to 13.23 Ω, implying that the addition of CNOs into the hybrid 

material significantly promote the charge transfer at the electrode/electrolyte interface, and 

thus benefit the electrochemical performance. 
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Figure 3.11: Nyquist plots of the AC impedance spectra for the electrodes based on Fe2O3, Ni(OH)2 and NFO, 

NFOC-20 

3.3.10 Cycling stability 

The stability performance of NFOC-20 was evaluated by charge-discharge cycling at 

an applied current density of 1.0 Ag-1 for 1000 cycles and corresponding plot is shown in the 

figure 3.12. It is interesting to note that the discharge capacity decreases rapidly up to 70 

cycles. After that, the specific capacity of the ternary composite electrode material increases 

gradually from 350 mAhg-1 to 593 mAhg-1 up to 400 cycles with a coulombic efficiency of 

more than 99%. From the 400th cycle the specific capacity is retained at 590 mAhg-1 till 1000 

cycles. The increasing trend in discharge capacity is probably due to the reversible growth of 

a polymeric gel-like film resulting from the kinetically activated electrolyte degradation. as 

Also, the presence of CNOs network enhances the electrochemical activation process and 

also prevents the materials from pulverization and alleviate the volume changes, 

consequently offering long cycle life of the ternary hybrid material.27-29 

 

Figure 3.12: Cycling stability of NFOC-20 at 1 Ag-1 

 

3.3.11 Post cycling study 

The TEM image of the NFOC-20 after 70, 400 and 1000 cycles at 1 Ag-1 have been 

shown in figure 3.13 (a-c). Figure 3.13c confirms that the morphology of the electrode 



Ph.D. Thesis/ AcSIR/NCL Chapter 3 

 

  
PRAVIN KUMARI DWIVEDI 60 

 

material is sustained significantly even after 1000 cycles of charge and discharge at high 

current density. Figure 3.13d shows the Nyquist plots for NFOC-20 electrode in a fresh cell 

then after 70 and 400 cycles of charge-discharge at 1 Ag-1 of current density. It can be seen in 

the impedance spectrum taken after 70 cycles that the charge transfer resistance and Warburg 

impedance increased, probably due to some structural changes for few initial cycles. In an 

impedance spectrum taken after 400 cycles of charge and discharge, two prominent 

semicircles appeared at high-frequency region and comparatively more vertical slopping line 

at the low-frequency region. In general, the first semicircle at high-frequency region 

corresponds to the SEI layer resistance.30 The second semicircle observed in the impedance 

spectra after cycling is related to the charge transfer resistance. It is noted that after charging 

and discharging for 400 cycles the Warburg impedance decreases as well as charge transfer 

resistance of the cell is also reduced; most probably due to formation of SEI layer with 

optimum thickness on the electrode material and penetration of electrolyte in to the electrode 

which improves electronic/ionic transport and leads to enhance specific capacity of the 

electrode.30 These features observed in impedance spectra taken at different levels of cycling 

corroborate with cycle life study as in figure 3.13d where the capacity initially decreased for 

few cycles (~ 70 cycles) and then increased up to ~ 400 cycles to finally be stable for more 

cycling. 

 

Figure 3.13: (a) TEM image of NFOC-20 at 1Ag-1after 70 cycles (b) 400 Cycles (c) 1000 cycles (d) Nyquist 

plots of AC impedance spectra NFOC-20 electrode at different cycles of Charge-discharge. 

 

3.4 Conclusions 

In summary, we have successfully developed the novel ternary hybrid electrode 

material of NFOC with different morphological structures by simple two-step solution phase 

method. In this composite, Ni(OH)2 nanosheets are decorated with Fe2O3 nanoparticles and 
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further these sheets are wrapped on CNOs as observed in the TEM images. Electrochemical 

measurements suggest that it has excellent rate capabilities, long cycle life with high 

reversible specific discharge capacity. NFOC electrode material delivers 1112 mAhg−1 in 1st 

discharge cycle at 50 mAg−1 of current density and retains its specific capacity up to 60.5% at 

a higher current density of 1000 mAhg−1. Also, at 1 Ag−1 of higher current density, as 

prepared anode material shows 96% capacity retention after 1000 charge-discharge cycles 

with more than 99% of coulombic efficiency. Hence, the improved electrochemical 

performance is due to the synergistic effect of the individual components, in which the Fe2O3 

and Ni(OH)2 increases the reversible discharge capacity and CNOs network maintain the 

structural integrity of the electrode material on continuous charging and discharging process, 

with efficient electronic transport and shortened the Li-ion diffusion path.  
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Chapter 4 

Polydopamine Derived N-doped Carbon with 

NiO/NiFe2O4 Nanocomposite as an Anode 

Material for High Performance Li-Ion Battery 

 

 

Multicomponent metal oxide NiO/NiFe2O4 composite with N doped Carbon (NDC/NiO/ 

NiFe2O4) has been successfully synthesized via hydrothermal method followed by annealing 

in inert atmosphere which exhibit excellent electrochemical performances for Li‐ion battery 

anode. NiO prevents the aggregation of NiFe2O4 nanoparticles and increases the conductivity 

of active material. Polydopamine derived N doped carbon in the composite provides more 

active sites, increases the conductivity and acts as a buffer to sustain volumetric expansion of 

the ternary composite during cycling. The resulting ternary composite of NDC/NiO/ NiFe2O4 

delivers a reversible discharge capacity of 786 mAhg−1 at 0.1 Ag−1 and 463 mAhg−1 at a 

higher current density of 2 Ag−1 with excellent rate performance. Additionally, it exhibits 

stable cycle life over 1000 cycles with 98% capacity retention and more than 99% of 

coulombic efficiency.  
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4.1 Introduction 

As discussed in 1st and 3rd chapter transition metal oxides (TMOs) like Fe2O3, ZnO, NiO, 

Co3O4, etc. are promising as alternative high-capacity conversion anode materials to substitute the 

commercially used graphite for LIBs with good electrochemical performance. Among several 

ferrites, NiFe2O4 exhibit high theoretical capacity (915 mAhg-1) via reacting with 8 moles of Li 

ions and exhibit inverse spinel structure in which octahedral sites occupied by Ni2+ and half of the 

Fe3+ cations and tetrahedral sites occupied by the remaining Fe3+. 1 Significantly both Ni and Fe 

are environment-friendly and abundant in nature.2 Hence we have explored this Ni and Fe based 

TMO in this chapter. The major challenge with NiFe2O4 electrodes is massive phase 

transformations accompanied by severe volume expansion during long cycling of charge-

discharge, which cause disorientation of electrode material. On this account, anode materials suffer 

from rapid capacity fade because of the loss of electronic contact between the active material and 

current collector.1-3 Additionally the low conductivity of NiFe2O4 anodes leads to poor rate 

performance.4 Synthesis of heterostructures with smart design is an evolving strategy to 

improve the electrochemical performance of NiFe2O4 anodes. 5, 6 High theoretical capacity of 

NiO (718 mAhg−1) and its environment friendly behaviour makes it more suitable component to 

synthesize the hybrid nanocomposite of NiO with NiFe2O4 as a promising anode material for Li 

ion battery. 7, 8 However, synthesis of an integrated smart architecture of binary composite by 

using a simple and facile tactic is challenging, where structural features and electrochemical 

activities of individual components are fully manifested. 9 Moreover, interface/chemical 

distributions should be homogeneous at the nanoscale level. Though binary composites provide 

advantage of two electrochemical active components, poor electrical conductivities and large 

volume expansion during lithiation-delithiation which leads to the rapid capacity fade during 

cycling is still a challenging task to tackle. 10  

Usually carbon is used in the composite to improve the cycle life and rate performance of 

metal oxide based electrode materials.10 Defects in the form of heteroatoms can improve the 

efficiency of carbon by providing nucleation sites for TMOs.11, 12 Besides, nitrogen-doping can 

improve the electronic conductivity and chemical reactivity of the carbon material which is 

suitable to enhance the electrochemical performance of battery. 13 

We have synthesized a ternary nanocomposite of N doped Carbon (NDC)/NiO/NiFe2O4 

as an anode material for Li ion battery application via hydrothermal method. In this, N doped 

carbon was prepared by relatively simple and eco-friendly method by using Polydopamine 

(PDA), as a nitrogen-rich biomimetic polymer.14 PDA-derived nitrogen-enriched carbon shows 
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resemblance with the N-doped multi-layered graphene in structure and electrical conductivity 

which enables it to deliver large specific capacity.14, 15 In NDC/NiO/NiFe2O4 composite, NiO/ 

NiFe2O4 increases the specific capacity whereas N doped carbon acts as a buffer to sustain 

the mechanical stress during charge-discharge process, also improves the electronic 

conductivity, decreases the path length of Li transport and increases the kinetics of lithiation-

delithiation. It delivers 778 mAhg-1   of specific capacity at 0.1 Ag-1 of current density and 

retains its capacity to 98% over 1000 cycles.  

4.2 Experimental section 

4.2.1 Synthesis of NiFe2O4 and NiO/ NiFe2O4 

NiFe2O4 and NiO/NiFe2O4 were prepared by using ‘nikel(II)nitrate’ 

([Ni(NO3)2].6H2O) and ‘iron(III)nitrate nonahydrate’ ([Fe(NO3)3].9H2O) in 1:2 and 1:1 ratio 

respectively as precursors in the solution of  20 ml N-N-Dimethylformamide (DMF) and 90 

mg Hexamethyltetraamine (HMTA). Above prepared solution was stirred in an oil bath for 5 

h at 90 ºC temperature and subsequently transferred to autoclave for hydrothermal synthesis. 

The hydrothermal reaction was carried out for 5 h at 160 ºC. Further, the solution was filtered 

and washed several times with DI water and ethanol and dried at 100 ºC. Further above 

prepared materials were annealed at 500 ºC in inert atmosphere for 3 h. 

4.2.2 Synthesis of NDC/NiO/NiFe2O4 composite 

 

Figure 4.1: Schematic representation of the overall synthetic route towards the formation of NiO/ NiFe2O4 and 

NDC/NiO/ NiFe2O4. 

To synthesize the NDC/NiO/NiFe2O4 ternary nanocomposite, 100 mg of Dopamine 

with 78 mg of tris buffer were dissolved in 50 ml DI water with 150 mg of NiO/ NiFe2O4. 

Here, Tris-buffer was used to maintain a constant pH level. Reaction mixture was stirred at 

80 ºC for 4 hours. In order to form the composite of NiO/ NiFe2O4 with N doped carbon, 
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above prepared material was annealed at 500 ºC temperature in an inert atmosphere for 3 h. 

Synthesis routes of NiO/ NiFe2O4  and NDC/NiO/ NiFe2O4 are shown schematically in figure 

4.1. 

4.2.3 Material Characterization 

Powder X-ray Diffraction patterns were recorded on a Phillips PAN analytical 

diffractometer with CuKα radiation (λ = 1.5406 Å). Transmission Electron microscopy was 

carried out by Tecnai F30 FEG machine operated at an accelerating voltage of 300 kV. 

Morphology and chemical composition of the ternary hybrid composite were examined by 

using Quanta 200 3D, FEI scanning electron microscope (SEM). X-ray photoelectron 

spectroscopic (XPS) measurements were carried out on a VG Micro Tech ESCA 3000 

instrument. Thermogravimetric analysis were performed with SDT model Q600 of TA 

instrument with heating rate at 10degree per minutes in air atmosphere. 

4.2.4 Electrochemical Characterization 

The electrochemical properties of the electrode materials are examined by two-

electrode coin cell (CR2032) configuration. The composite anode was prepared by mixing 

the active material with the conductive additive (super P) and the binder(polyvinylidene 

difluoride, PVDF).This mixture was coated on  Cu foil, which serves as a current collector, 

subsequently dried at 90 ºC overnight before making a cell assembly in an Ar-filled 

glovebox. The coin cells were assembled by using lithium metal foil as a counter electrode, a 

quartz microfiber paper (Whatman) as a separator and 1 M LiPF6 in ethylene carbonate (EC)-

diethyl carbonate (DEC) (1: 1 by volume) as an electrolyte. Cyclic voltammetry (CV) was 

performed using SP-300 EC Biologic potentiostat at a scan rate of 0.25 mVs-1 between 0.01 

V and 3.0 V. The galvanostatic discharge-charge cycling of the cells was carried out at 

different current densities between potentials of 0.01 and 3.0 V by using MTI battery 

analyzer. The electrochemical impedance spectroscopy (EIS) was used to measure impedance 

in the frequency range from 100 KHz to 50 mHz with an AC amplitude of 10 mV. 

4.3 Results and discussion 

4.3.1 Powder X-ray diffraction 

Phase purity and lattice structure analysis of NiFe2O4, NiO/NiFe2O4 and 

NDC/NiO/NiFe2O4 composites were investigated with the help of Powder XRD pattern as 

shown in figure 4.2. The p-XRD pattern of NiFe2O4 consists of diffraction peaks at 18.51º, 

30.42º, 35.81º, 37.44º, 43.51º, 54.0º, 57.50º and 63.11º which corresponds to (220), (311), 

(400), (511) and (440) indexing to cubic inverse spinel structure of NiFe2O4 (JCPDS No. 74-
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2081). It should be noted that the (111), (200) and (220) peaks of NiO (JCPDF 47-1049) have 

nearly the same 2 theta values as those of the (311), (440) and (400) peaks of NiFe2O4 

(JCPDF 10-0325). 

  

Figure 4.2: p-XRD patterns of NiFe2O4, NiO/NiFe2O4 and NDC/NiO/NiFe2O4. 

4.3.2 X-ray photoelectron spectroscopy 

The oxidation state of elements and their molecular environment in NiFe2O4, 

NiO/NiFe2O4 and NDC/NiO/NiFe2O4 were characterized by XPS. Figure 4.3a represents a 

XPS survey spectra of all the nanomaterials, which indicate the presence of Ni, Fe and O in 

NiFe2O4 and NiO/NiFe2O4 nanocomposites, whereas ternary composites of 

NDC/NiO/NiFe2O4 shows additional intense peak of C and N in the survey spectra. Figure 

4.3b shows the Fe 2p spectra in NDC/NiO/NiFe2O4 nanocomposite which consists of the two 

spin-orbit doublets characteristic of Fe2+ and Fe3+ with their respective satellite peaks. The Fe 

2p spectra of the ternary composite shows two main peaks at binding energies of 711.2 eV 

for Fe 2p3/2 and 724.5 eV for Fe 2p1/2, which are the characteristic peaks of NiFe2O4.
5, 16 

Figure 4.3c shows the Ni 2p spectrum of Ni in NDC/NiO/NiFe2O4 nanocomposite, which 

consists of the main peaks observed at binding energies of 855.8 eV for Ni 2p3/2 and 873.4 eV 

for Ni 2p1/2 which are the characteristic peak of Ni2+ of NiO and NiFe2O4. In the Ni 2p 

spectrum, difference between the binding energy of main peak (855.8 eV, Ni 2p3/2) and its 

satellite peak at 860.8 eV is 5 eV which is the characteristic nature of Ni2+ bond in NiO and 

NiFe2O4.
5, 17 Figure 4.3d shows the 5 deconvoluted peaks in high resolution C1s XPS spectra 

of NDC/NiO/NiFe2O4 nanocomposites. Peaks appeared at 284.4 eV, 285.5 eV, 286.9 eV and 

288.6 eV corresponds to the sp2 carbon, sp3 carbon, C-N bond, C=O bond and peak at 290.6 
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eV shows the presence of Π-Π* bond ‘‘shake-up’’ satellites which are the characteristic 

peaks of graphitic carbon confirming graphitic nature of NDC.18, The high-resolution N1s 

XPS spectrum of NDC/NiO/NiFe2O4 nanocomposites is shown in figure 4.3e indicating the 3 

deconvoluted peaks which corresponds to different types of binding configurations related to 

N atoms. Three peaks appeared with binding energies centred at 398.8 eV, 400.0 eV, and 

401.0 eV, assigned to pyridine-, pyrrole- and quaternary nitrogen species, respectively.18, 19 

 

Figure 4.3: (a) XPS survey spectrum of NDC/NiO/NiFe2O4 (b-e) XPS spectra of Fe 2p, Ni 2p, C 1s, and N 1s, 

respectively. 

4.3.3 Scanning electron microscopy 

FESEM imaging was carried out to investigate structural morphology of as prepared 

sample. Figure 4.4a-c shows FESEM images of the NiFe2O4, NiO/NiFe2O4 and 

NDC/NiO/NiFe2O4 composites respectively. From figure 4.4a we can see that agglomerated 

NiFe2O4 nanoparticles are formed with 10-20 nm size. Figure 4.4b shows the FESEM image 

of NiO/NiFe2O4, in which NiFe2O4 nanoparticles are distributed on the NiO sheet. Figure 

4.4c represents the mixed morphology of NDC/NiO/NiFe2O4 comprised of nanosheets of 

NiO and N doped carbon along with NiFe2O4 nanoparticles. 
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Figure 4.4: FESEM image of (a) NiFe2O4 (b) NiO/NiFe2O4 (c) NDC/NiO/NiFe2O4. 

The SEM elemental mapping images revealed the homogeneous distribution of Ni, 

Fe, C, N and O elements over the selected area of NDC/NiO/NiFe2O4 composite as shown in 

figure 4.5.  

 

Figure 4.5: Elemental mapping of (a) selected area of NDC/NiO/NiFe2O4 composite (b) Ni (b) Fe (c) C (d) N 

and (f) O. 

4.3.4 Transmission electron microscopy 

Figure 4.6 Shows TEM images of NiFe2O4, NiO/NiFe2O4 and NDC/NiO/NiFe2O4 

materials to further investigate the structural morphology. Figure 4.6a shows agglomerated 

nanoparticles of NiFe2O4 with uniform size distribution of 10-20 nm. Formation of NiO 

nanosheets along with NiFe2O4 nanoparticles is evident from figure 4.6b. Low magnification 

TEM image of NDC/NiO/NiFe2O4 has been shown in figure 4.6c and high magnification 

image in 4.6d where it shows mixed morphology of nanosheets of NiO and N doped C with 
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uniform distribution of NiFe2O4 nanoparticles. The HRTEM image presented in figure 4.6e 

exhibit the lattice fringes of NiFe2O4 and NiO. The d-spacing value of 0.24 nm and 0.29 nm 

corresponds to the (111) plane of NiO and (220) plane of NiFe2O4.
20, 21 Figure 4.6f represents 

the SAED pattern of NDC/NiO/NiFe2O4 which consist of diffuse rings with bright spots 

indicate the polycrystalline nature of nanocomposite. 

 

Figure 4.6: TEM image of (a) NiFe2O4 (b) NiO/NiFe2O4 (c-e) low to high magnification image of 

NDC/NiO/NiFe2O4 (f) SAED pattern of NDC/NiO/NiFe2O4 composite. 

4.3.5 Cyclic voltammetry 

To investigate the electrochemical nature of NiFe2O4, NiO/NiFe2O4 and 

NDC/NiO/NiFe2O4 composites, cyclic voltammetry was performed at a scan rate of 0.25 

mVs-1 from 0.01 V - 3.00 V. Figure 4.7(a-c) represents CV curves of NiFe2O4, NiO/NiFe2O4 

and NDC/NiO/NiFe2O4 composites respectively. In case of NiFe2O4, in the first cycle one 

sharp reduction peak is observed at around 0.6 V is due to lithium insertion in to the electrode 

surface, reduction of Ni2+ to Ni and Fe3+ to Fe and the irreversible formation of SEI layer on 

the electrode surface with amorphous Li2O formation. From second cycle onwards, cathodic 

peak shifts to 0.78 V with lesser intensity which is due to the presence of some irreversible 

transformation which gives structure modification in the first cycle. Two anodic peaks are 

observed at 1.64 V and 1.94 V due to oxidation of metallic Ni to Ni2+ and metallic Fe to Fe3+. 

This multiple electron process can be represented by equations (2) to (5).5, 22, 23  𝑁𝑖𝑂 + 2𝐿𝑖+ + 2𝑒− → 𝑁𝑖 + 𝐿𝑖2𝑂………. (2) 𝑁𝑖𝐹𝑒2𝑂4 + 8𝐿𝑖+ + 8𝑒− → 𝑁𝑖 + 2𝐹𝑒 + 4𝐿𝑖2𝑂 ………. (3) 𝑁𝑖 + 𝐿𝑖2𝑂 ↔ 𝑁𝑖𝑂 + 2𝐿𝑖+ + 2𝑒−………. (4) 
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2𝐹𝑒 + 3𝐿𝑖2𝑂 ↔ 𝐹𝑒2𝑂3 + 6𝐿𝑖+ + 6𝑒−………. (5) 

Figure 4.7b and 4.7c indicate the similar CV curves of NiO/NiFe2O4 and 

NDC/NiO/NiFe2O4 composites to that of NiFe2O4 with slight shifting in reduction and 

oxidation peaks. By incorporation of N-doped carbon in NiFe2O4, the difference between 

cathodic and anodic potential is reduced indicating that carbon addition in the composites 

increases the kinetics of lithiation and delithiation and SEI film formation on the electrode 

surface.24 From second cycle onwards, overlapping of cathodic and anodic curve in CV 

indicate the excellent cycling stability of NDC/NiO/NiFe2O4 composite. 

 

Figure 4.7: Cyclic voltammetry curve of (a) NiFe2O4 (b) NiO/NiFe2O4 (c) NDC/NiO/NiFe2O4 electrodes for 4 

cycles at 0.25 mVs-1 of scan rate. 

4.3.6 Charge-discharge measurements 

Figures 4.8 a-c represent galvanostatic charge-discharge curves of initial six cycles for 

NiFe2O4, NiO/NiFe2O4 and NDC/NiO/NiFe2O4 nanocomposites, respectively at 0.1 Ag-1 with 

reference to Li/Li+. In The first cycle, discharge capacities of NiFe2O4, NiO/NiFe2O4 and 

NDC/NiO/NiFe2O4 are noted to be 1211, 1138 and 1166 mAhg-1 respectively. The extended 

potential plateaus of initial discharge were obtained at around 0.65 V for all three electrodes. 

Similarly, the plateaus obtained in case of initial charging are located near 1.6 V and 1.9 V. 

This as well as the subsequent data is nearly consistent with corresponding reduction and 

oxidation peaks obtained in CV. The initial capacity loss is imputed to Solid Electrolyte 

Interface (SEI) layer formation and side reactions. NiFe2O4, NiO/NiFe2O4 and 

NDC/NiO/NiFe2O4 deliver second discharge capacity of 908, 774 and 786 mAhg-1 
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respectively and maintain 82%, 87% and 92% capacity retention up to 6th cycles. More 

capacity retention for ternary composite is due to the more conducting nature of N doped 

carbon that improves the specific capacity and also act as a buffer for volume expansion 

during cycling to maintain the structural integrity of electrode material.25 

 

Figure 4.8: Charge/discharge profiles of (a) NiFe2O4 (b) NiO/NiFe2O4 (c) NDC/NiO/NiFe2O4 electrodes for 6 

cycles at 100 mAg-1 current density. 

4.3.7 Rate performance 

The rate performance is a crucial parameters to evaluate the electrochemical 

performance of the electrode materials for the LIBs applications. The rate capability of 

NiFe2O4, NiO/NiFe2O4 and NDC/NiO/NiFe2O4 were examined at different current densities 

of 0.1, 0.25, 0.5, 1 and 2 Ag-1 as shown in figure 4.9. Ternary composite of 

NDC/NiO/NiFe2O4 delivers specific capacity of 786, 701, 619, 545 and 463 mAhg-1 at 0.1, 

0.25, 0.5, 1 and 2 Ag-1 of current density respectively and retains 59% of initial capacity. 

When the current density reverted to 0.1 Ag-1, specific discharge capacity of 653 mAhg-1 

could be obtained. Whereas, in case of NiFe2O4 and NiO/NiFe2O4 electrodes, the specific 

capacity of 908 and 774 mAhg-1 is obtained at 0.1 Ag-1 current density. At higher current 

density of 2 Ag-1 NiFe2O4 and NiO/NiFe2O4 electrodes show 226 and 311 mAhg-1 of specific 

capacity with 25% and 40% capacity retention respectively. After returning to 0.1 Ag-1 from 

2 Ag-1 both the electrodes exhibit 393 and 479 mAhg-1 of specific capacity respectively 

which is less in compare to ternary nanocomposite of NDC/NiO/NiFe2O4. In case of 

NiFe2O4, NiO/NiFe2O4 electrode, NiO/NiFe2O4 exhibit better rate performance due to 

addition of NiO sheet which potentially prevents the particle aggregation of NiFe2O4 

nanoparticles during cycling.  Among all three electrode material, NDC/NiO/NiFe2O4 shows 
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excellent rate performance due to the hetero atom doped conducting carbon matrix which 

improve the capacity and hinder the material pulverization during cycling at higher current 

density. 

  

Figure 4.9: Rate Performance of NiFe2O4, NiO/NiFe2O4 and NDC/NiO/NiFe2O4 electrodes from 0.1 Ag-1 to 2 

Ag-1 of current density. 

4.3.8 Cycling stability 

Figure 4.10 shows the cycling stability of NDC/NiO/NiFe2O4 ternary nanocomposite 

for 1000 cycles at a current density of 1 Ag-1. For initial 50 cycles, specific capacity 

decreases to 350 mAhg-1 from 518 mAhg-1 and then gradually increases till 650 cycles and 

become stable up to 1000 cycles. This initial capacity loss occurs due to the formation and 

conditioning of the electrodes during initial cycles which happens due to the structural 

rearrangements to form good electrical contacts with the conducting carbon matrix. Thus, 

while cycling the electrochemical grinding effect promotes to disaggregation of the active 

material agglomerations and provokes capacity fading. Over 1000 cycles of continuous 

charge-discharge it deliver specific capacity of 510 mAhg-1 with nearly 98% capacity 

recovery. The increase in capacity after 50 cycles can be attributed to the reversible 

polymeric/gel film formation on the electrode surface caused by electrolyte degradation 

during cycling.26 Additionally it exhibits more than 99% of coulombic efficiency over 1000 

cycles of charge-discharge.   
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Figure 4.10: Cycling stability of NDC/NiO/NiFe2O4 electrode at Ag-1 of current density for 1000 cycles.  

4.3.9 Electrochemical impedance spectroscopy  

EIS measurement was carried out in the frequency range of 100 kHz to 0.05 Hz to 

examine the charge transfer resistance of NiFe2O4, NiO/NiFe2O4 and NDC/NiO/NiFe2O4 

electrodes at 10 mV and at room temperature. As shown in figure 4.11, Nyquist plot consists 

of indented semi-circles in the high to medium frequency region corresponds to charge 

transfer resistance (Rct) and steep line in the low frequency region that represents Warburg 

diffusion resistance.27 Charge transfer resistance of all electrode materials was calculated by 

circuit fitting model. Among all three electrodes, NiFe2O4 exhibits very high Rct value (250 

), whereas NiO/NiFe2O4 and NDC/NiO/NiFe2O4 electrodes have less charge transfer 

resistance of 118  and 67  respectively. Reduced Rct value for NiO/NiFe2O4 is due to to 

the active participation of both the components to increase the conductivity of electrode. 

Whereas in case of ternary nanocomposite addition of N doped carbon improve the 

conductivity of electrode significantly which increases the electrochemical performance of 

the battery by reducing the path of Li ion diffusion process.28 

  

Figure 4.11: Nyquist plot of NiFe2O4, NiFe2O4/NiO and NDC/NiO/NiFe2O4 electrode at 10 mV.  
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4.3.10 Post cycling study 

EIS measurements were carried out to calculate the charge transfer and Warburg 

resistance of electrode while charge discharge cycling of NDC/NiO/NiFe2O4 ternary 

nanocomposite electrode. Figure 4.12a shows the Nyquist plot of NDC/NiO/NiFe2O4 

electrode at different intervals (fresh cell and after 10th, 50th, 100th and 200th cycles of charge-

discharge) of cycling at 1 Ag-1 of current density. It is clearly observed that after 10th cycle 

charge transfer resistance and Warburg diffusion resistance of electrode decreases on 

increasing cycle number. After 50th, 100th and 200th cycles two prominent semicircles 

observed in which first semicircle in higher frequency region corresponds to SEI layer 

resistance and another semicircle at mid frequency region corresponds to charge transfer 

resistance. 29 On increasing cycling number, SEI layer formation with optimum thickness as 

well as electrolyte penetration on the electrode surface increase the electronic/ionic transport 

during cycling and reduce the charge transfer and Warburg diffusion resistance of the 

electrode. This decreased resistance during cycling helps to improve the specific capacity of 

the electrode. Thus, impedance measurement of the NDC/NiO/NiFe2O4 electrode validates 

the cycle life study at different levels of cycling. Cyclic voltammetry was also performed 

after 1000 cycles at 0.25 mVs-1 scan rate for the six cycles in the same cell. As shown in 

figure 4.12b, it can be seen that one broad reduction peak appeared at around 0.6 V which is 

due to the reduction of Ni2+ to metallic Ni and Fe3+ to metallic Fe and in oxidation region 

broad peak observed at around 1.6 V due to the oxidation of Ni and Fe to Ni2+ and Fe3+. 

Hence appearance of these redox peaks in the CV of NDC/NiO/NiFe2O4 electrode after 1000 

cycles indicate the maintenance of structural integrity of electrode material.    

 

Figure 4.12: (a) Nyquist plots of AC impedance spectra NDC/NiO/NiFe2O4 electrode at different cycles of 

Charge-discharge, (b) Cyclic voltammetry curve of NDC/NiO/NiFe2O4 electrode at 0.25 mVs-1 scan rate after 

1000 cycles at 1Ag-1 of current density. 
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4.4 Conclusions 

A ternary nanocomposite of NDC/NiO/NiFe2O4 is synthesized as an electrode material 

with hetero structure morphology by using solvothermal method. In this composite, NiFe2O4 

nanoparticles are decorated with NiO nanosheets and mixed with nanosheets of N doped 

carbon.  Electrochemical study of ternary composite reveals that it has long and quite stable 

cycle life with excellent rate capabilities as well as high reversible discharge capacity. It 

delivers a reversible discharge capacity of 786 mAhg−1 at 0.1 Ag−1 and 463 mAhg−1 at a 

higher current density of 2 Ag−1. Furthermore, it exhibits stable cycle life over 1000 cycles 

with 98% capacity retention and more than 99% of coulombic efficiency. Sheet like 

morphology of NiO avoids the aggregation of NiFe2O4 nanoparticles. Polydopamine derived 

N doped carbon in the composite provides more active sites to react with Li ions, increases 

the conductivity and act as a buffer to sustain volumetric expansion of the ternary composite 

during cycling. 
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Chapter 5 

Co3O4 NPs Decorated on 3-D Architecture of CNH 

Foam as a Promising Anode Material for Li-ion 

Battery 

 

 

 

Well-designed Co3O4 nanoparticles anchored on functionalized carbon nano horn 

(CNH) foam nanocomposite was prepared via freeze drying process and demonstrated as anode 

material for lithium-ion battery (LIB) with improved electrochemical properties. The three-

dimensional (3D) hierarchical mesoporous hybrid of functionalized carbon nano horn-Co3O4 

(CCO) shows an improved lithium storage performance and long cycle life due to high surface 

area, good conductivity, 3D interconnected mesoporous structure, mechanical and chemical 

stability and shorten the length of Li-ion transport during lithiation-delithiation compared to 

bare Co3O4. The incorporated Co3O4 nanoparticles into interconnected CNH foam effectively 

increase the number of active sites of CCO nanocomposite and increase the reversible specific 

capacity and Coulombic efficiency. Different compositions of CNH foam with Co3O4 

nanoparticles were prepared, among which the CCO 1:1 foam displays reversible capacity of 

797 mAhg-1 and excellent rate performance. It delivers high specific capacity value of around 

702 mAhg-1 at 5 Ag-1 of high current density. Moreover. It exhibit long cycle stability over 500 

cycles with 78% capacity retention as well as >99 % Coulombic efficiency. The hierarchical 

3D foam of CCO 1:1 nanocomposite with enhanced electrochemical performance can be used 

as a potential anode material for LIB applications. 
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5.1 Introduction 

Along with Fe and Ni based oxide, Co3O4 is also considered to be an excellent anode 

material for energy storage due to its high specific capacity of 890 mAhg-1 (2 times higher than 

graphite and even higher than most other metal oxides like SnO2, NiO, TiO2), low cost, 

abundance in nature and environment friendly.1 Nevertheless, lower conductivity, slow 

diffusion kinetics, large volume change and consequently low rate capability and poor cycle 

life hinders its practical use. Various strategies were employed to counter these problems 

including hybridizing Co3O4 with carbon nanocomposites and structural modification of Co3O4 

nanostructures, such as nanoparticles, nanowires, nanorods, spheres, nanosheets and nanotubes 

etc., to effectively improve the electrochemical rate performance of LIBs. Synthesis of hybrid 

nanocomposite of Co3O4 nanoparticles incorporated in porous conducting matrix is an effective 

route to improve the battery performance. 2 Despite intensive research efforts, the rate 

performance of the Co3O4 along with high cycling life is still a major challenge.  

Carbon nanohorn (CNH), a cone shaped nanostructure of carbon offers good electrical 

conductivity, large surface area with hierarchical porous structure as well as good mechanical 

strength.3 Hence CNH is effectively being used for the synthesis of variety of hybrid 

nanostructures. Recently CNH, has received growing research attention in various applications 

such as sensors, absorbent, supercapacitors, catalyst support, drug delivery system, fuel cells, 

solar cells, Li-ion batteries etc., since CNH have favorable mechanical and surface properties 

for energy storage. CNH with high surface area can provide mechanical support as well as act 

as a conductive matrix for nanoparticles to increase battery performance by effectively 

preventing the particle aggregation and volume expansion, shorten the Li ion transport path 

length during charge/discharge process.  

In this chapter, the synthesis of CCO foam is reported via freeze drying process with 

homogenous anchoring of Co3O4 nanoparticles in 3D interconnected network of CNH matrix. 

The as-prepared CCO foam represents an interconnected hierarchical nanostructure, in which 

Co3O4 NPs increase the specific capacity and f-CNH provide electronically conductive 

network. CNH foam also acts as an elastic buffer for the Co3O4 nanoparticles to increase the 

cycling stability and rate performance of electrode material. The CCO 1:1 foam delivers the 

reversible capacity of 797 mAhg-1 at 0.1 Ag-1 of current density. It shows excellent rate 

performance with 702 mAhg-1 of specific capacity at 5 Ag-1 of high current density with 89% 

capacity retention. Moreover, it shows 82% capacity retention over 500 cycle at 1 Ag-1 current 

density with >99 % coulombic efficiency.  
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5.2 Experimental section 

5.2.1 Functionalization of CNH 

Surface functionalization is generally employed for altering the surface energy of a 

material to improve its wetting and adhesion properties. Functionalization of CNH was carried 

out using H2O2 to incorporate the oxygen containing functional group such as hydroxyl, 

carbonyl and carboxylic group.4 

5.2.2 Synthesis of f-CNH foam 

f-CNH foam was prepared by lyophilization technique. In a typical procedure, f-CNH 

and DI water were taken in the 5:1 w/v ratio and sonicated for 15 min. Then particular amount 

of resorcinol, glutaraldehyde and a very small amount of sodium tetraborate decahydrate was 

added to the above dispersion and sonicated for 2 h. The resulted dispersion was frozen in 

liquid nitrogen followed by lyophilization in a bench-top freeze dryer for 10 h at -80 0C and 

0.02 mbar pressure. 

5.2.3 Synthesis of Co3O4 NPs 

To synthesize Co3O4 nanoparticles, 0.29 g of Co(NO3)2.6H2O was dissolved in 40 mL 

of ethanol by stirring for 30 minutes followed by addition of ammonia solution (NH3.H2O, 

25%). The obtained solution was transferred into a Teflon-lined stainless steel autoclave and 

heated at 190 ᴼC for 24 h. Finally, the reaction mixture was filtered and washed with DI water 

and ethanol followed by overnight drying. 

 

Figure 5.1: Schematic representation of the synthesis of f-CNH foam and Co3O4 nanoparticles anchored f-CNH 

foam. 
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5.2.4 Synthesis of Co3O4 NPs decorated f-CNH foam 

Nanocomposites of Co3O4 NPs decorated f-CNH foam were prepared by dispersion of 

Co3O4 NPs in f-CNH and DI water solution followed by the above mentioned procedure of f-

CNH foam synthesis. We have synthesized three different nanocomposites CCO 2:1, CCO 1:1 

and CCO 1:2 by varying the mass ratio of f-CNH and Co3O4 NPs. 

5.2.5 Material Characterization 

Powder X-ray Diffraction patterns were recorded on a Phillips PAN analytical 

diffractometer. Transmission Electron microscopy was carried out by Tecnai F20 FEG 

machine. Morphology and chemical composition of CCO foam composites was examined by 

using Quanta 200 3D, FEI scanning electron microscope (SEM). X-ray photoelectron 

spectroscopic (XPS) measurements were carried out on a VG Micro Tech ESCA 3000 

instrument. The nitrogen adsorption desorption isotherm measurements were performed on a 

Quantachrome surface area analyzer; the specific surface areas and pore size distributions of 

the samples were obtained by Brunauer-Emmett-Teller (BET) model and Nonlocal density 

functional theory (NLDFT).  

5.2.6 Electrochemical Characterization 

The electrochemical properties of CCO foam composites are examined by two-

electrode coin cell (2032) configuration. The composite anode was prepared by mixing the 

active material with the conductive additive (super P) and the binder (polyvinylidenedifluoride, 

PVDF). This mixture was coated on Cu foil, which serve as a current collector, subsequently 

dried at 90ºC overnight before making a cell assembly in an Ar-filled glovebox. The coin cells 

were assembled by using lithium metal foil as a counter electrode, a quartz microfiber paper 

(Whatmann) as a separator and 1 M LiPF6 in ethylene carbonate (EC)-diethyl carbonate (DEC) 

(1: 1 by volume) as an electrolyte. Cyclic voltammetry (CV) was performed using SP-300 EC 

Biologic pontentiostat at a scan rate of 0.25 mV s-1 between 0.005 and 3.0 V. The galvanostatic 

discharge–charge cycling of the cells was carried out at different current densities between 

potentials of 0.005 and 3.0 V by using MTI battery analyser. The electrochemical impedance 

spectroscopy (EIS) was used to measure impedance in the frequency range from 100 kHz to 

50 mHz with an AC amplitude of 10 mV. 

 

5.3 Results and discussion 

5.3.1 Powder X-ray diffraction 

The crystalline nature and phase purity of the above prepared materials was confirmed 

by p-XRD spectra. As shown in figure 5.2, p-XRD pattern of f-CNH foam consist of two broad 
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peaks at the two-theta values of 24.2 and 43.6 assigned to (002) and (101) planes of graphitized 

carbon, respectively. All reflections in Co3O4, CCO 2:1, CCO 1:1 and CCO 1:2 are in good 

agreement with spinel structure of Co3O4 with a face-centered cubic lattice (JCPDS Card no. 

42-1467, cell parameter a = 8.0837 A°). XRD pattern of all four samples consist of diffraction 

peaks at two theta values of 19.0, 31.29, 36.94, 44.86, 55.7, 59.29 and 65.27 corresponding to 

(111), (220), (311), (400), (422), (511) and (440) planes, respectively. Diffraction peaks of f-

CNH foam disappeared in the composite XRD as the Co3O4 NPs cover the f-CNH foam 

surface. Absence of any other impurity peaks indicates the high phase purity of all prepared 

materials. 

  

Figure 5.2:  X-ray diffraction of f-CNH, f-CNH foam, CO NPs, CCO 2:1, CCO 1:1 and CCO 1:2 composites. 

5.3.2 Raman spectroscopy 

The phases of the f-CNH, f-CNH foam, CO NPs, CCO 2:1, CCO 1:1 and CCO 1:2 

composites were further confirmed by Raman spectroscopy as shown in figure 5.3. The peaks 

distinguished at around 192, 480, 525, 615 and 682 cm-1 correspond to the 𝐹2𝑔1 , Eg, 𝐹2𝑔2 , 𝐹2𝑔3  

and A1g vibrational modes of crystalline Co3O4.
5, 6 Additionally, the broad peaks appearing at 

1360 cm-1 and 1595 cm-1 correspond to D and G bands of CNH, respectively. The D band is 

attributed to the mode of the k-point phonons of A1g symmetry while the G band corresponds 

to the E2g phonon of C sp2 atoms. We can also observe that the D band is stronger than the G 

band, indicating a largely disordered structure of the obtained f-CNH. 7 
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Figure 5.3: Raman spectrum of f-CNH, f-CNH foam, CO NPs, CCO 2:1, CCO 1:1 and CCO 1:2 composites. 

5.3.3 X-Ray photoelectron spectroscopy 

Chemical composition and oxidation state of cobalt in CCO 1:1 composite were 

investigated by XPS analysis. Figure 5.4a displays the XPS survey spectra of all three 

composites (CCO 2:1, CCO 1:1 and CCO 1:2) which displays the presence of Co 2p, C 1s, O 

1s and Na 1s peaks. In figure 5.4b and c, deconvoluted spectra of core level peaks are provided 

to understand the surface composition of the constituting elements. Deconvoluted spectra of 

Co shows the doublet 2p spectral profile of spinel Co3O4 separated by 15.2 eV of binding 

energy corresponding to 2p1/2 to 2p3/2 and separation occurs due to the spin-orbit coupling 

(figure 5.4b). Both the peaks of Co 2p1/2 and Co 2p3/2 contains tetrahedral Co2+ and octahedral 

Co3+ ions.8, 9 The deconvoluted Co 2p peaks at 779.7 eV and 794.9 eV are assigned to 

Co3+ 2p3/2 and Co3+ 2p1/2, respectively. The deconvoluted peak at 780.9 eV and 796.1 eV 

corresponds to the other spin-orbit components, Co2+ 2p3/2 and Co2+ 2p1/2, respectively. 

Moreover, four peaks with lesser intensity are also detected in the high binding energy region 

of 2p3/2 and 2pl/2 transitions corresponding to the respective shake-up satellite peaks of Co3O4 

indicating the presence of Co2+ and Co3+ on the surface of the material. Chemical shift of main 

spin-orbit components may give rise the peaks at 782.2 eV and 797.4 eV which results from 

the interaction of cationic Co species to surface hydroxyl species. Deconvoluted XPS spectrum 

of C 1s is shown in figure 5.4c. Four deconvoluted peaks appeared in C 1s spectrum at 284.7, 

285.2, 286.5 and 288.2 eV corresponding to the sp2 hybridized carbon, sp3 hybridized carbon, 

C-O and C=O bonds respectively. 10-11
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Figure 5.4: (a) XPS survey spectrum of CCO 2:1, CCO 1:1 and CCO 1:2 composite (b) and (c) Deconvoluted 

spectra for Co and C in CCO 1:1 respectively. 

5.3.4 Thermogravimetric analysis 

In order to quantify the individual component in the composites, TGA of all four 

samples was done in air flow with 10 °C min−1 rate up to 900 °C as shown in figure 5.5. There 

are three significant drops in corresponding weight, one is below 100 °C, second is around 300 

°C and third is at around 550 °C in composite electrodes. 22   First weight loss is assigned to 

the dehydration of physisorbed water, whereas second weight loss corresponds to evolution of 

CO2 and CO molecules and decomposition of oxygenated functional groups, on the surface of 

f-CNH foam. At about 550 °C, the weight loss occurred due to the combustion of the carbon 

skeleton of f-CNH foam matrix. From TGA profile of all 3 composites, it can be seen that the 

complete removal of carbon content in CCO 2:1 occurred at lower temperature, whereas in 

case of CCO 1:2 carbon content removed at higher temperature. This phenomenon may be 

attributed to the catalytic role of Co3O4 NPs in the oxidation of carbon materials.12 After 700 

°C, the content of Co3O4 in CCO 2:1, CCO 1:1 and CCO 1:2 nanocomposites is about 35%, 

45% and 55% respectively.  
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Figure 5.5: Thermogravimetric analysis of Co3O4, CCO 2:1, CCO 1:1 and CCO 1:2 composites. 

5.3.5 Scanning electron microscopy 

Structural morphology of as prepared samples were carried out by FESEM. Figure 5.6a-

f shows FESEM images of the Co3O4 NPs, f-CNH foam, CCO 1:1, CCO 2:1 and CCO 1:2, 

respectively. From figure 5.6a we can see that cobalt oxide nanoparticles formed are in the 

range of 10-15 nm size. Figure 5.6b represents the interconnected network of 3D f-CNH foam. 

Fig 5.6c-f show Co3O4 nanoparticles adsorbed on the formed f-CNH foam. Figure 5.6d shows 

that the size of interconnected channels of CCO 1:1 are less compared to CCO 2:1 and CCO 

1:2, which increases the surface area of the material and provides more active sites to react 

with Li ions during lithiation and delithiation. In figure 5.6e, it can be seen that the very thick 

layer of Co3O4 NPs deposited on the carbon surface in CCO 1:2 compared to CCO 1:1 and 

CCO 2:1. 

 

Figure 5.6: FESEM images of (a) Co3O4 nanoparticles, (b) f-CNH Foam (c) CCO 2:1, (d) CCO 1:1 and (e) 

CCO 1:2. 

Figure 5.7 (a-e) depicts the SEM elemental mapping, where it can be seen that the 

distribution of C, Co and O elements are homogenously spread throughout the sample. 
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Figure 5.7: Elemental mapping of the 1:1 composite of f-CNH and Co3O4 nanoparticles. 

5.3.6 Transmission electron microscopy 

TEM characterization was carried out for all samples to provide an insight into the inner 

architecture and the crystallographic nature. Figure 5.8a-c represents the TEM images of f-

CNH foam, CCO 2:1, CCO 1:2, respectively and figure 5.8d and 5.8e show the low and high 

resolution TEM image of CCO 1:1. Among all three composites, in CCO 1:1, Co3O4 

nanoparticles are distributed homogeneously on the surface of f-CNH sheets whereas in case 

of CCO 1:2 Co3O4 nanoparticles get agglomerated. 

                                              

Figure 5.8: Transmission electron microscopy images of (a) f-CNH foam, (b) CCO2:1 composite, (c) CCO1:2. 

(d) and (e) are TEM images of the CCO1:1. (f) The SAED pattern of the CCO1:1. 

 

Figure 5.8f demonstrates the SAED pattern of CCO 1:1 composite which gives 

information about polycrystalline nature of the material and diffraction rings corresponds to 
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(111), (220), (311), (400), (511), and (440) planes of Co3O4, which is in well resemblance with 

p-XRD pattern of the material. 13 

5.3.7 Surface area measurement 

The specific surface area of f-CNH foam, Co3O4, CCO 1:1 and CCO 1:2 

nanocomposites was calculated by using the multi-point BET technique from nitrogen 

adsorption/desorption isotherm, shown in figure 1c. The isotherms of f-CNH foam, CCO 2:1, 

CCO 1:1 and CCO 1:2 nanocomposites materials exhibit a BET type IV isotherm with H1 

hysteresis which is due to the presence of a mesoporous features in the samples (figure 5.9a). 

The BET surface area approximated as 935 m2g-1, 361 m2g-1, 267 m2g-1 and 100 m2g-1 for f-

CNH foam, CCO 2:1, CCO 1:1 and CCO 1:2, respectively. The increasing trend in surface area 

from CCO 1:2 to CCO 2:1 is due to the more contribution of f-CNH foam in the composite.  

Pore size distribution (PSD) shown in figure 1d was plotted using Non Local Density 

Functional Theory (NLDFT) slit-pore model for pores ranging from 1.4-30 nm.  PSD results 

are well in accordance with Nitrogen adsorption isotherm as f-CNH foam exhibit highest pore 

volume due to a higher presence of micro and meso pores in the range of 1.5 to 15 nm resulting 

in a high specific surface area with average pore radius of 3.72 nm whereas CCO 2:1, CCO 1:1 

and CCO 1:2 has average pore radius of 1.88 nm, 2.06 nm and 3.9 nm as indicated in the figure 

5.9b. 

 

Figure 5.9: (a)  N2 adsorption/desorption isotherms of f-CNH foam, Co3O4, CCO 1:1 and CCO 1:2 (b) Pore size 

distribution curve of f-CNH foam, Co3O4, CCO 1:1 and CCO 1:2. 

5.3.8 Cyclic voltammetry 

Structure and morphology of the electrode material affect the electrochemical 

performance of the battery. Electrochemical performance of all electrodes was investigated by 

cyclic voltammetry, galvanostatic charge-discharge and impedance spectroscopy. CV 

measurements were carried out in the voltage range of 0.01-3.0 V for four cycles at a scan rate 
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of 0.25 mV s-1. In the first discharge cycle of Co3O4 electrodes (Figure 5.10a), sharp cathodic 

peak appears around 0.78 V due to the electrochemical reduction of Co3O4 to metallic cobalt 

accompanying the formation of Li2O and the solid electrolyte interphase (SEI) film.14, 15 From 

second cycle onwards, cathodic peak splits into two distinguishable peaks appeared at 1.0 V 

and 1.24 V with lesser intensity which is due to multistep reaction during lithiation and 

presence of some irreversible transformation which gives structure modification in the first 

cycle.14, 15 In the anodic process, broad peaks located at around 1.33 V and 2.09 V can be 

ascribed to the reversible oxidation reaction from cobalt to Co3O4. The corresponding multi-

step conversion reaction can be described by equation (1) and (2). 𝑪𝒐𝟑𝑶𝟒 + 𝟐𝑳𝒊+ + 𝟐𝒆− ↔ 𝑳𝒊𝟐𝑶+ 𝟑𝑪𝒐𝑶… (1) 𝟑𝑪𝒐𝑶 + 𝟔𝑳𝒊+ + 𝟔𝒆− ↔ 𝟑𝑳𝒊𝟐𝑶 + 𝟑𝑪𝒐….. (2) 

 

Figure 5.10:  Cyclic voltammograms of (a) Co3O4 (b) CCO 2:1 (c) CCO 1:1 and (d) CCO 1:2 electrodes in the 

voltage range of 0.01−3.0 V at 0.25 mVs-1. 

 

Fig 5.10b-d shows the CV curves of CCO 2:1, CCO 1:1 and CCO 1:2, respectively. We can 

see that oxidative peak positions shifted towards high voltage as the concentration of carbon is 

increasing. Furthermore, high concentration of Co3O4 in the composite increase the intensity 

of cathodic peak which reveals a fast kinetics process for the phase transformation of Co3O4 

and SEI film formation on the electrode surface.2 
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5.3.9 Charge-discharge measurements 

GCD measurements were carried out to calculate the specific capacity of the 

composites and their cycling stability. The GCD profiles of Co3O4 NPs, CCO2:1, CCO1:1, 

CCO1:2 are shown in figure 5.11 a-d, respectively. GCD measurements are done at 100 mA g-

1 of current density in between 0.01 and 3.0 V. A prolonged voltage plateau appeared at around 

1.1 V for all the four electrodes due to the lithiation of nanocomposites and the conversion of 

Co3O4 to an intermediate phase of CoO (or LixCo3O4) and then to metallic Co, which indicates 

typical characteristics of potential trends for the Co3O4 electrode materials.16 The slope 

occurred in the region of 1.5 to 2.5 V in the charge curves represents reversible oxidation of 

metallic Co to Co3O4. Co3O4 delivers second discharge capacity of 1142 mAhg-1, whereas CCO 

2:1, CCO 1:1 and CCO 1:2 shows 508, 797 and 665 mAhg-1. Among all three hybrid 

composites CCO 1:1 delivers highest reversible capacity because the optimum amount of 

Co3O4 and carbon content in the composite provide high surface area as well as more reactive 

sites to react with Li which increase the Li storage capacity.  

 

Figure 5.11: Charge/discharge profiles of (a) Co3O4 (b) CCO 2:1 (c) CCO 1:1 and (d) CCO 1:2 electrodes for 6 

cycles at 100 mAg-1 current density. 

 

5.3.10 Rate performance 

The rate performance is one of the most important parameter of the materials for the 

LIBs applications. The rate capability of CCO 2:1, CCO 1:1 and CCO 1:2 were investigated at 
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different current densities ranging from 0.1, 0.25, 0.5, 1, 2 and 5 Ag-1 as shown in figure 5.12.  

CCO 1:1 electrode delivers specific capacity of 797, 834, 838, 811, 780 and 702 at 0.1, 0.25, 

0.5, 1, 2 and 5 Ag-1 of current density, respectively. When the current density was reverted to 

0.1 Ag-1, it exhibits 963 mAhg-1 of specific discharge capacity which is more than initial 

reversible capacity. In case of CCO 2:1 electrode, initial specific capacity value is less due to 

more contribution of carbon in the composite during lithiation and delithiation process, whereas 

in case of CCO 1:2, capacity is less due to large pore volume and less surface area which 

decrease the active sites reacting with Li ions. Large quantity of Co3O4 can get agglomerated 

and form a thick layer on the carbon network which reduce the diffusion of Li ions during 

continuous charge-discharge processes. 

  

Figure 5.12: Rate Performance of (a) CCO 2:1 (b) CCO 1:1 and (c) CCO 1:2 electrodes from 0.1 Ag-1 to 5 Ag-1 

of current density.  

5.3.11 Electrochemical impedance spectroscopy  

EIS measurement was used to investigate the charge transfer resistance of Co3O4 NPs, 

CCO 2:1, CCO 1:1, and CCO 1:2 nanocomposites in the frequency range of 100 kHz to 0.05 

Hz at 10 mV at room temperature. As shown in figure 5.13, the Nyquist plots of all electrodes 

consist of a semicircle in high frequency region which corresponds to the charge transfer 

resistance (Rct) at the electrode/electrolyte interface and a straight line in low frequency region 

related to diffusion of lithium ion in the bulk materials called Warburg impedance (W). 17, 18 

Charge transfer resistance of all electrode materials was calculated by circuit fitting model. 

Nanocomposites of CNH foam and Co3O4 in 1:1 ratio has very less charge transfer resistance 

(49 Ω) than bare Co3O4 (173.8 Ω), CCO 2:1 (75 Ω) and CCO 1:2 (98 Ω) implying that the 3D 

foam of Co3O4-CNH composites exhibit more accessible sites on the surface of active materials 

and shorten Li-ion diffusion path length which increase the kinetics of charge transfer.2 
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Figure 5.13: Nyquist Plot of (a) Co3O4 (b) CCO 2:1 (c) CCO 1:1 and (d) CCO 1:2 electrodes at 10 mV. 

5.3.12 Cycling stability 

Figure 5.14 demonstrates the cycle life study of all three nanocomposites CCO 2:1, 

CCO 1:1, and CCO 1:2 for 500 cycles at a current density of 1 Ag-1. For initial 250 cycles of 

CCO 1:1 capacity increases gradually to 1055 mAhg-1, because of gradual activation process 

which enhances the kinetics of Li ion diffusion and polymeric gel-like film formation with 

better electrolyte infiltration during cycling.19 Further, over 500 cycles the capacity value 

decreases to 820 mAhg-1 with 78% capacity retention and has more than 99% Coulombic 

efficiency. Additionally, high surface area of electrode can provide more accessible reactive 

sites which leads to increased lithium-ion storage capacity.2 CCO 2:1 nanocomposite delivers 

less specific capacity value of 583 mAhg-1 at 500th cycles because of excessive amount of 

carbon in the composite. Whereas CCO 1:2 delivers 696 mAhg-1 of specific capacity value at 

500th cycle due to less surface area and more li ion diffusion resistance caused by thick 

deposition of Co3O4 NPs on carbon surface.    

 

Figure 5.14: Cycling stability of CCO 2:1, CCO 1:1 and CCO 1:2 electrodes at 1 Ag-1 of current density for 500 

cycles.  
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5.3.13 Post cycling study 

EIS measurements were done to measure the resistance of electrode during continuous 

charge discharge process for CCO 1:1 electrode. Figure 5.15a shows the Nyquist plot of CCO 

1:1 at different steps of cycling (fresh cell and after 10th, 30th, 60th, 100th and 250th cycles of 

charge-discharge) at 1 Ag-1 of current density. It can be seen that the charge transfer resistance 

and Warburg diffusion resistant of electrode decreases on increasing cycle number, and after 

250th cycle both charge transfer and diffusion resistance are very less and displays two 

prominent semicircles. First semicircle in higher frequency region appears due to SEI layer 

resistance and another semicircle at mid frequency region appear due to charge transfer 

resistance. After 250 cycles, formation of SEI layer with optimum thickness on the electrode 

surface and penetration of electrolyte increases the electronic/ionic transport during cycling 

and reduce both the charge transfer as well as Warburg diffusion resistance of the cell which 

aids in increasing the specific capacity of the electrode.20, 21. Thus, cycle life study of the CCO 

1:1 electrode corroborate by impedance measurement at different levels of cycling. Further, 

TEM analysis was done to investigate the morphological changes of electrode after 500 cycles 

of Charge-Discharge at 1 Ag-1 of current density. Figure 5.15b and 5.15c represents the low 

and high resolution TEM images of CCO 1:1 electrode after cycling where it can be seen that 

the morphology of the CCO 1:1 nanocomposites is still retained fairly even after continuous 

500 cycles of charge-discharge. 

 

Figure 5.15: (a) Nyquist plots of AC impedance spectra CCO 1:1 electrode at different cycles of Charge-

discharge, (b-c) TEM image of CCO 1:1 at 1Ag-1after 500 cycles. 
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5. 4 Conclusion 

We reported a facile freeze drying process to develop a well-designed Co3O4 NPs 

anchored on f-CNH foam architecture as composite anode material for LIBs. The Co3O4-CCO 

nanocomposite exhibit the best lithium storage capacity and good cycling stability when carbon 

content is around 45 weight %, retaining a discharge capacity of 820 mAhg-1 up to 500 cycles 

with more than 99% of Coulombic efficiency. At 5 Ag-1 of high current density it delivers 702 

mAhg-1 of high specific capacity value. The improved battery performance and cycle life of the 

3D CCO 1:1 hierarchical nanocomposite are due to the intimate integration which increase the 

reversible specific capacity by reducing the number of active sites of f-CNH matrices. In Co3O4 

NPs and f-CNH foam nanocomposite, f-CNH act as an electronically conductive network and 

elastic buffer for the Co3O4 NPs to prevent the volumetric expansion and contraction during 

the lithiation and delithiation process. More surface area and three-dimensional (3D) 

interconnected mesopore structure of f-CNH foam provides essential channels for charge 

transport. Hence, 3D CCO 1:1 hierarchical nanocomposite with excellent electrochemical 

performance could find potential applications as anode materials for LIBs. 
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Chapter 6 

Study of Nanocomposite Anode Material Comprising Co3O4 

Nanoparticles Decorated on Nitrogen and Sulphur co-doped 

Carbon Spheres for High Performance Li-Ion Battery 

 

 

Conversion type anode materials are intensely being studied for Li-ion battery (LIB) 

for their potentially higher capacities over current graphite based anode. This work describes 

development of high capacity and stable anode from a nanocomposite of N and S co-doped 

carbon spheres (NSCS) with Co3O4 (NSCS-Co3O4). Hydrothermal reaction of saccharose with 

L-cysteine has been carried out followed by its carbonization. CS used as support for 

conversion type materials provides efficient electron/ion transfer channels enhancing the 

overall electrochemical performance of the electrodes. Additionally hetero atoms doped in 

carbon matrix alter the electronic properties, often increasing the reactivity of the carbon 

surface and reported to be effective for anchoring metal oxide nanoparticles. Consequently, the 

NSCS-Co3O4 nanocomposites developed in this work exhibit enhanced and stable reversible 

specific capacity over the cycling. Stable cycling behavior is observed at 1 Ag-1 with 1285 

mAhg-1 of specific capacity retained after 350 cycles along with more than 99% of coulombic 

efficiency. This material shows an excellent rate capability with specific capacity retained to 

745 mAhg-1 even at high current density of 5 Ag-1. 
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6.1 Introduction 

As discussed in previous chapters, Co3O4 can be produced in large quantity due to low 

cost and has been demonstrated as a potential high energy material for LIB with a theoretical 

capacity of around 890 mAhg-1. 1 However, the commercial application of Co3O4 has not been 

viable yet due to its low electrical conductivity, high volume expansion during charging and 

discharging cycles, capacity fading at high current density, and poor cyclic stability.2, 3 Some 

new synthesis approaches are demonstrated for producing nanostructures of Co3O4 with 

different morphologies having various pore distribution and specific surface area leading to 

high capacity and improved stability for LIB. 4-11 High surface area and small dimension of 

these nanostructures helps to improve the interaction of electrode-electrolyte surface and 

reduces the Li-ion diffusion length into the solid surface. However, the high volume expansion 

of Co3O4 results into crystal deformation and agglomeration of anode material restricting the 

capacity gain. 12 It is reported that making composite of metal oxide nanostructures with 

conducting carbon networks compensates for the volume expansion and the lacking 

conductivity which also enhances the electrochemical performance. This strategy helps in 

remarkably reducing the volume expansion of Co3O4 and also the carbon matrix improves the 

conduction of electrons to the current collector. 13 Different carbon forms such as nanoonions, 

nanotubes, nanofibers, graphene sheets and 3d porous carbon networks are widely used to make 

composite with Co3O4 and demonstrated the anodic capacity enhancement.13-20 Among these 

carbon structures spherical carbon has maximum packing density, low surface to volume ratio 

and high structural resistance. However, there is large scope for further improvements in the 

performance by introducing defects in carbon matrices, e.g. doping of heteroatoms such as N, 

B, and S etc.21-24 These dopant atoms on the surface of carbon materials improve reactivity 

with enhanced lithiation capacity. Additionally, the large atomic size of sulfur can increase the 

interlayer spacing of the graphitized carbon, creates micropores into the carbon matrix and 

improves the charge storage capacity of the carbon material. Moreover, lone pair electrons of 

N and S atoms contribute to extending the conjugated electron clouds of carbon matrix 

resulting in increased conductivity which enhances the rate capacity and cycle life of the 

electrode material.  

Taking in consideration of the potential effects of co-doped carbon matrix for stable 

performance of high energy conversion type anode material like metal oxides, we have 

synthesized a composite of Nitrogen and Sulphur co-doped Carbon Spheres and Co3O4 as an 

anode material for LIB with enhanced reversible capacity and potential for large-scale 

production. N and S co-doping in carbon spheres are found to efficiently inhibit the 
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agglomeration of Co3O4 NPs, facilitate robust interactions between the electrode and Li ions, 

which can improve the kinetics of lithium diffusion and reduce the charge transfer resistance. 

NSCS-Co3O4 nanocomposite exhibits excellent rate performance with Specific capacity of 745 

mAhg-1 at high current density of 5 Ag-1. It retains remarkable and stable discharge capacity of 

1285 mAhg-1 at 1 Ag-1 after 350 cycles with more than 99% coulombic efficiency. 

6.2 Experimental section 

6.2.1 Synthesis of NS co-doped carbon spheres 

For the synthesis of NS co-doped carbon spheres, saccharose and L-cysteine in 5:1 ratio 

were used as precursors. In a typical experiment, 10 g of saccharose was first dissolved in 120 

ml of de-ionized water followed by the addition of 2 g of L-cysteine under stirring. The 

resultant solution was then treated hydrothermally at 180 °C for 24 h. After cooling down to 

room temperature, the obtained product was washed by filtration several times with de-ionized 

water and ethanol followed by overnight drying at 80 °C. After drying the above prepared 

material was annealed at 800 ᴼC in an inert atmosphere for 1 h. For the synthesis of non-doped 

CS, only saccharose was treated hydrothermally. 

6.2.2 Synthesis of Co3O4 NPs composite with NS co-doped carbon spheres 

To synthesize NSCS-Co3O4 nanocomposite, 50 mg of NSCS were dispersed in 20 ml 

of ethanol by ultra-sonication process and a separate solution of 0.29 g of Co(NO3)2.6H2O in 

20 mL of ethanol was prepared by stirring. Both solutions were mixed under stirring for 30 

minutes followed by addition of ammonia solution (NH3.H2O, 25%). The obtained solution 

was then transferred into a Teflon-lined stainless steel autoclave and heated at 190 ᴼC for 24 h. 

Finally, the reaction mixture was washed by filtration with DI water and ethanol followed by 

overnight drying at 80 °C. For comparison, pure Co3O4 was synthesized without the addition 

of NSCS and CS-Co3O4 with non-doped CS. 

 

Figure 6.1: Schematic representation of the synthesis of NSCS-Co3O4 nanocomposite. 
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6.2.3 Material Characterization 

 Powder X-ray Diffraction (p-XRD) patterns were recorded in a Phillips PAN analytical 

diffractometer with CuKα radiation (λ = 1.5406 Å). Transmission electron microscopy (TEM) 

was carried out by Tecnai F30 FEG machine operated at an accelerating voltage of 300 kV. 

Morphology and chemical composition of the ternary hybrid composite were examined by 

using Quanta 200 3D, FEI scanning electron microscope (SEM). X-ray photoelectron 

spectroscopic (XPS) measurements were carried out on a VG Micro Tech ESCA 3000 

instrument. Thermogravimetric analysis (TGA) was performed with the SDT model Q600 of 

TA instrument with a heating rate at 10 °C/min in air atmosphere. 

6.2.4 Electrochemical Characterization 

 The electrochemical properties of the above-prepared electrode materials were examined in a 

two-electrode coin cell (CR2032) configuration. The Co3O4 nanostructures, non-doped CS and 

NSCS-Co3O4 were tested as anode material by preparing their slurry with conducting carbon 

additive (super P) and a binder (polyvinylidene difluoride, PVDF). Further, the slurry was 

coated on Cu foil, which serves as the current collector and subsequently dried at 90ºC for 

overnight before assembling the cell in an Ar-filled glove box. The coin cells were assembled 

with lithium metal foil as the counter electrode, a quartz microfiber paper (Whatman) as 

separator and 1 M LiPF6 in ethylene carbonate (EC)-diethyl carbonate (DEC) (1: 1 by volume) 

as the electrolyte. Cyclic voltammetry (CV) was performed using SP-300 EC Biologic 

potentiostat at a scan rate of 0.25 mVs-1 in the potential window of 0.01 V - 3.0 V. The 

galvanostatic discharge-charge cycling of the cells was carried out at different current densities 

between the potential windows of 0.01 V - 3.0 by using MTI battery analyser. The 

electrochemical impedance spectroscopy (EIS) was used to measure the impedance in the 

frequency range from 100 kHz to 50 mHz with AC amplitude of 10 mV. 

6.3 Results and discussion  

6.3.1 Powder X-Ray Diffraction 

The crystallographic structure and phase purity of the as-prepared materials were 

investigated by p-XRD spectra. The p-XRD of the synthesized materials is given in figure 6.2. 

p-XRD spectra of CS and NSCS samples are showing the presence of two broad peaks 

appearing at 24.2° and 43.6° of 2θ corresponding to the (002) and (101) planes of graphitized 

carbon, respectively. p-XRD spectra of Co3O4, CS-Co3O4 and NSCS-Co3O4 consist of peaks 

at 19.0°, 31.29°, 36.94°, 44.86°, 59.29° and 65.27° of 2θ corresponding to (111), (220), (311), 

(400), (511) and (440) planes respectively indicating Co3O4 spinel structure with a face-centred 

cubic lattice (JCPDS Card no. 42-1467). Peaks of the CS and NSCS are not detected in the 
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composite samples as the carbon spheres are completely covered by Co3O4 NPs. No 

residual/impurity peaks could be seen in the p-XRD spectra indicating the good quality of the 

samples. 

 

Figure 6.2: p-XRD pattern of CS, NSCS, Co3O4, CS-Co3O4 and NSCSs- Co3O4. 

6.3.2 Thermogravimetric analysis 

TGA was performed for all five samples in air atmosphere at a rate of 10 °C min-1 up 

to 900 °C to quantify the weight percentage of individual components in the composites. In 

figure 6.3, the weight loss below 150 °C can be attributed to the release of adsorbed moisture 

and gases from the surface of the samples.17 CS and NSCS show complete weight loss after 

heating at 600 °C. In case of CS-Co3O4 and NSCS-Co3O4 nanocomposites significant weight 

loss occurred from 400 °C to 500 °C and then shows stable TGA profile indicating the removal 

of carbon from the composites and the residual corresponds to the weight percentage of Co3O4. 

Hence, Co3O4 and carbon content in the composites is approximately 60 % and 40 %, 

respectively. 

 

Figure 6.3: TGA analysis of Co3O4, CS-Co3O4 and NSCS-Co3O4. 

6.3.3 X-ray photoelectron spectroscopy 

XPS analysis was carried out to find out the oxidation states of cobalt and elemental 

composition in the NSCS-Co3O4 composite. Figure 6.4a shows the XPS survey spectra of the 
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composite which displays the presence of Co 2p, C 1s, N 1s and S 2p peaks. In figure 6.4b-

6.4e, core level peaks are further deconvoluted to understand the surface composition of the 

constituting elements. As shown in figure 6.4b, a combination of tetrahedral Co2+ and 

octahedral Co3+ contributes to the doublet 2p spectral profile of Co3O4 separated in high and 

low energy component due to spin-orbit coupling corresponding to 2p1/2 to 2p3/2 with a 

separation of 15.2 eV.25, 26 The deconvolution of Co 2p peak at 779.3 eV and 780.6 eV are 

assigned to Co3+ 2p3/2 and Co2+ 2p3/2, respectively. The other spin-orbit components, 

Co3+ 2p1/2 and Co2+ 2p1/2, have been detected at 794.5 and 795.8 eV, respectively. The peaks 

at 782.1 eV and 797.3 eV may occur due to chemical shift of the main spin-orbit components 

resulting from chemical interaction of Co cations with surface hydroxyl groups. In addition to 

these peaks, four small peaks are also observed corresponding to the shake-up satellite peaks 

of Co3O4 in the high binding energy side of 2p3/2 and 2pl/2 transitions indicate the co-existence 

of Co (II) and Co (III) on the surface of the material. Figure 6.4c shows four deconvolution 

peaks in C 1s spectra at 284.6, 285.6, 286.5 and 288. 5 eV which corresponds to the sp2 

hybridized carbon, sp3 hybridized carbon, C-O/C-N and C=O bonds, respectively.27-29 The high 

resolution S 2p spectra (figure 6.4d) shows two peaks at 163.9 eV and 165.2 eV which may 

correspond to the presence of C-S-C and C=S, respectively and weak peaks at around 168 eV 

can be related to the oxidized sulfur.30, 31 The high-resolution N 1s spectrum (figure 6.4e) with 

four deconvoluted peaks at 398.5 eV, 399.7 eV, 400.7 eV and 401.6 eV can be attributed to the 

presence of pyridinic N, pyrrolic N, quaternary-graphitic N and oxidized species, 

respectively.32 

 

Figure 6.4: (a) XPS survey scan of NSCS-Co3O4. Deconvoluted spectra of (b) Co2p (c) C1s (d) S 2p and (e) N 

1s. 
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6.3.4 Scanning electron microscopy 

The surface and structural morphology of the as-prepared materials were observed by 

SEM and the images are shown in figure 6.5.  Figure 6.5a represents the micron sized particles 

of CS. Figure 6.5b shows agglomerated Co3O4 nanoparticles which are randomly distributed 

in clusters. Figure 6.5c depicts Co3O4 NPs decorated on the surface of CS.  Here, Co3O4 NPs 

are distributed unevenly on the surface of CS leading to clustering. Whereas in NSCS-Co3O4 

(figure 6.5d), Co3O4 NPs are well distributed and homogeneously decorated on the NSCS 

surface forming an extended nanosheets like structure which uniformly covers the surface of 

NSCS. It is also observable from images that N and S doping is playing a vital role for the 

uniform nucleation and growth of Co3O4 nanoparticles by providing well dispersed nucleation 

sites in NSCS.  

 

Figure 6.5: (a) ESEM images of (a) CS, (b) Co3O4, (c) CS-Co3O4 and (d) NSCS-Co3O4 

Morphological control on the uniform growth of Co3O4 NPs through N, S doping can 

be highlighted with the help of atomic distribution of different elements over the surface of 

NSCS-Co3O4. SEM elemental maps are shown in figures 6.6a-6.6f and they indicate the 

presence of all five elements (Co, C, N, S and O) which are homogeneously distributed 

throughout the sample. 

 

Figure 6.6: (a) ESEM elemental mapping images of (b) C, (c) Co, (d) O, (e) S and (d) N. 
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6.3.5 Transmission electron microscopy 

TEM characterization was performed on all samples to provide an insight into the inner 

architecture and the crystallographic structure of as prepared materials. Figure 6.7a represents 

the TEM image of well dispersed carbon spheres with diameter ranging between 2 to 5 

micrometres. Figure 6.7b shows interconnected network of Co3O4 nanoparticles with 10-20 nm 

size. Higher magnification image in figure 6.7c clearly verifies the cubic structure of Co3O4 

NPs. The inset images, also indicate inter-planar spacing of 0.46 nm and 0.28 nm, 

corresponding to (111) and (220) planes of the face centred cubic phase of Co3O4, 

respectively.33 Figure 6.7d attributes that N and S co-doped carbon spheres are closely and 

densely surrounded by Co3O4 NPs which are extended into sheet like structures due to uniform 

coverage over the NSCS surface.  

 

Figure 6.7: TEM images of (a) CSs, (b) low and (c) high resolution images of Co3O4, (d) low resolution image 

of NSCS- Co3O4, d) high resolution image of NSCS- Co3O4, (f) SAED pattern of NSCS- Co3O4. 

The high magnification image (figure 6.7e) of NSCS-Co3O4 also reveals the surface 

boundary of NSCS and Co3O4 NPs aggregated like sheets, which indicates the homogeneous 

distribution of Co3O4 NPs on the surface of NSCS. Figure 6.7f illustrates a typical SAED 

pattern of the NSCS-Co3O4 nanocomposites. The diffraction rings correspond to (220), (311), 

(400), (511), and (440) planes of polycrystalline Co3O4.
34 

6.3.6 Cyclic voltammetry 

Lithium storage properties of Co3O4, CS-Co3O4 and NSCS-Co3O4 composites were 

examined in a coin cell configuration versus Li/Li+ under identical conditions with cyclic 

voltammetry and results are shown in figure 6.8 (a-c). The CV measurements for Co3O4, CS-

Co3O4 and NSCS-Co3O4 composite electrodes were done at a scan rate of 0.25 mVs-1 in the 

potential window of 0.01 V to 3.0 V. A distinct and irreversible reduction peak appeared at 

0.77 V in the first cathodic scan of Co3O4 CV curve (Figure 6.8 a) which is due to the reduction 

of Co3O4 to metallic Co and formation of amorphous Li2O by conversion reaction. 
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Simultaneous decomposition of electrolyte takes place to form SEI layer on the electrodes 

surface.19, 35 From second cycle onwards, cathodic peak splits into two distinguishable peaks 

appeared nearly at 1.01 V and 1.23 V with lesser intensity which is due to multistep reaction 

during lithiation and presence of some irreversible transformation which gives structure 

modification in the first cycle. 19, 23, 35  Moreover, two broad peaks are observed during anodic 

scan at potentials 1.35 V and 2.1 V which can be attributed to the oxidation of metallic Co. The 

electrochemical reaction mechanism of Co3O4 involves the formation and decomposition of 

Li2O, accompanied by the reduction of Co3+
 to Co2+ and Co2+  to Co and the oxidation of Co to 

Co2+ and Co2+ to Co3+ through an intermediate of CoO. This multiple electron process can be 

represented by equations (1) and (2). 36 𝐶𝑜3𝑂4 + 2𝐿𝑖+ + 2𝑒− ↔ 𝐿𝑖2𝑂 + 3𝐶𝑜𝑂… (1) 3𝐶𝑜𝑂 + 6𝐿𝑖+ + 6𝑒− ↔ 3𝐿𝑖2𝑂 + 3𝐶𝑜… (2) 

  In case of the CS-Co3O4 electrode, as shown in figure 6.8b, during first cathodic scan 

the reduction peak was observed at 0.71 V and subsequent cathodic peaks (2nd cycle onwards) 

were observed at 0.87 V and 1.29 V vs. Li/Li+, whereas the anodic peaks were obtained at 

approximately 1.37 V and 2.14 V. Figure 6.8c represents the CV curve of NSCS-Co3O4 

composite where, the first cathodic peak appeared at 0.85V and subsequent cathodic peaks 

appeared at 0.96 and 1.34 V, whereas, anodic peaks were observed at 1.3 V and 2.1 V. In 

NSCS-Co3O4 composite the subsequent cycles represents the proper overlapping of anodic and 

cathodic peaks, an indication of the good electrochemical reversibility of the electrode material. 

 

Figure 6.8: Cyclic voltammetry curves of (a) Co3O4 nanoparticles (b) CS-Co3O4 (c) NSCS-Co3O4 composite 

electrodes over 6 cycles at scan rate of 0.25 mVs-1 and potential range of 0.01-3V vs. Li/Li+. 
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6.3.7 Charge-discharge measurements 

The GCD curves are shown in figure 6.9 (a-c) for Co3O4, CS-Co3O4 and NSCS-Co3O4, 

respectively within a voltage window of 0.01-3.00 V vs. Li/Li+. GCD curves were recorded at 

a current density of 100 mAg-1 and the obtained results are in well accordance with the CV 

results. In the charge-discharge profiles of Co3O4, CS-Co3O4 and NSCS-Co3O4, an extended 

voltage plateau is observed at around 1.1 V resulting from the lithiation of Co3O4 and the 

formation of Co and Li2O. In the charge curves, the slope region from 1.2 to 2.5 V corresponds 

to the reversible oxidation of Co3O4.  

 

Figure 6.9: Galvanostatic charge-discharge profiles of (a) Co3O4 nanoparticles (b) CS-Co3O4 (c) NSCS-Co3O4 

composite electrode at current density of 100 mAg-1. 

Discharge capacity values calculated from second cycle are around 1106 mAhg-1, 836 mAhg-1 

and 1075 mAhg-1 for Co3O4, CS-Co3O4 and NSCS-Co3O4, respectively. Lower specific 

capacity value of CS-Co3O4 compare to bare Co3O4 is probably due to the addition of CS but 

in case of NSCS-Co3O4, reversible capacity increases due to N and S co-doping in CS which 

may provide large quantity of edge defects with enhanced electronic conductivity and 

improved lithium-ion accessibility 31. Another reason could be homogeneous distribution of 

Co3O4 nanoparticles on the surface of NSCS which may allow better charge transfer. 

3.2.8 Electrochemical impedance spectroscopy 

Impedance measurements of Co3O4, CS-Co3O4 and NSCS-Co3O4 electrode were 

carried out in frequency range of 100 kHz to 0.05 Hz  at 10 mV at room temperature. As shown 

in figure 6.10, Nyquist plots of all three electrodes consist of a depressed semicircle at high 

frequency region and an inclined line at low frequency region. The high-frequency semicircle 

is attributed to the SEI film formation, contact resistance, and charge transfer resistance on 
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electrode/electrolyte interface, whereas the inclined line in low frequency region corresponds 

to the lithium-diffusion process within electrodes. 37 The charge transfer resistance is calculated 

by fitting circuit model. It is observed to be lower for NSCS-Co3O4 (65.72 Ω) as compared to 

bare Co3O4 (152.5 Ω) and CS-Co3O4 (106.1 Ω) implying more conducting nature and faster 

Li+ diffusion rate of NSCS-Co3O4 nanocomposite. Reduced charge transfer resistance of 

NSCS-Co3O4 electrode is possibly due to the carbon matrix which reduces the mechanical 

strain and avoid volume expansion during charge-discharge process. Additionally, N and S co-

doping enhances the electronic conductivity, providing continuous and rapid electron transport, 

which may accelerate the Li-ion storage capacity of electrode material. 

 

Figure 6.10: Impedance spectra of Co3O4, CS-Co3O4 and NSCS-Co3O4 at 10 mV. 

6.3.9 Cycling stability 

Figure 6.11 shows the cyclability of NSCS-Co3O4 composite at a current density of 1 

Ag-1 for 350 cycles. It can be observed that the as prepared NSCS-Co3O4 electrode exhibits 

long cycle life over 350 cycles with higher specific capacity value and very good coulombic 

efficiency. Over the cycling more reactive sites of NSCS-Co3O4 are activated and contribute 

in lithium ion storage which is reflecting in gradually increasing specific capacity up to 919 

mAhg-1 for initial 25 cycles. Additionally, hetero atoms doped carbon spheres provide more 

reactive sites leading to the increased lithium-ion storage capacity while cycling.37-39 

Afterwards, for 70 cycles the capacity value observed to be decreasing to 720 mAhg-1, which 

may be due to deterioration of the electrode material on continuous charge-discharge process 

resulting into increased charge transfer resistance which is an inherent characteristic of the 

TMO electrodes 40, 24. Further, increase in capacity value is observed up to 250 cycles (1331 

mAhg-1) and then remain fairly stable for over 350 cycles with 96.5% capacity retention (1285 

mAhg-1)  as well as >99 % coulombic efficiency. This trend in discharge capacity is observed 

probably due to the enhanced kinetics of Li-ion diffusion by the gradual activation process and 

the formation of the polymeric gel-like film with better electrolyte infiltration during cycling.41 
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In addition, heteroatom doped carbon spheres reduces the volume expansion during cycling 

and provides structural stability to Co3O4 NPs.  NSCS increases the electronic and ionic 

conductivity of the composite electrode leading to fast Li+ insertion kinetics in Co3O4.
23 

 

Figure 6.11: Cycling stability of NSCS-Co3O4 at 1 Ag-1 

6.3.10 Rate performance 

Figure 6.12 illustrates the comparative rate performance of the Co3O4, CS-Co3O4 and 

NSCS-Co3O4 electrodes after continuous charge discharge of 251 cycles at 1 Ag-1 and then 

varying current densities between 0.1 Ag-1 to 5 Ag-1. As seen in figure 6.12, among all, NSCS-

Co3O4 electrode exhibit an excellent rate performance with reversible discharge capacities of 

1807, 1730, 1616, 1419, and 1151 mAhg-1 at 0.1, 0.25, 0.5, 1 and 2 Ag-1, respectively. Even at 

a high current density of 5 Ag-1, the NSCS-Co3O4 electrode delivers a high specific capacity 

of 745 mAhg-1. On the other hand, bare Co3O4 exhibits 1060 mAhg-1 at 0.1 Ag-1 and 384 mAhg-

1 at 5 Ag-1 while as tested CS-Co3O4 composite electrode delivers specific capacity of 1237 

mAhg-1 at 0.1 Ag-1 and 437 mAhg-1 at 5 Ag-1. After varying the current densities again all the 

electrodes are subjected to charge-discharge test at 0.1 Ag-1
, wherein, NSCS-Co3O4 showed 

1889 mAhg-1 of specific capacity, whereas, Co3O4 and CS-Co3O4 delivered 1007 and 1356 

mAhg-1 of specific capacity. The logic behind enhanced rate performance of the NSCS-Co3O4 

nanocomposites could be the improved electron transfer due to nanostructured cobalt oxide as 

well as an increased electronic conductivity provided by the conducting carbon network, in 

addition, fast kinetics, and reduced volume expansion at higher current density are helping 

probably for NSCS-Co3O4. 
23 To understand it in deep we have calculated Li -ion diffusion 

coefficient for all the electrodes.  
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Figure 6.12: Rate performance of Co3O4, CS-Co3O4 and NSCS-Co3O4. 

6.3.11 Li-ion diffusion coefficient calculation 

The Li ion diffusion coefficient (DLi+) is calculated by using following equation (3).42 𝐷𝐿𝑖+ = 12  {𝑉𝑚 𝐴𝐹𝜎𝑤⁄ ∗ 𝜕𝐸 𝜕𝑥⁄ }2……………. (3) 

Where, Vm is the molar volume, A is the area of the electrode surface (1.13 cm2), F is the 

Faraday constant (96500 coulomb mol-1), σw is the Warburg coefficient and ∂E/∂x is the slope 

of potential vs. Li concentration plot as shown in figure 6.13a. σ is obtained from the 

extrapolation of the straight line in the lower frequency region from the semicircle to real axis.43  𝑍𝑟𝑒 =  𝑅𝑒 +  𝑅𝑐𝑡 +  𝜎 𝜔0.5 …………………… (4) 

Where, σ is the slope for the plot of Zre vs. the reciprocal root square of the lower angular 

frequencies (ω-0.5) as shown in figure 6.13b. The obtained values for σ are 141.422, 39.8 and 

27.422 for Co3O4, CS-Co3O4 and NSCS-Co3O4, respectively.  

 

Figure 6.13: (a) Relationship between voltage and x mole of Li insertion in second discharge curve of Co3O4, 

CS-Co3O4 and NSCS-Co3O4, (b) Relationship between real resistance and frequency of Co3O4, CS-Co3O4 and 

NSCS-Co3O4. 

As shown in table 6.1, the Li-ion diffusion coefficient of electrodes, Co3O4, CS-Co3O4 and 

NSCS-Co3O4, are 1.23 x 10-13 cm2s-1, 0.56 x 10-12 and 1.73 x 10-12 cm2s-1, respectively. Among 

them NSCS-Co3O4 composite is having higher Li-ion diffusion coefficient compare to other 
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electrode materials which agrees with the other electrochemical performances. Hetero atoms 

doped carbon spheres could increase the kinetics of Li-ions into the electrode surface by 

improving the conductivity of the electrode material, which help to improve the 

electrochemical performance of the battery. 

 

Electrode σw(Ω s−1/2) X (mol cm−3) DLi (cm2 s−1) 

Co3O4 135.96 0.1852 0.123 x 10-12 

CS-Co3O4 61.24 0.1768 0.56 x 10-12 

NSCS-Co3O4 27.42 0.1394 1.73 x 10-12 

Table 6.1: Values of σw, X, and DLi for Co3O4, CS-Co3O4 and NSCS-Co3O4 as determined from EIS data. 

 

6.3.12 Post cycling study 

Figure 6.14a shows the Nyquist plots for NSCS-Co3O4 electrode in a fresh cell and after 

10th, 30th, 60th, 250th cycles of charge-discharge at 1Ag-1 of current density. It can be seen in 

impedance spectrum that the charge transfer resistance of the cell decreases after 10th cycle, 

whereas charge transfer resistance and Warburg impedance both increased after 30th and 60th 

cycles. This could be probably due to structural changes occurring in the electrode material for 

few cycles after the activation process.  

 

Figure 6.14: (a) Impedance spectra of NSCS-Co3O4 nanocomposite at different cycle number during cycling at 

1 Ag-1 (b) TEM images and (c) SAED pattern of NSCS-Co3O4 nanocomposite electrode after 350 cycles at 1 

Ag-1. 

The impedance spectrum taken after 250 cycles shows two prominent semicircles, one 

at the higher frequency range corresponding to the SEI layer resistance and the one at mid 
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frequency corresponding to charge transfer resistance. It is observed that after 250 cycles, both 

the Warburg as well as charge transfer resistance of the cell decreased on account of SEI layer 

formation with optimum thickness on the electrode surface and enhanced electronic/ionic 

transport due to electrolyte penetration leading to the increased specific capacity of the 

electrode. 42, 44 Thus, impedance measurement of the cell at different levels of cycling validate 

the cycle life study.  

Furthermore, figure 6.14b represents the TEM images of the NSCS-Co3O4 electrode 

cycled at 1 Ag-1 over 350 cycles. It can be seen that the morphology of the NSCS-Co3O4 

nanocomposite is still retained after the large number of charge-discharge cycles. An SAED 

pattern of the same electrode after the 350 cycles is presented in figure 6.14c; from the 

observations it appears that the electrode material has partially retained its polycrystalline 

nature after 350 charge-discharge cycles. 

In summary, the excellent electrochemical performance of NSCS-Co3O4 can be 

attributed to synergetic effect of Co3O4 and N and S co-doped carbon spheres. Nano particles 

of Co3O4 effectively reduce the path length for lithium ion migration during charge/discharge 

process. Heteroatom doping offers suitable pathways for electron transfer and provide a good 

conductive matrix for Co3O4 nanoparticles. NSCS also acts as a buffer substrate to 

accommodate the volume changes of Co3O4 in the process of lithium ion insertion/extraction. 

Nitrogen and sulphur doping introduces defects, thus leading to the formation of disordered 

carbon structure, which tends to be electron accepting and provides anchor sites for the Co3O4 

nanoparticles. 

6.4 Conclusions 

NSCS-Co3O4 nanocomposite is synthesized as an anode material with a significant 

potential for application in lithium ion batteries as high energy density material. Doped N and 

S atoms enhances the electronic conductivity and also provides binding sites for facile 

deposition of a large number of Co3O4 nanoparticles. It also provides the channels for charge 

and ionic transport, which effectively alleviates the aggregation of Co3O4 in the Li+ 

insertion/extraction. As a consequence, NSCS-Co3O4 shows excellent rate performance and 

long cycle life. Among all three electrodes, NSCS-Co3O4 exhibit less charge transfer resistance 

with more Li-ion diffusion coefficient value of 1.73 x 10-12 cm2s-1.  
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Chapter 7 

Conclusion and Future Prospect 

7.1 Summary of research work 

This thesis discussed new anode materials with excellent capacity and cycle life for 

lithium ion battery. Synthesis of transition metal oxides (Fe2O3, Co3O4 and NiO) and their 

nanocomposites with different carbon material as anode materials was done for their high 

theoretical capacity.  Development of various types of conversion type anode materials is 

particularly the state-of the art of this work. The charge storage mechanism and the 

shortcomings associated with those materials in terms of charge storage have been explained. 

Different approaches are discussed to improve the performance of these materials along with 

modification in order to address the shortcomings. Feasible synthesis strategies have been 

employed and electrochemical testing of materials is demonstrated in coin cell assembly.  Key 

role of individual component of composites has been discussed separately in their 

electrochemical performance as LIB.   

The chapter wise conclusion is discussed in details below. 

Chapter 1 presents the introduction of energy storage devices and LIBs (working principle 

and different components) are discussed in detail.  

Chapter 2 elaborated different synthesis techniques of different nanocomposites of metal 

oxides and carbon materials and their material and electrochemical characterization techniques. 

Chapter 3 provided an account on the synthesis of the novel ternary hybrid electrode material 

of NFOC with different morphological structures. TEM study indicates the Ni(OH)2 

nanosheets are decorated with Fe2O3 nanoparticles and further these sheets are wrapped on 

CNOs. Here CNOs network used to sustain structural integrity of the electrode material, to 

enhance the electronic transport and decrease the Li-ion diffusion path. As Prepared NFOC 

electrode material exhibits 1112 mAhg−1 of 1st discharge capacity at 50 mAg−1 of current 

density. Also retains 60.5% of specific capacity at 1000 mAhg−1 of higher current. It shows 

96% capacity retention after 1000 charge-discharge cycles with more than 99% of coulombic 

efficiency.  

Chapter 4 presents the research on synthesis of ternary nanocomposite of NDC/NiO/NFO 

novel electrode material with hetero structure morphology where, mixed morphology of 
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NiFe2O4 nanoparticles with nanosheets of NiO and N doped carbon. Polydopamine derived N 

doped carbon in the composite play an important role to improve the cycle lifespan and rate 

capacity of the electrode material by provides more active sites to react with li ions and 

increases the conductivity. N doped carbon matrix also act as a buffer to sustain volumetric 

expansion of the ternary composite during cycling. High theoretical capacity and sheet like 

morphology NiO used to avoid the aggregation of NiFe2O4 nanoparticles and to improve the 

conductivity of the active material. It delivers a reversible discharge capacity of 786 mAhg−1 at 

0.1 Ag−1 and 463 mAhg−1 at a higher current density of 2 Ag−1. Furthermore, it exhibit stable 

cycle life over 1000 cycles with 98% capacity retention and more than 99% of coulombic 

efficiency. 

Chapter 5 deals with the synthesis of a well-designed Co3O4 NPs anchored on f-CNH foam 

architecture composite by a facile freeze drying process as anode materials for LIBs. Here f-

CNH used as an electronically conductive network and elastic buffer to prevent the volumetric 

expansion and contraction of Co3O4 NPs during the lithiation and delithiation process. Intimate 

integration of Co3O4 and f-CNH foam in nanocomposite improved battery performance and 

cycle life where more surface area and three-dimensional interconnected mesoporous structure 

of f-CNH foam provides essential channels for charge transport. It retains a discharge capacity 

of 820 mAhg-1 over 500 cycles with more than 99% of Coulombic efficiency. At 5 Ag-1 of high 

current density it delivers 702 mAhg-1 of high specific capacity value.  

Chapter 6 deals with the synthesis of NSCS-Co3O4 nanocomposite as an anode material with 

a significant potential for application in lithium ion batteries as high energy density material. 

Hetero atoms (N and S) doped carbon spheres enhance the electronic conductivity and also 

provide more binding sites for facile deposition of a large number of Co3O4 nanoparticles. It 

also provides the channels for charge and ionic transport, which effectively alleviates the 

aggregation of Co3O4 in the Li+ insertion/extraction. As a consequence, NSCS-Co3O4 shows 

excellent rate performance and long cycle life. As synthesized NSCS-Co3O4 exhibit less charge 

transfer resistance with more Li ion diffusion coefficient value of 1.73 x 10-12 cm2s-1.  

7.2 Future prospects 

Limited availability of Li in the earth’s crust increase the price of high energy li ion 

battery. Low cost and more abundant nature of sodium metal makes sodium ion battery (SIBs) 

an outstanding alternative candidate to replace existing LIBs in large scale stationary energy 

storage systems. Compared to lithium, sodium has lower standard half reaction potential (2.7 
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V vs. Na/Na+ and 3.045 V vs. Li/Li+ for Li) which gives benefit of lesser electrolyte degradation 

with increasing the safety of SIBs. However, large size of Na ion (r ~ 0.102 nm) decreases the 

reaction kinetics of Na ion transportation, resulting in fading of capacity value, poor rate 

capability and short cycle life. Therefore, developing high capacity electrode materials for 

commercial application of SIBs is still an urgent need.  

Although hard carbon materials deliver good cyclic stability, there is still lot to do on 

capacity front to make the sodium ion battery realizable for modern applications like grid 

power and electric vehicles. Several anode materials have been explored for SIBs and classified 

into different category like carbonaceous materials (insertion-deinsertion), alloy materials, 

conversion materials (Fe, Cu, Ni, or Co-based oxides), conversion and alloying materials (Sn, 

Sb-based oxides). Among all anode material, conversion based metal oxides (MOs) are most 

promising candidate, because of their suitable redox potential, good safety and high energy 

densities. However, low coulombic efficiency and an unsatisfactory rate performance has been 

observed in the case of TMOs due to intrinsically low electric conductivity and slow rate of 

Na-ion transportation during sodiation-desodiation. Moreover, structural disorientation 

occurred via large volume change and structure pulverization of the metal oxides affects the 

cycling performance.  

To address these issues TMOs can be tailored in nanostructures and nanocomposites 

with carbonaceous materials to improve the electrochemical performance compared to bulk 

material. Nanostructured TMOs and their composite with carbonaceous materials can provide 

short Na+ diffusion path length, large electrode-electrolyte interface and good mechanical 

stability during sodiation-desodiation process. Carbon matrix in composite with TMOs can 

provide electrical conductivity and overcome rate capability problem of TMOs. Hetero atom 

doping in carbon matrix can increase the interlayer spacing, create defective site on the surface 

and provide more active sites to store more Na ions and can improve the battery performance 

by increasing cycle life and rate capability. 

Additionally, the conversion in combination with alloying based materials like Sb2S3, 

Sb2Se3, SnS2, SnS, SnSe2, and Bi2Se3 can also store more Na ions with higher capacity owing 

to the two sodium storage mechanisms being operational simultaneously. These materials with 

carbon coatings shall furnish high specific capacities with enhanced cycle and rate 

performance.  
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