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ABSTRACT 

 The continuously increasing worldwide demand for 

cost-efficient, eco-friendly, and sustainable energy storage 

devices has driven the search beyond traditional lithium-ion 

batteries. Among several energy storage systems, sodium-ion 

batteries have become a potential candidate due to the natural 

availability, abundant supply, and affordable nature of sodium 

resources, together with similar electrochemistry to lithium-ion 

batteries. Though these have the advantages listed, sodium-ion 

batteries are hindered by critical issues due to the larger ionic 

radius and increased molar mass of Na+ ion, leading to phase 

instability, slow diffusion kinetics, and lower energy density. 

Here, the cathode material is the most critical ingredient as it 

determines the overall capacity, operating voltage, energy 

density, and cycle life performance of the battery. The current 

thesis is dedicated to engineering, optimization, and thorough 

assessment of several cathode materials for sodium-ion batteries 

through tailoring structure, substituting elements, and defect 

engineering. 

 Systematic studies were conducted on polyanionic, 

layered, and tunnel-structured cathode materials. Sodium-

deficient polyanionic Na0.8Fe(SO4)2 exhibited enhanced Na+ ion 

mobility and improved cycling stability. High crystalline and 

phase-pure NaCoO2 exhibited a discharge capacity as high as 

155.85 mAh/g and a high energy density of 466 Wh/kg at 0.1C. 

Multi-transition-metal co-substitution in NaxCo0.5Fe0.25Mn0.25O2  



xii 
 

stabilized the layered structure, suppressed irreversible phase 

transitions, and offered long cycle life. In addition, chromium-

based systems, such as Na1.35CrO4 and tunnel-structured 

Na4Mn7.2Cr1.8O18, were investigated for sodium-ion batteries. 

The partial substitution of Jahn-Teller inactive Cr3+ in 

Na4Mn7.2Cr1.8O18 cathode reduced the Jahn-Teller distortion 

effect of Mn3+. These approaches led to enhanced Na+ ion 

diffusion channels, redox stability, enhanced cycling stability, 

and better electrochemical performance. 

 Systematic characterization of the above cathode 

materials through sophisticated physicochemical and 

electrochemical techniques revealed significant correlations 

between crystal structure, oxidation states, ion diffusion, and 

electrochemical performance. The findings emphasized the 

fundamental role of sodium deficiency, synthesis condition 

optimization, element substitution, and tunnel-structure 

stabilization towards capacity retention and energy density. 

 Overall, this doctoral thesis provides new insights into 

the sodium-ion battery by proving feasible methods for adjusting 

the structure-property correlation of the cathode materials. The 

results not only progress the understanding of electrochemical 

phenomena in polyanionic, layered, and tunnel structures but 

also offer effective routes to design high-capacity, energy-

efficient, and long-cycle-life cathodes. These advances unlock 

the possibilities for the realization of sodium-ion batteries as a 

green power source in the case of large-scale energy storage. 
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  CHAPTER 1 

Introduction 

 

 

 

 

 

 

 

 

 

This chapter provides a comprehensive introduction to rechargeable 

battery technology with a special focus on sodium-ion batteries. Its 

components and fundamental working principle are briefly discussed, with 

a particular emphasis on cathode materials. A detailed literature review is 

presented on various types of cathode materials, outlining their advantages 

and limitations. Special attention is given to layered, tunnel-structured, and 

polyanionic-based materials. Finally, the chapter outlines the research 

gaps, scope, and objectives of this thesis. Further, this chapter presents a 

detailed structure of the thesis work. 
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1.1 Background and Motivation 

In the current times, the continuous growth in technological 

development, urbanization, and industrialization has significantly increased 

the energy demand, relying on sustainable energy sources, including 

electricity [1–3]. India, as one of the largest developing countries, consumes 

a high amount of energy for its economic growth. Its further development 

and economic growth demand a continuous rise in energy supplies. For 

many centuries, fossil fuels, including coal, petroleum, and natural gas, 

have been used to satisfy energy requirements worldwide. However, the 

combustion of these fossil fuel energy sources releases huge amounts of 

hazardous greenhouse gases, including methane (CH4) and carbon dioxide 

(CO2), leading to unavoidable climate change [4,5]. Besides these 

environmental demerits, the high dependence on these fossil fuels brings 

geopolitical and economic vulnerabilities, especially for India, where 

around USD 132.4 billion foreign exchange was spent on crude oil imports 

alone in the fiscal year 2023-2024 [6]. Further, the finite nature of these 

fossil fuels requires an urgent alternative solution for a sustainable energy 

supply. Environmental, clean, renewable energy sources are possible 

alternatives to fossil fuels. However, the nonuniform distribution and 

localized dependent nature of these resources bring major problems in the 

continuous and stable energy supply throughout the year. These issues 

could be resolved with the development of energy storage systems (ESS) 

that can bridge the gap between energy production and energy consumption 

[1,7,8]. ESS stores energy in various forms, and electrical energy is the most 

required one. Electrochemical energy storage (EES) devices, such as 

batteries and supercapacitors, can efficiently store electric energy [9–11]. 

Batteries are preferred due to their redox reaction and can deliver this stored 

electrical energy on demand. Based on electrochemical reversibility, 

batteries are categorized as primary (non-rechargeable) and secondary 

(rechargeable) batteries. Secondary batteries, such as lead-acid, nickel-

metal hydride, nickel-cadmium, and lithium-ion batteries (LIBs), are 
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commercially used in various applications due to their unique properties and 

cycle life performance. LIBs are lightweight, possess high energy density, 

and have long cycle life stability, among other rechargeable batteries 

[12,13]. As a result, they have revolutionized the energy storage market, 

especially in portable electronic devices and electric vehicles. However, the 

scarcity of lithium sources, the cost of the raw material, uneven 

geographical distribution, and environmental concerns related to mining 

and processing bring constraints to the widespread adoption of lithium-ion 

(Li+-ion) technology [3,14]. Further, countries like India do not even have 

significant reserves of lithium resources [15]. 

To tackle such challenges, research interest is focused on alternative 

sustainable technology showing similar chemistry to that of LIBs. Sodium-

ion batteries (SIBs) have gained significant research attention as a 

promising secondary ESS [3,16,17]. Sodium (Na) is the sixth most 

abundant element on Earth, with widespread distribution. Further, Na shares 

similar electrochemical properties to lithium (Li). As a result, SIBs are 

considered the most sustainable and cost-effective alternative to LIBs 

[1,5,16]. The limitation of SIBs over LIBs is the larger ionic radius and mass 

of sodium ions (Na+-ions) than lithium ions (Li+-ions). As a result, Na+-ions 

show low capacity, sluggish ionic diffusion, high-capacity fading, and 

structural instability. The development of sustainable SIBs requires 

addressing the above challenges. This could be achieved with the 

development of potential electrode materials with high capacity, rate 

performance, energy density, Na+-ion kinetics, capacity retention, and low 

volume change [3,4,14]. Among electrodes, the cathode (as the positive 

electrode) is important in determining the cost and electrochemical 

performance of SIBs. Among various types of cathode materials, sodiated 

metal oxides and polyanionic compounds have emerged as potential 

positive electrodes [3,14]. Worldwide research has been focused on the 

development of advanced cathode materials, including sodiated metal 

oxides and polyanionic compounds.  



4 
 

1.2 What is a Battery? 

A battery is a single or a combination of electrochemical cells in a 

parallel or series connection that converts the chemical energy stored in its 

active material into electric energy through the redox process [3]. This 

electric energy from the battery is drawn as an electric current at a certain 

voltage equal to the electrode potential difference. Every redox reaction is 

related to the standard cell potential E0
cell, as shown in equation 1.1. It 

assumes a reversible redox reaction under standard, isothermal, and ideal 

conditions where only electrical work is performed. 

𝐸0
𝑐𝑒𝑙𝑙 =

−𝛥𝐺0

𝑛 𝐹
  ….. ….. ….. (1.1) 

Where ΔG0 = standard Gibbs free energy, n = moles of electrons transferred, 

and F = Faraday's constant. The overall theoretical voltage of a cell (ΔE0
cell) 

is given as the standard cell potential difference of the cathode (E0
cathode) 

and the anode (E0
anode) as given in equation 1.2. 

𝛥𝐸𝑐𝑒𝑙𝑙
0 = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒

0 − 𝐸𝑎𝑛𝑜𝑑𝑒
0   ….. ….. ….. (1.2) 

For a spontaneous reaction, ΔE0
cell > 0. 

 

1.3 Types of Batteries 

Primary Batteries: Primary batteries are also known as non-rechargeable 

batteries. Here, the electrochemical reactions are irreversible; as a result, 

these batteries cannot be further charged once they are discharged. Hence, 

these batteries are discarded after a single use. Some primary batteries 

include the Zinc-Carbon, Alkaline-Manganese, Zinc-Air, etc.  

Secondary Batteries: They are also called rechargeable batteries, where 

the electrochemical reactions at the electrodes are reversible in nature. They 

can be charged and discharged several times. Some secondary batteries 

include Lead-Acid, Ni-Cd, Ni-Metal Hydride, LIB, SIBs, etc. From the 

Ragone plot shown in Figure 1.1, the gravimetric and volumetric energy 

densities of rechargeable batteries increase with the decrease in the weight 

and size of the ions [18]. 



5 
 

 

Figure 1.1 Specific and volumetric energy densities of batteries [18]. 

 

1.4 History of Battery Technology 

In early 1748, Benjamin Franklin coined the term “battery” for a group 

of Leyden jars used to store static electricity. In 1780, Luigi Galvani (an 

Italian scientist) discovered battery principles. A breakthrough in battery 

came in 1800 when Alessandro Volta (Italian scientist) invented the voltaic 

pile, an alternative stacking of Cu and Zn discs separated by brine-soaked 

cloth as the first electrochemical battery, producing a continuous flow of 

electric current [19]. In 1836, John Frederic Daniell,  UK chemist, invented 

the Daniell cell, which was the more reliable and stable version of the 

voltaic pile, comprised of copper sulfate solution-filled copper pot. In 1859, 

the lead-acid battery was invented as the first rechargeable battery by 

Gaston Planté. This lead-acid battery used lead plates and sulphuric acid. 

By reversing the current flow, it could be recharged. In 1868, a French 

scientist, Leclanche, developed the original version of the dry cell [3]. 

Whereas in 1885, a Japanese scientist, Sakizo Yai, invented a dry cell. 

Following this, the nickel-cadmium (Ni-Cd) battery, the early form of an 

alkaline battery, was invented by a Swedish scientist, Waldemar Jungner, 

in 1899. The Ni-Cd battery could deliver improved cycle life and stability 

compared to the lead-acid battery. The commercialization of Ni-Cd alkaline 

batteries started in 1964. 
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Figure 1.2 Schematic representation of the history of batteries. 

At the start of the 20th century, several commercialized batteries were 

developed based on the new battery chemistry. In 1980, nickel-metal 

hydride (NiMH) batteries were introduced into the battery market and could 

deliver higher energy density and improved safety compared to Ni-Cd 

batteries. In 1991, Sony Corporation commercially introduced LIBs that 

revolutionized the portable electronics industry. These LIBs are relatively 

lightweight and have a high capacity, energy density, and long cycle life. In 

parallel with the LIBs, the research on SIBs was also initiated in the 1970s 

and 1980s [3,19]. However, the commercialization of LIBs dominated 

further research on SIBs. LIBs dominate the current portable electronics and 

electric vehicle market, but there are several limitations associated with 

LIBs. The cost and nonuniform distribution of lithium resources have 

increased the research interest in alternative energy storage devices such as 

SIBs. In the last few decades, SIBs have regained research interest as a 

promising alternative to LIBs due to the high abundance and low cost of 

sodium for large-scale energy storage applications [3,19].  Now, SIBs are 

on the verge of commercialization and will provide a cost-effective, safer, 
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and sustainable solution. Figure 1.2 represents a brief history of batteries. 

Sodium metal has a high negative redox potential of -2.71 V with respect to 

the standard reference hydrogen electrode (RHE). Low Na atomic weight 

(22.99 g/mol) provides a high theoretical capacity of 1166 mAh/g as a 

promising element for energy storage. Additionally, Na is abundant on 

Earth (2.64%); as a result, it is cheaper and approximately 20 times less 

expensive than lithium. Despite the many benefits of SIBs, they have not 

been commercialized. This presents a significant scope for the researchers 

to advance and refine the technology toward the practical and commercial 

applications of SIBs. This requires rigorous research on the various 

components of SIBs. Among them, electrode materials, especially cathodes, 

have gained a lot of interest. 

1.5 Advantages of SIBs over LIBs 

 SIBs show several advantages over LIBs. Sodium is cheaper than 

lithium due to its abundance, widespread distribution, and low processing 

cost, making it a more sustainable and cost-effective option for large-scale 

ESSs. As shown in Figure 1.3 (a), SIBs exhibit better thermal stability, 

enhanced safety, and low dendrite formation than LIBs. SIBs show 

promising performance over a wide temperature range, where LIBs tend to 

struggle. SIB electrodes are often less toxic. Both the SIBs and LIBs 

demonstrate almost similar energy density. While LIBs still dominate 

portable electronics due to their higher energy density, the continued 

development of efficient cathode and electrolyte materials for SIBs is 

reducing this gap. 

1.6 Components of SIBs 

The structural components of SIBs are similar to those of other 

rechargeable batteries. The five major components of SIBs comprise anode, 

cathode, electrolyte, current collectors, and separator, as shown in Figure 

1.3(b). Each component plays a vital role in battery operation and has its 

own advantages and selection criteria [3,9].  
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1.6.1 Cathode 

The cathode, also known as the positive electrode of the battery, 

undergoes reduction during discharging and accepts electrons from the 

external circuit. The cathode is one of the deterministic components of SIBs, 

as it significantly affects the cost, cycle life, safety, specific capacity, 

energy, and power density of the battery. The cathode materials for SIBs 

typically follow the formula of NaxMyNz, where M is a single or multiple 

transition metal (TMs), and N represents an anion (usually oxides or 

polyanions (XO4)
n-). Cathodes possess several significant and unique 

properties for the optimal performance of SIBs [3,9].   

Required features of cathode materials: 

1. It should contain redox-active ions in its lattice structure. 

2. Should exhibit high chemical, mechanical, and thermal stability. 

3. Suitable structural morphology for easy Na+ ion migration. 

4. It needs to have good electronic and ionic conductivity. 

5. Capable of operating within the electrolyte potential window. 

6. It should be cost-effective and environmentally friendly. 

Various layered transition metal oxides (LTMOs), tunnel-based 

transition metal oxides (TMOs), and polyanionic-type cathodes have been 

extensively explored for SIBs owing to their favorable Na+ ion intercalation 

characteristics. Various layered cathodes, including MoS2, TaS2, TiS2, and 

sodium-containing LTMOs of the form NaxMO2 (M=single / multiple TMs) 

have been investigated for SIBs. A diverse family of TM-based salts 

containing oxoanion compounds such as phosphates, sulfates, 

fluorophosphates, and fluorides, and Prussian blue analogs (PBA) (hexa-

cyanoferrates) has also been explored for SIBs [3,9]. A comprehensive 

discussion on the development and evolution of various cathode materials 

for SIBs will be given in the subsequent sections. 
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Figure 1.3 (a) Comparison of SIBs and LIBs,  (b) Components of SIBs [9]. 

1.6.2 Anode 

The anode works as the negative electrode, where oxidation takes 

place during discharge, and the Na atoms lose electrons that flow through 

the external circuit to provide an electric current. Sodium metal has a low 

redox potential (-2.71 V vs. SHE) and offers a high theoretical specific 

capacity and energy density [3,20]. Hence, from the thermodynamic point 

of view, sodium metal is an ideal anode material for SIBs. However, it is 

highly reactive to most liquids, resulting in the formation of dendrites that 

can pierce the separator and will result in the internal short circuit and 

thermal runaway. As a result, the use of metallic sodium anode is limited to 

research aspects and is not commercially available for SIBs [3,20]. 

To address these safety issues, research is being carried out to 

develop anode materials showing a better sodium storage mechanism [21]. 

Among several explored anodes, carbon-based anode materials, particularly 

hard carbon (HC), are another choice of anode for SIBs. Graphite has an 

interlayer spacing of ~3.35 Å and is hence used as an anode material in 

LIBs. However, this interlayer spacing of graphite is not sufficient to 

accommodate and easily transfer Na+ with a diameter of ~2.04 Å [3,22]. 

Density functional theory has also revealed that graphite possesses 

unfavorable energies for the intercalation of sodium; as a result, graphite 

has limitations as an anode material for SIBs. Although NaCx could form 

compounds of NaC15, NaC30, and NaC70, it can accommodate a very small 
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amount of Na in its lattice structure. Glucose-derived HC exhibited pseudo-

intercalation behavior for both LIBs and SIBs [23]. In SIBs, it exhibited a 

reversible capacity of ~300 mAh/g. Since then, research has focused on 

improving the HC anode for SIBs [3]. Based on the working mechanism, 

the anode materials can be classified as 

1. Intercalation-type anodes: Accommodate Na+ without 

significant structural rearrangements. HC, Titanium dioxide 

(TiO2), sodium titanate (Na2Ti3O7), etc. 

2. Conversion-type anodes: Undergo a redox reaction with a 

complete change of chemical phase upon sodiation. Iron (III) 

oxide (Fe2O3), Transition metal dichalcogenides. 

3. Alloy-type anodes: Form sodium-based alloys on sodium 

insertion with a significant volume change. Tin-based 

compounds (SnS, SnO2), Sb2O4, etc. 

While anode material is crucial, the present thesis primarily focuses 

on the development of cathode materials for SIBs with the use of Na metal 

chips as anode and reference electrode in Na-half cell configuration.  

1.6.3 Electrolyte 

Electrolytes act as Na+-ion conducting channels between electrodes. 

Although electrolytes have no direct involvement in energy storage, their 

physicochemical properties critically affect the battery's performance. 

Electrolytes can be in liquid, solid, or gel form. However, liquid electrolytes 

currently dominate due to their high ionic mobility and facile electrode 

wetting. The electrolyte is desired to have the following properties [3,24]. 

1. Wide electrochemical stability window.  

2. High ionic conductivity (preferably above 10-3 S/cm). 

3. Low electronic conductivity to reduce self-discharge/short-circuit. 

4. Thermally and chemically stable with other cell components. 

5. Low viscosity and high wettability for better ion transport. 

6. Low-toxic, non-flammable, and cost-effective. 

7. Formation of a Stable Solid Electrolyte Interphase (SEI). 
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Various liquid electrolytes consisting of sodium salts and organic 

solvents, often with functional additives, have been developed for SIBs 

[24]. The sodium salts for electrolytes include Sodium perchlorate 

(NaClO4), Sodium hexafluorophosphate (NaPF6), Sodium bis 

(trifluoromethanesulfonyl) imide (NaTFSI), Sodium bis (fluorosulfonyl) 

imide (NaFSI), and Sodium fluoroalkylsulfonylimide derivatives 

commonly dissolved in mixtures of cyclic organic solvents like Ethylene 

carbonate (EC), Propylene carbonate (PC), and linear solvents like  

Dimethyl carbonate (DMC), Diethyl carbonate (DEC), Ethyl methyl 

carbonate (EMC), etc to enhance viscosity, dielectric constant, and ion 

solvation properties [24,25]. 

Further, the functional additive, such as fluoroethylene carbonate 

(FEC), is added to tailor the interfacial chemistry as it improves the 

reversibility of Na⁺ ion insertion due to the stable formation of SEI and 

reduction in parasitic reactions. Ionic liquids (ILs) as electrolytes for SIBs 

have also gained attention due to their high thermal stability, non-

flammability, and wide electrochemical windows. However, they are in 

limited use due to their high viscosity and high cost [3,24,25]. 

1.6.4 Current Collector and Separator 

Current collectors at the electrode are important to collect the 

electrons produced during the redox process and to conduct them to the 

external circuit. The selection of the current collector is based on the 

properties of conductivity, corrosion resistance, electrochemical stability, 

mechanical strength, and cost. Basically, copper (Cu) and Aluminium (Al) 

are used as anode and cathode current collectors, respectively, owing to 

their high conductivity and low cost. Initially, Cu was used as an anode 

current collector. However, it is costly and heavier than Al. Recently, Al 

has also been used as the anode current collector for SIBs, further reducing 

the cost and weight of the battery [3,26,27]. 

The separator is electrochemically inert and is used to physically 

separate the positive and negative electrodes of the battery to prevent a short 
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circuit. It also acts as the electrolyte reservoir, facilitating ionic transport 

and allowing free movement of Na+. Separators should have high porosity 

(~40-60%), low pore size (~1 μm) to reduce dendrite penetration, high 

electrolyte wettability for better electrolyte absorption and ionic 

conductivity, be electrically insulating, and have high mechanical and 

thermal stability. The common separators are borosilicate glass fiber, 

microporous polypropylene (PP), and polyethylene (PE). Polymer 

composites and ceramic-coated films are other emerging separators.   

1.6.5 Other Important Components 

Other components are conductive additives, polymer binders, and 

solvents for electrode slurry preparation. To compensate for the intrinsic 

nonconductivity of the polymer binder and to enhance the conductivity of 

the active material, conductive additives are added. The conductive carbons 

are carbon black (CB), activated carbon, and Super C-65 due to their high 

surface area and fine particle size. Recently, single and multi-walled carbon 

nanotubes, carbon nanofibers, reduced graphene oxide, and graphene-

conductive carbon have been explored owing to their superior electrical 

conductivity and mechanical flexibility [3]. These not only improve 

electron transport but also act as mechanical buffers, accommodating 

volumetric changes. Electrodes for SIBs use about 10–20 wt% of 

conductive additive, though reducing this quantity is desirable to increase 

the energy density by reducing the dead mass of the battery [3,27].  

Polymeric binders maintain the mechanical integrity of the 

electrodes by adhering the conductive carbon and active material to the 

current collectors and withstand the mechanical stresses during Na⁺ ions 

insertion/extraction. Generally, 5-10 wt% of binder is used. The common 

binders are Polyvinylidene difluoride (PVDF), Carboxymethyl cellulose 

(CMC), Sodium alginate, polyacrylic acid (PAA), and styrene-butadiene 

rubber (SBR). Among them, PVDF is widely used for SIBs due to its 

chemical stability and compatibility with N-methyl-2-pyrrolidone (NMP) 

solvent.  



13 
 

1.7 Working Principle of a SIB 

SIBs store electrochemical energy via reversible migration of Na⁺ 

between electrodes through the electrolyte. Its functionality is governed by 

the rocking chair, similar to LIBs. The operational mechanism is based on 

a redox process. The electrons are transported externally through a closed 

circuit, whereas the Na+ ions migrate through the electrolyte. The charging 

process is accompanied by the deintercalation of Na+ ions from the cathode,  

transported through the electrolyte to the anode, and then intercalated into 

it. During the same time, the electrons migrate from the cathode to the anode 

through the external circuit, thereby storing electrical energy in chemical 

form. During the discharging process, the reverse flow of electrons and Na+  

ions takes place. Na+ ions from the anode are released to the electrolyte, 

which migrates and intercalates into the cathode. Simultaneously, the 

electrons power the external device as they pass through it from anode to 

cathode [3]. The redox process for SIB, consisting of NaCoO2 cathode and 

HC anode, is shown in Figure 1.4.  

Cathode half-cell:   NaCoO2 ↔ Na1-xCoO2 + xNa+ + xe⁻ 

Anode half-cell:    xNa+ + xe⁻ + HC ↔ NaxHC 

Overall cell reaction:   NaCoO2 + HC ↔ Na1-xCoO2 + NaxHC 

 

Figure 1.4 Schematic for the working mechanism of SIBs. 
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1.8 Electrochemical Parameters and Performance Matrices 

(i) Cell Voltage 

Cell voltage is an important and fundamental parameter of batteries. It 

is defined as the difference in electrochemical potential between its 

electrodes. Under ideal conditions, mathematically,  

𝑉 = 𝐸𝑐𝑒𝑙𝑙 = 𝐸𝐶𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝐴𝑛𝑜𝑑𝑒 

In standard conditions, these cell potentials are termed the standard cell 

potentials and are calculated as follows: 

𝐸𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
0 =  

−𝛥𝐺0

𝑛 𝐹
 

In equilibrium conditions (no external current is connected), it is called the 

open-circuit voltage. The voltage is affected by electrode redox potentials.  

(ii) Theoretical Capacity (Qth) 

Capacity is the total charge a battery can store due to the redox process. 

Mathematically, it is given as follows. 

𝑄 =  ∫ 𝐼 𝑑𝑡

𝑡

0

 

Capacity is basically expressed in Coulombs (C). However, in the material 

research, this capacity is normalized to specific capacity, the amount of 

charge stored by the battery per unit mass of the active material, and is 

expressed in the unit of mAh/g. The theoretical specific capacity (Qth) of an 

active material is calculated from its molecular weight (M) as follows.  

𝑄𝑡ℎ =  
𝑛 .  𝐹

3.6 𝑀
   (in mAh/g) 

where n = number of electrons in redox process, and F = Faraday's constant.  

(iii) C-Rate 

The charge and discharge rates of a battery are usually expressed in 

terms of C-rates. 1C, 0.5, and 2C indicate that the battery gets charged or 

discharged fully in 1h, 2h, and 30 minutes, respectively.  

(iv) Energy Density (W) 

The amount of energy delivered per unit mass of the active material is 

known as the energy density and can be expressed as the integral of the 
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power output over time, which is the equivalent of the product of 

experimental capacity and average voltage (Vavg). It is expressed in 

volumetric energy density (Wh/L) or specific energy density (Wh/kg). 

𝑊 =  ∫ 𝑉 . 𝐼
𝑡

𝑜

𝑑𝑡 = 𝑄. 𝑉𝑎𝑣𝑔 

(v) Energy Efficiency 

It is the ratio of usable energy output to energy input during the 

charge-discharge cycle of the battery system.  

(vi) Power (P) 

Power is the rate of energy delivered. In practical applications, power 

density is used and can be expressed in terms of specific power (W/kg) or 

volumetric power (W/L).  

𝑃 = 𝐼. 𝑉 

(vii) Power Efficiency (ƞ) 

Power efficiency is the ratio of power output from the system to the 

power input to the battery system.  

ƞ =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
× 100% 

(viii) Cycle Life 

Cycle life or cyclability refers to the number of complete charge-

discharge cycles that a battery can undergo before its capacity decreases by 

more than 80%. It is directly associated with the electrode stability, 

electrolyte decomposition, and SEI formation of the battery.  

(ix) Coulombic Efficiency (CE) 

It is the ratio of discharge to charge capacity (if the charging process 

is performed 1st) or the ratio of charge to discharge capacity (if the 

discharging process is performed 1st). Ideally, it should approach 100%. 

Low coulombic efficiency represents parasitic side reactions such as SEI 

formation and electrolyte decomposition.  

𝐶𝐸 =
𝑄𝑑𝑖𝑠𝑐ℎ𝑟𝑎𝑔𝑒

𝑄𝑐ℎ𝑎𝑟𝑔𝑒
× 100%  or  𝐶𝐸 =

𝑄𝑐ℎ𝑟𝑎𝑔𝑒

𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
× 100% 
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1.9 Cathode Materials for SIBs 

Cathodes, the positive electrode of SIBs, play a pivotal role. It 

significantly determines specific capacity, operating voltage window, 

energy density, overall stability, and cycle life performance of the battery. 

In the current stage of research on SIBs, most of the cathode materials are 

similar to the cathodes for LIBs [3,28]. For the past couple of decades, in 

the context of SIBs, significant research efforts have been devoted to the 

development of optimized and suitable cathode materials. There are mainly 

four types of cathode materials, such as polyanionic compounds, PBAs, 

organic compounds, and Na-containing LTMOs, which are explored for 

SIBs, as shown in Figure 1.5. 

 

Figure 1.5 Various types of promising cathode materials for SIBs. 

1.9.1 Polyanionic Compounds 

Different types of polyanionic compounds, such as NASICON, 

abbreviated for sodium superionic conductors, having the general form of 

NaxM2(XO4)3 (where M = transition metals and X = P, S, Si, Mo, W, etc.), 

olivine with a general formula of NaMPO4 (M = Fe2+, Mn2+, Co2+, Ni2+, 

etc.), pyrophosphates with general formula Na2MP2O7, mixed polyanions 

with a general formula of NaxMy(PO4)2P2O7 (where, M = Fe, Mn, Cr, Ti, V, 

etc. e.g. Na4Fe3(PO4)2P2O7), and alluaudite with general formula of 

Na2+δM2(PO4)3 have been investigated as cathode materials for SIBs [3,28].  

The polyanionic cathodes with an intrinsic 3D crystal framework for Na+ 
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ion migration exhibit high thermal, structural, and electrochemical stability, 

fairly high operating potential, and usually rapid sodium transport kinetics. 

The rigid 3D structure offers open Na⁺ ion diffusion pathways and strong 

covalent bonding, which reduces oxygen evolution at high voltages and 

enhances cycling stability. The highly electronegative polyanions give rise 

to the inductive effect, which increases the redox potential of the TM center. 

As a result, the operational potential of the polyanionic cathodes becomes 

higher compared to other cathode materials for SIBs [3,28,29]. 

NASICON-type cathodes have shown satisfactory performance for 

SIBs [30–32]. Further, various advanced strategies such as carbon coating, 

nanosizing, and partial doping have been adopted to mitigate their inherent 

drawbacks [31-32]. In addition to the desired properties of high operational 

voltage, thermal and structural integrity, polyanionic cathodes show poor 

intrinsic electronic conductivity, limited rate capability, and synthesis 

complexity, limiting their practical use. Furthermore, these materials have 

a limited number of Na+ ions during the discharging process, resulting in a 

limited specific capacity, which is generally lower than other cathodes for 

SIBs [33,34]. At certain crystallographic sites, the NASICON-type 

polyanionic cathodes possess sluggish Na⁺ diffusion as well as redox 

instabilities at high voltage, resulting in a high capacity fading during the 

cycle life performance [32]. Although a lot of research is still being done to 

enhance the properties of polyanionic cathode materials for SIBs, the above 

limitations have motivated the research community to further develop and 

thoroughly investigate alternative cathode materials for SIBs.   

1.9.2 NaFe(SO4)2 as Polyanionic Compounds 

 NaFe(SO4)2 is an oxoanion group-based polyanionic compound that 

has been studied as a cathode material for SIB owing to its high potential 

window, 3D structural framework, and high stability. P. Singh et al. [35] 

investigated the electrochemical performances of NaFe(SO4)2 (shown in 

Figure 1.6) as a low-cost positive electrode for rechargeable SIBs with 

reversible sodium ion insertion capability at 3.2 V vs. Na/Na+ due to the 
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active Fe3+ /Fe2 + redox couple. This polyanion-based cathode material, on 

the other hand, has a decreased sodium insertion rate, resulting in limited 

specific energy. A. Banerjee et al. [36] performed a DFT investigation on 

NaxFe(SO4)2 (0 ≤ x ≤ 2). It exhibited only 8% of the volume change with 

full desodiation. Trussov et al. [37] investigated pristine NaFe(SO4)2 and its 

derivatives doped with SeO4, PO3F, and HPO4. They observed that 

NaFe(SO4)2 demonstrated the highest capacity of 63 mAh/g compared to 

NaFe(SO4)1.5(SeO4)0.5, NaFe(HPO4)1.5(SeO4)0.5, NaFe(SO4)1.5(PO3F)0.5. 

Further, pristine NaFe(SO4)2 has better cycling performance compared to 

its polyanionic substituted derivatives. However, the study of NaFe(SO4)2 

is mostly limited to theoretical studies due to the low electronic 

conductivity, limited specific capacity, and limited energy density.  

 

Figure 1.6 NaFe(SO4)2 crystal (a) planner and (b) vertical views [35]. 

1.9.3 Prussian Blue Analogues (PBAs) 

PBAs are the coordination polymers having a general formula of 

NaxMM'(CN)6 (M/M' = TMs), where the TM ions are linked to cyanide 

ligands, forming a 3D crystal framework with Na+ ions accommodated at 

the interstitial sites. Unique features, including rigid and tuneable structure, 

aqueous-based synthesis, and low cost, make them attractive cathode 

materials for SIBs [3,38,39]. Several PBAs, including Na4Fe(CN)6, 

NaxCoFe(CN)6, NaxNiFe(CN)6, and many more, have demonstrated 

potential performance for SIBs with a reversible capacity of ~150 mAh/g 

and satisfying cycling stability.[38] Further, defect engineering strategies 
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such as carbon coating, composite formation, partial elemental doping, and 

vacancy formation have enhanced electronic conductivity and structural 

stability. In addition, the removal of interstitial water molecules and 

[Fe(CN)6]
4- vacancies has been employed to enhance electrochemical 

performance [3,38,39]. 

Despite the above advancements, PBA suffers from severe 

challenges such as low operational voltage, the presence of interstitial H2O, 

and low energy density due to high molecular weight, as well as relatively 

low operating voltage. Cyanide in their lattice framework is considered very 

toxic to nature. Furthermore, the poor intrinsic electronic conductivity, 

sluggish Na⁺ ion diffusion, [Fe(CN)6]
4- vacancies, and coordinated H2O 

molecules result in a high capacity fading during the high-rate cycling 

process, limiting their practical application [39]. As a result, the current 

research is focused on alternative cathode materials. 

1.9.4 Organic Compound Cathode Materials 

Organic compounds including carbonyl compounds (Quinones, 

ketones, carboxylates, anhydrides, and amides containing C=O group), 

imides (R-C(O)-N(R)-C(O)-R structure), azo derivatives (N=N group), and 

Schiff-bases and pteridine derivatives (C=N group) have been explored as 

cathode for SIBs [3,40,41]. The intrinsic advantages, such as an abundance 

of natural sources, sustainability, stable redox properties, availability of 

multi-electron charge storage, and structural tunability, make them suitable 

for SIBs. Several other organic compound materials, such as disodium 

rhodizonate (Na2C6O6), quinone derivatives, organometallic polymers, 

conjugated microporous polymers, and covalent organic frameworks, 

demonstrated multi-electron redox reactions and high theoretical capacities. 

Heavy organic cathodes such as nitroxyl radical polymers, metal-organic 

frameworks, and hydrogen-bonded organic frameworks have exhibited 

suitable porosity and active redox units [3,40,41]. 

Still, organic compound cathodes suffer from the disadvantages of 

high dissolution in electrolytes, limited operating voltage, low electrical 
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conductivity, and poor structural stability. As a result, they show rapid 

capacity fading and self-discharge [3,40,41]. Hence, over the last two 

decades, high research interest has been given to the development of more 

robust inorganic alternative materials such as sodiated layered and tunnel-

structured TMO cathodes for SIBs. Sodiated LTMO cathodes offer facile 

synthesis, higher structural stability, wider voltage windows, improved 

Na+-ion mobility, superior conductivity, and favorable electrochemical 

performance for advanced SIBs. However, these materials absorb moisture, 

often show irreversible phase transitions, and have low reaction kinetics. A 

detailed discussion on the sodiated LTMO cathodes is given in the next 

section. Figure 1.7 shows the various design strategies for synthesizing 

high-performance cathode materials for SIBs. 

 

Figure 1.7 Various design strategies for synthesizing high-performance 

cathode materials for SIBs [3]. 
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1.10 Sodiated Layered Transition Metal Oxide Cathodes 

 Among different cathodes for SIBs, sodiated LTMO with a general 

formula of NaxMO2 (M = single/multiple TMs such as Fe, Mn, Cr, Co, Ni) 

has gained significant research interest due to its similarity with Li-based 

analogues for LIBs. These types of cathodes have several advantages 

compared to other cathode systems, such as easy synthesis, high theoretical 

capacity, structural tunability, and good sodium storage capability [3,14].  

1.10.1 Structural Classification of Sodiated LTMO Cathodes 

The structural unit of sodiated LTMO is composed of Na+ cations 

present in an alternate arrangement with two-dimensional (2D) anionic 

sheets of MO6 slabs (M = TMs). These TMs form octahedra with six 

neighboring oxygens. Here, the TM can be made up of single or multiple 

TM elements. Based on the coordination of Na between the MO6 layers, 

they can form an octahedral (O) or a Prismatic (P) structure. After the letters 

O and P, the numbers 1, 2, and 3 are used to indicate the stacking sequence 

of MO6 slabs or the oxygen-ion layers, as shown in Figure 1.8 [42]. For 

example, in the P2-NaxMO2, the Na+ ions are situated in prismatic order 

between the MO6 layers of AB-BA stacking. In this structural arrangement, 

the Na+-ions can be occupied at two prismatic sites, (1) Na1 or Naf: prismatic 

Na+ sharing its face with two MO6 octahedra, and (2) Na2 or Nae: prismatic 

Na+ sharing its edges with two MO6 octahedra units of the adjacent layers. 

Furthermore, in the P2 structure of NaxMO2, the Na+ ions cannot reside at 

both the Na1 and Na2 sites owing to the coulombic interactions; as a result, 

inherently P2-NaxMO2 can have x~0.67 to 0.7 per unit formula [3,42,43]. 

 P2-NaxMO2 provides direct sodium transport from one P-site to 

another, resulting in a high Na+ diffusion and high-rate performance, which 

is one of the most desired features of the cathode material for SIBs. For 

alkali metal-ion batteries like SIBs, the cathode material with a high 

reservoir of sodium is preferred; however, P2-NaxMO2 cathodes have the 

major drawbacks of containing low sodium content (x < 0.7), which results 

in low specific capacity and energy density [3,42,43].  
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One more important and stable sodiated layered metal oxide is the O3-

NaxMO2, where the Na+ ions are located at the octahedral sites formed by 

the three different stacking of MO6 octahedral of AB-CA-BC stacking as 

shown in Figure 1.8. In the O3-NaxMO2, the Na+ can have only the Nae 

locations in which the octahedral of Na shares the edges with the adjacent 

MO6 slabs. Unlike P2-NaxMO2, which can accommodate the sodium x < 

0.7, O3-NaxMO2 can have higher sodium content with (0.7 ≤ x ≤ 1) per unit 

formula, exhibiting higher specific capacity and energy density 

[9,11,44,45].  However, the O3 phases of NaxMO2 are vulnerable to 

moisture and suffer from multiple phase transitions, Jahn-Teller distortion 

due to Ni3+ and Mn3+, and high phase instability due to significant layer-

sliding, hindering the long-term durability and high-capacity fading. Hence, 

although O3-NaxMO2 cathodes exhibit higher initial capacities, their 

cycling stability is inferior to P2-NaxMO2 cathodes. Overcharging at higher 

voltage can also induce structural transitions of P2 or O3 phases into the 

undesired O2 phase [44,45].  

 

Figure 1.8 Structural classification of sodiated LTMO cathodes [42]. 
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1.11 Issues with Sodiated LTMO Cathodes for SIBs 

 There are two major problems, mainly environmental and 

electrochemical instability with LTMO cathodes. The following sections 

briefly describe these issues, mechanisms, and strategies to overcome them. 

1.11.1 Environmental Instability of NaxMO2 Cathodes 

NaxMO2 exhibits significant environmental instability. On exposure 

to moisture, O2, and CO2, they undergo spontaneous surface reactions. This 

forms undesired and insulating byproducts such as sodium carbonate 

(Na2CO3), sodium hydroxide (NaOH), and sodium bicarbonate (NaHCO3), 

with the decrease of reversible sodium in the material [46]. These insulating 

byproducts increase impedance, reduce Na⁺ ion diffusion, induce voltage 

hysteresis, limit rate capability, and affect electrochemical performance. A 

humid environment promotes judicious hydration and Na+/H+ exchange. It 

reduces the mechanical strength and ionic integrity of the cathode due to 

microcracks. Surface hydroxides react with CO2 and form passivation 

layers of carbonates. Low-voltage cathode systems based on the Mn3+/Mn4+ 

redox are more susceptible to Na⁺ ion loss compared to those of the high-

voltage cathodes based on Ni2+/Ni4+ redox.  

The oxidation states of TMs also increase due to the spontaneous 

extraction of Na+ ions that induce structural changes and reduce the 

reversible capacity. The sliding of interlayer MO6 slabs takes place with 

prolonged exposure, facilitating irreversible phase transition prior to cell 

fabrication, which affects the structural stability and electrochemical 

performance [47,48]. It also complicates the electrode processing, increases 

the electrode slurry pH, causes partial impurity dissolution in NMP, 

defluorination of PVDF binder, slurry gelation, Al current collector, and 

poor adhesion, leading to peeling and cracking of the electrode. The 

presence of undesired sodium compounds as impurities degrades Al and 

produces CO2 and CO byproducts, causing cell swelling and explosion 

during the charge/discharge process. All these mentioned instability issues 

reduce the electrochemical performance. Many research has been 
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performed to understand and address instability issues through several 

advanced defect engineering techniques, such as multitransitional-metal co-

substitution, composite formation, controlled processing, protective 

coatings, etc., which are discussed in detail below [47,48]. 

1.11.2 Instability Mechanism of with Environment Species  

➢ Na+/H+ exchange and Hydration on O2 and H2O exposure: 

When NaxMO2 is exposed to air or moisture, H2O and CO2 from the 

air get adsorbed onto it and react to form carbonic acid (H2CO3). This acid 

dissociates into anions and cations of H+, OH⁻, CO3
2-, and HCO3

-, which 

react with the surface Na+ to form the residual byproducts of NaOH, 

Na2CO3, and NaHCO3 as shown in Figure 1.9. At the same time, H+ can 

partially replace Na+ through hydrolysis.[49] 

NaxMO2 + xH2O → 𝑁𝑎1−𝑥𝐻𝑥M𝑂2 + xNaOH 

Partial Na+ exchange with H+ increases the oxidation state of TMs, 

resulting in secondary surface metal oxide phases as impurities. Prolonged 

exposure results in the penetration of H2O into sodium layers and interlayer 

spacing expansion, causing swelling and mechanical strength degradation. 

 

Figure 1.9 Schematic for the H2O and O2 exposure of NaxMO2 [49].  

➢ Surface carbonation and CO2 reactivity: 

NaOH, as the surface residual, reacts with atmospheric CO2 and 

forms the insulating layers of sodium carbonate (Na2CO3). The presence of 

this Na2CO3 significantly reduces the capacity and increases the impedance 

of the cathode material.  For example, the capacity of O3-NaCrO2 and 
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NaNi0.33Mn0.33Co0.33O2 significantly reduces to ~40% of the initial capacity 

after 48 hours due to the presence of the Na2CO3 passivation layer [50,51]. 

CO2 + 2NaOH → Na2CO3 + H2O 

In the case of O3-NaxMO2, carbonation is surface-limited; however, 

in P2-NaxMO2, such as P2-Na0.67Mn0.5Fe0.5O2, can incorporate the CO3
2- 

into the MO6 slabs with the formation of CO4 tetrahedra. CO4 units alter 

local coordination and form secondary phase and Na-deficient species.  

1.11.3 Approach for Improving Environmental Stability  

 Several advanced engineering strategies, including surface coatings, 

elemental doping, structural tuning, post-synthesis treatments, etc., have 

been adopted to solve the environmental instability issue and to enhance 

long-term structural and electrochemical performance.  

➢ Partial Elemental Doping 

Partial elemental doping at both Na and TM sites helps in structural 

and electronic modifications. Partial doping of Ti and Ni at the Mn site of 

NaMnO2 results in the surface segregation of Ti with the formation of the 

spinel-TiO2 protective layer [52]. Partial Nb-doping improves the air 

stability [53]. Partial Cu-substitution has significantly improved air and 

moisture stability by maintaining structural and electrochemical integrity 

[54]. Partial co-doping of Cu and Mg has shown outstanding air and 

moisture stability [55]. Other elemental doping, such as Sb, Al, and Zn, has 

also been shown to improve environmental stability. Partial substitution of 

Al3+ reduces volume strain and Jahn–Teller distortions of Mn3+. Sb 

incorporation provides air resistance by enhancing the structural ordering. 

Partial elemental doping at the Na-site is also an effective strategy 

to enhance environmental stability. Ca-doping shows reduced Na-loss and 

irreversible phase transitions due to stronger Ca-O bonding [56]. Co-doping 

of Li and F reduces H3O
+/H2O intake and lattice oxygen loss [57]. 

➢ Surface Modification: 

It is one of the widely used strategies. Carbon-based coating shows 

significant improvement in air and moisture stability. About ~2–3 wt% of 
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carbon layer significantly reduces NaOH byproduct formation and retains a 

stable O3 phase [57]. ZrO2 coating has also been shown to reduce the 

capacity fading due to reduced interfacial degradation. Al2O3  thin layer 

deposition also protects the cathode from air and moisture by reducing its 

reactivity with CO2 and H2O. 

➢ Washing Treatments: 

Washing the electrode thoroughly provides a complementary 

strategy to remove Na2CO3, NaOH, and NaHCO3. Aqueous washing of the 

electrode degrades the air-sensitive cathodes; gentle ethanol washing can 

remove surface impurities significantly without damaging the cathode 

structure. This provides an easy strategy to reduce moisture sensitivity and 

enhance reversible capacity and cycling stability.  

➢ Compositional-Structural Modifications 

Proper elemental substitution can provide a compositional structural 

modification to enhance air and moisture stability. The hexagonal 

honeycomb structure of P2-Na0.67Ni0.33Mn0.67O2 reduces the moisture 

intake [57]. In such materials, Co substitution degrades the material due to 

the disruption of this ordering; Cu substitution preserves the superstructure 

due to similar radii of Cu2+
 and Ni2+. 

➢ Post Heat Treatments 

Post-heat treatment of the cathodes after synthesis is also an 

effective strategy to improve air and moisture stability. Air-exposed 

materials on re-calcination under inert conditions at 200-300°C decompose 

the dehydrated byproducts and restore the phase-pure material. Hot-roller 

mechanical pressing of the electrode reduces surface area and forms a 

compact electrode that lowers the adsorption of water. 

1.11.4 Electrochemical Instability of NaxMO2 Cathodes 

O3-NaxMO2 as sodiated LTMO cathodes show high initial capacity 

and favorable redox potentials. However, these types of cathode materials 

exhibit critical electrochemical instability during the continuous 

charging/discharging process due to structural degradation and interfacial 
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reactions in SIBs. O3-NaxMO2 cathode materials are more prone to 

electrochemical instability compared to P2-NaxMO2 due to their lower 

interlayer spacing and unsuitable Na+ diffusion pathways.[50,51] O3-type 

NaFeO2, NaMnO2, NaCoO2, and NaNiO2, as single TMO, exhibit poor 

cycling stability [3,27,58–60]. O3-type α-NaFeO2 shows a reversible 

capacity of about 80 mAh/g corresponding to 0.3-mole extraction of Na 

with a cut-off voltage of 3.4 V. However, beyond 3.5 V, it shows a high-

capacity fading owing to the irreversible phase transitions associated with 

the migration of Fe3+ from octahedral to tetrahedral sites of the Na-layer, 

destabilizing the structure and blocking Na⁺ diffusion pathways [61]. The 

electrochemical performance of NaFeO2 is also affected by H+/Na+ ion 

exchange in the air. O3-NaxCoO2 shows a reversible phase transition of 

O3↔O′3↔P′3 for the x-values of 1.00↔0.83↔0.67 [62]. The P2-NaxCoO2 

is found to exist in 0.68 ≤ x ≤  0.76 as shown in Figure 1.10.  

 

Figure 1.10 Phase diagram of NaxCoO2 [62]. 

The Jahn-Teller distortion from high-spin Mn3+ in O'3-NaxMnO2 

results in critical structural instability. Although the P2-NaxMnO2 exhibits 

a high reversible capacity of ~150 mAh/g, it still shows high-capacity 

fading [3,63]. O3-NaxCoO2 has high energy barriers of ~180 meV for the 

Na+ hopping in the octahedral–tetrahedral–octahedral site, whereas P2 has 

an energetically favorable prismatic route [64]. The irreversible phase 
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transition of O3-NaNiO2 (O'3→P'3→P''3→O''3→O'''3) leads to significant 

capacity loss and Jahn-Teller distortion. Elemental substitution stabilizes 

these materials by changing oxidation states or structure goodness [65,66]. 

Several binary and multiple TM oxides have been explored to overcome the 

inherent limitations of single-TM systems. The synergistic effect can 

significantly reduce Jahn-Teller distortion and improve the structure. Ti4+, 

Ni2+, Mg, Li, and Cu2+doping suppresses the multiple-step phase transitions 

and improve material stability [9,67-68].  

Despite several advancements, the challenges still remain. Jahn-

Teller distortion due to Mn3+ and electrolyte decomposition in the Mn-rich 

cathode is completely unavoidable [69,70]. Interfacial degradation, 

formation of disordered surface layers, electrolyte decomposition, and gas 

evolution remain the major challenges, significantly affecting capacity 

fading and cyclability. Hence, further optimizing the balance between 

structural integrity, redox activity, and interfacial stability is important in 

improving the electrochemical performance [71]. 

1.11.5 Problems with Na-deficiency in P2-NaxMO2   

P2-NaxMO2 with x<0.7 limits the available Na, restricting the 

capacity and a low average operating voltage of <3.2 V (Figure 1.11) [72]. 

Hence, the energy density of P2 is lower compared to O3-NaxMO2. The 

structure and cycle life performance of P2-type cathodes is affected by the 

multiple phase transitions of P2→O2/OP4/Z, Na+ vacancy, and TM-

ordering [3,27,73]. The doping of electrochemically inactive or partially 

active cations, such as Ti4+, Al3+, Cu2+, Mg2+, Li+, etc., is adopted to mitigate 

these challenges. However, doing so reduces the specific capacity due to the 

reduction in redox-active elements. Alternatively, doping with multivalent 

redox-active ions such as Co3+, Fe3+, Mn3+, etc., can enhance capacity, 

although it compromises energy density due to low working voltage 

[3,27,73]. Therefore, the development of NaxMO2 cathodes with higher 

initial Na content, reversible structural transitions, high specific capacity, 

and energy density is desired for advancing SIBs.  
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Figure 1.11 Electrochemical performance of typical P2/O3-NaxMO2 [72].  

1.12 Tunnel-Structured LTMO Cathodes for SIBs 

 In addition to layered NaxMO2, the tunnel-structured TMO 

cathodes, such as orthorhombic-Na4Mn9O18 (also known as Na0.44MnO2), 

have emerged as a potential cathode for SIBs [74]. These compounds 

contain S-shaped tunnels for the unidirectional Na+ migration along the c-

axis formed by the edge-sharing of MnO6 octahedra and MnO5 pyramids in 

the orthorhombic symmetry, as shown in Figure 1.12 [75]. The rigid 

framework structure of these cathodes results in high structural stability, 

fast Na+ ion diffusion, cycling stability, and rate capability, outperforming 

layered counterparts. The tunnel structure enables these cathodes for 

reversible Na+ ion insertion/extraction with minimal lattice change, leading 

to reversible capacities of 86-188 mAh/g depending on composition and 



30 
 

modification. Na4Mn9O18 with a tunnel geometry delivers 100-120 mAh/g 

in a 2-4 V voltage window vs. Na/Na+. Further, the Ti, Cu, Fe, Ni, and B 

doping have enhanced the rate performance and structural stability via 

altered Na+
 ion diffusion pathways and stronger M-O bonding. Surface 

coatings, composite architectures, and advanced synthesis conditions have 

been found to significantly improve the electrochemical performance of 

these cathode materials for SIBs. However, a more stable electrolyte is 

required for the extraction of high sodium at higher voltages. The extraction 

of Na+ ions is often limited to <0.24 Na+ per unit formula, reducing practical 

capacity. Further, the poor air stability and low voltage (~2.9 V) issues need 

to be resolved [74]. 

 

 

Figure 1.12 (a) Tunnel-crystal structure of Na4Mn9O18 and (b) Mn 

coordination environment in Na4Mn9O18 cathode for SIBs [75].  

 

Hence, the development and characterization of cathodes involves a 

balance between the cathode's structural stability, electrochemical 

performance, and electrolyte compatibility. Layered and tunnel-structured 

TMOs and polyanionic compound cathodes are gaining significant research 

attention in the current SIB technology. Further advancement of cathode 

material design, optimization, doping approach, sodium deficiency, and 

electrolyte engineering is important to advance sustainable SIBs. 
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1.13 Scope and Aims of the Thesis Work 

The rapidly increasing demand for cost-effective and sustainable 

ESSs has stimulated research interest in SIBs. The similar alkali-ion 

intercalation chemistry of Na⁺ with Li⁺, the earth's abundance of sodium 

precursors, easy processing, and low cost signify the strategic advantages 

of SIBs over LIBs. The relatively larger ionic size of Na⁺ compared to Li+, 

sluggish Na+ diffusion kinetics, air and moisture instability, the lower 

standard potential of the electrode, electrochemical instability, etc., are 

fundamental challenges for the development of advanced and high-

performance cathodes for SIBs. The cathode determines specific capacity, 

voltage output, energy density, and cycle life performance. Considerable 

progress has been made in exploring several classes of cathode materials 

for SIBs; still, this field remains in its infancy, with a limited number of 

promising cathode materials capable of delivering high reversible 

electrochemistry. Consequently, there is a compelling need to explore and 

develop advanced cathode materials in their pristine and defect-engineered 

forms, such as composite, partial, co-doped TMs, and Na-vacancy-based 

forms. These advanced cathode materials could exhibit the promising 

characteristics of favorable structural attributes, reversible multivalent 

redox processes, and enhanced electrochemical features for SIBs. 

In this context, this thesis is devoted to the engineering of cathode 

materials, such as synthesis, optimization, characterization, mechanistic 

understanding, half-cell fabrication, and electrochemical properties 

analyses of cathode materials for SIBs, with an emphasis on layered and 

tunnel-type NaxMOy and sodium-deficient NaxM(SO4)2. The research 

strategy, moreover, concentrates on the rational design of sodiated metal 

oxides and sulfates, employing simple and scalable material synthesis 

methods, such as sol-gel and solid-state. The thesis focuses on the 

comprehensive physicochemical analyses of these cathode materials, 

followed by their electrochemical evaluation in half-cell configurations for 

the next-generation SIBs. 
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1.14 Thesis Objectives 

The primary aim of this thesis work is to experimentally synthesize, 

optimize, and analyze cathodes for SIBs. Our main goal concentrates on 

applying defect engineering, such as synthesis optimization, Na-deficiency, 

and multiple TM cosubstitution, to explore cathode materials capable of 

exhibiting better electrochemical performances, including high specific 

capacity, energy density, rate capability, voltage window, structural 

stability, and long cycle life performance. The major objectives are: 

1. To study the effect of sodium ions deficiency on the structural 

stability and working-voltage profile of Na0.8Fe(SO4)2.  

2. To study the effect of calcination temperature on morphology and 

electrochemical performance of NaCoO2. 

3. Engineering the multi-TMs substituted NaxCo0.5Fe0.25Mn0.25O2 

through solid-state synthesis and investigating in detail the 

synergistic effects of multiple redox species in the life cycle 

performance.  

4. To study the 3D Na1.35CrO4 and tunnel-structured Na4Mn7.2Cr1.2O18 

and examine their structural and Cr-doping effect on Jahn-Teller 

effect mitigation, Na⁺ diffusion kinetics, and cycle life performance. 

5. To synthesize the cathode materials, perform physicochemical 

characterizations to understand the thermal behavior, stoichiometry, 

phase formation, morphology, and atomic and chemical 

environment. 

6. To carry out electrochemical analyses: redox process investigation, 

Na+ ion kinetics, capacity retention, and cycle life performance of 

the cathode materials.  

7. To investigate the compatibility of the above cathode materials in a 

half-cell configuration of sodium-based anodes and propose future 

directions for full-cell fabrication. 
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1.15 Structure of the Thesis 

Chapter 1: Introduction 

This chapter briefly introduces the urgent global need for sustainable, cost-

effective energy storage, batteries, their history, and the motivation for 

using SIBs as a promising alternative to LIBs. The critical components and 

working principle of SIBs, followed by a discussion of various parameters 

used to evaluate battery performance. Several classes of cathode materials 

for SIBs with a special focus on metal oxides and sulphate-based polyanions 

are given. The challenges and the approach to overcome them are explained. 

The challenges and opportunities in developing cathodes. The scope, aim, 

and objectives of the present thesis work are clearly defined. 

Chapter 2: Experimental Methods and Characterization Techniques 

This chapter clearly discusses the preparation methodologies of various 

cathodes, including both sol-gel and solid-state routes. It briefly discusses 

the electrode preparation, coin-cell assembly, advanced physicochemical 

and electrochemical characterization techniques used to assess the physical, 

chemical, and electrochemical properties of cathode materials.  

Chapter 3: Sodium-Deficient-Based Na0.8Fe(SO4)2 Cathode: A Novel 

Polyanionic Framework for Enhanced Na+ Ion Migration 

This chapter provides a detailed synthesis of sodium-deficient 

Na0.8Fe(SO4)2 through the sol-gel method, focusing on enhancing the Na+ 

ion diffusion and electrochemical performance. This chapter reveals the 

effect of sodium deficiency in polyanionic-type cathodes for SIBs. It 

demonstrates how the sodium deficiency results in the lattice shrinkage, d-

spacing reduction, and enhanced Na+ ion diffusion.  

Chapter 4: Optimization of Layered NaCoO2 Cathode for High-Capacity 

SIBs 

This chapter presents a systematic study of the synthesis of phase-pure 

NaCoO2 by optimizing the calcination temperature through the sol-gel 

method. The effects of calcination temperature on phase formation, 

morphology, stoichiometry, and crystallinity are thoroughly discussed. This 
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chapter also explains electrochemical analyses of NaCoO2, revealing high 

initial specific capacity, consistency in capacity performance, excellent C-

rate performance, and energy density compared to its present NaxCoO2 

derivatives as a promising cathode for high-performance SIBs. 

Chapter 5: Multi-Transition Metal Co-substituted- 

NaxCo0.5Fe0.25Mn0.25O2 as a High Cycle Life Cathode for SIBs 

This chapter includes the synthesis of a multi-transition metal co-substituted 

layered NaxCo0.5Fe0.25Mn0.25O2, designed to utilize the synergistic multiple 

redox effects and improve structural stability for SIBs. The solid-state 

synthesis, physicochemical, and electrochemical analyses demonstrating 

promising capacity retention and rate capability are discussed.  

Chapter 6: 3D Channel-Based Na1.35CrO4 and Tunnel-Structured 

Na4Mn7.2Cr1.8O18 Metal Oxide Electrodes for SIBs 

This chapter has been divided into two parts: Part A and Part B. Part A 

explores the effect of particle nano-structuring on the physicochemical and 

electrochemical properties of Na1.35CrO4 electrode in SIBs. Part B describes 

the features of the tunnel-structured Na4Mn7.2Cr1.8O18 cathode. It explains 

the merits of using a combination of TMs in Na4Mn9O18 for reducing the 

Jahn-Teller effect of Mn3+ and describes how the interconnected tunnel 

structure facilitates the efficient Na+ ion transport and the redox synergy 

between Mn and Cr in the cycle life enhancements. 

Chapter 7: Conclusions and Scope for Future Work 

This chapter summarizes and finalizes the key findings of the thesis and 

critically assesses the performance of the developed cathode materials for 

SIBs. The chapter concludes with perspectives on future strategies for 

advancing cathode material and achieving commercial-based SIBs. 

By addressing the outlined objectives, this thesis aims to significantly 

contribute to the advancement of SIB technology through the rational 

design and development of advanced cathode materials.  
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CHAPTER 2 

Experimental Methods and 

Characterization Techniques 

 

 

 

 

This chapter presents the experimental methodologies adopted for the 

synthesis and sophisticated advanced characterizations used for the 

comprehensive physicochemical and electrochemical characterization of 

advanced cathode materials developed for SIB applications. Layered 

tunnel-type TMO and polyanionic compounds, including NaCoO2, 

Na0.8Fe(SO4)2, NaxCo0.5Fe0.25Mn0.25O2, Na1.35CrO4, and Na4Mn7.2Cr1.8O18, 

were successfully synthesized via sol-gel and solid-state methods under 

controlled conditions. The physicochemical properties of the as-synthesized 

materials were systematically investigated using a range of advanced 

techniques such as X-ray diffraction (XRD), scanning and transmission 

electron microscopy (SEM/TEM), energy-dispersive X-ray spectroscopy 

(EDX), Fourier-transform infrared spectroscopy (FTIR), Raman 

spectroscopy, and thermogravimetric analysis (TGA). Electrode 

preparation, coin-cell fabrication, and electrochemical characterization 

comprising galvanostatic charge-discharge (GCD) measurements, cyclic 

voltammetry (CV), and electrochemical impedance spectroscopy (EIS) are 

described in detail. This chapter establishes the foundation for interpreting 

structure-performance relationships in the cathode materials discussed in 

subsequent chapters. 
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2.1 Chemicals and Precursors Used 

The selection of high-purity chemical precursors is crucial in 

developing advanced cathode materials for SIBs, as the stoichiometry and 

quality of the starting chemicals can severely affect the structure, 

performance, and stability. All the chemicals were purchased from Alfa 

Aesar and Merck Specialties Pvt. Ltd. and directly used as received without 

any further purification to retain the original stoichiometry.  

2.1.1 Chemicals for Cathode Synthesis 

Analytical grade precursors of sodium nitrate (NaNO3), cobalt 

nitrate hexahydrate (Co(NO3)2.6H2O), citric acid monohydrate 

(C6H8O7.H2O), iron(III) nitrate nonahydrate (Fe(NO3)3.9H2O), ammonium 

sulphate ((NH4)2SO4), sodium carbonate (Na2CO3), manganese(III) oxide 

(Mn2O3), ferric oxide (Fe2O3), tricobalt tetraoxide (Co3O4), chromium(III) 

oxide (Cr2O3), chromium (III) nitrate nonahydrate (Cr(NO3)3.9H2O), and 

manganese(II) carbonate (MnCO3) were utilized for the synthesis of 

NaCoO2, Na0.8Fe(SO4)2, NaxCo0.5Fr0.25Mn0.25O2, Na1.35CrO4, and 

Na4Mn7.2Cr1.8O18 electrodes for SIBs. We used deionized water as the 

universal solvent, as well as ethanol and acetone, for cleaning purposes.  

2.1.2 Chemicals for Electrode Fabrication 

Our synthesized materials worked as the primary active materials 

for electrode fabrication. In addition, PVDF was used as the thermoplastic-

based molecular binder, and Super P-CB was used as a conductive additive 

for electrode preparation. The solvent NMP was used to prepare the 

electrode slurry. Pure battery-grade aluminum (Al) and copper (Cu) foils 

were used as current collectors. Highly pure Na metal chips were used as 

the counter anode material with respect to our synthesized active materials 

as cathodes. The Na-metal chief acted as both the counter and reference 

electrode, and all the measurements were performed with respect to Na/Na+ 

in the sodium-half cell configuration. 
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2.2 Material Synthesis Methods 

The synthesis methods adopted for the preparation of cathode 

materials play a crucial role in determining various properties of the cathode 

materials, including the structural, morphological, and electrochemical 

properties of SIBs. In this thesis work, mainly two principal synthesis 

approaches, (i) sol-gel [1,2] and (ii) solid-state reaction [3–5] methods were 

used due to their respective advantages for the preparation of phase-pure 

and compositionally controlled sodium-based TMO and sulfate cathode 

materials. The subsequent sections briefly elaborate on these synthesis 

approaches. 

2.2.1 The Sol-Gel Synthesis Method 

 Sol-gel synthesis is a commonly used wet-chemical method for the 

preparation of sodiated metal oxides and phosphates-based cathodes for 

SIBs [1,2,6–9]. In this method, the metal precursors are dissolved in an 

appropriate solvent, such as DI water, and chelated by adding complexing 

agents, such as citric acid or ethylene glycol, to form a stable sol. By 

gradually heating the sol at around 80-120ºC, the evaporation and 

polymerization process takes place, which converts the sol into gel. The gel 

is further dried and calcined at high temperatures to produce crystalline 

materials in powder form. The controlled mixing at the molecular level 

provides a uniform elemental distribution and fine particle morphology.  

Compared to other synthesis methods, sol-gel has several key 

benefits. It requires lower synthesis temperatures due to the homogeneous 

precursor distribution, reducing energy cost and preventing phase 

segregation. It has better control over the particle size, morphology, and 

crystallinity, which is crucial for improving ionic/electronic conductivity 

and cycling stability. Further, it allows for the addition of dopants at atomic-

scale accuracy.  These benefits make the sol-gel method one of the most 

appropriate for high-performance cathode synthesis for SIBs. Hence, we 

adopted this synthesis method for the preparation of NaCoO2, 

Na0.8Fe(SO4)2, and Na1.35CrO4 for SIBs, as discussed below. 
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2.2.1.1 Synthesis of NaCoO2 through Sol-Gel  

The detailed synthesis approach for the preparation of NaCoO2 

through the sol-gel technique is represented in Figure 2.1 [2]. Initially, 100 

mL of DI water was divided into 40, 40, and 20 mL in separate beakers. 

Stoichiometric amounts of NaNO3 (977.39 mg), Co(NO3)2⋅6H2O (2910.3 

mg), and C6H8O7⋅H2O (2101.4 mg) in a ratio of 1.15:1:1 were dissolved in 

separate beakers containing 40, 40, and 20 mL of DI water, respectively, to 

make their complete miscible solutions. The extra Na precursor was used to 

compensate for Na loss at the higher calcination temperature. NaNO3 

solution and Co(NO3)2⋅6H2O solution were mixed in a single beaker and 

allowed for continuous stirring at 30ºC for about 3 h. Subsequently, the 

C6H8O7⋅H2O solution was added, and the mixture was heated to 9 ºC with 

continuous stirring until it formed a gel. The gel was then transferred to a 

muffle furnace at 125ºC for about 12 h to dry the gel, resulting in an ash-

like powder, which was ground and proceeded for calcination at 700, 800, 

and 900ºC to identify the optimal synthesis calcination temperature. The 

final calcined powders were ground and stored in a moisture-free 

environment. 

 

Figure 2.1 Sol-gel synthesis scheme for NaCoO2 [2]. 
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2.2.1.2 Synthesis of Na0.8Fe(SO4)2 through Sol-Gel 

Na0.8Fe(SO4)2 cathode for SIBs was synthesized via citric acid-

assisted simple sol-gel method as shown in Figure 2.2(a). The precursors 

NaNO3, Fe(NO3)3·9H2O, (NH4)2SO4, and C6H8O7.H2O were taken in 

0.9:1:2:1 molar ratio. The excess ∼10% of sodium source material was 

taken to balance the sodium loss during the heat treatment. In the beginning, 

a highly pure DI water of 100 mL was taken and separated into four beakers, 

each containing 25 mL. 764.9523 mg, 4040 mg, 2642.8 mg, and 2101.4 mg 

of NaNO3, Fe(NO3)3·9H2O, (NH4)2SO4, and C6H8O7.H2O, respectively, 

were added to the separate beakers, each containing 25 mL DI water, and 

stirred at room temperature. Then the NaNO3, Fe(NO3)3·9H2O, and 

(NH4)2SO4 solutions were mixed and allowed to continuously mix through 

a magnetic stirrer for about 2 hrs in a silicone oil bath at 50°C until a 

homogenized solution was formed, as shown in Figure 2.2(a).  

 

Figure 2.2 Sol-gel-based synthesis of (a) Na0.8Fe(SO4)2 and (b) Na1.35CrO4. 
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Here, the silicone oil bath was used to provide a uniform 

temperature to the solution from all around. After that, C6H8O7.H2O 

solution as the chelating agent was added dropwise. Then, with continuous 

stirring, the temperature of the silicon bath was raised to 70°C until a gel-

like form was achieved. Then the gel solution was dried for the next 6 hrs 

at 125°C in the furnace. Once the gel was completely dried, it turned into 

an ash-like form, which was ground and taken in an alumina crucible and 

allowed for calcination at 410°C with a ramping rate of 5°C/min for 12 hrs 

in a tube furnace to achieve the final materials. After calcination, the 

material was thoroughly ground into fine particles at room temperature and 

stored in a desiccator for further characterization. 

2.2.1.3 Synthesis of Na1.35CrO4 through Sol-Gel 

The synthesis of Na1.35CrO4 electrode for SIBs through a simple 

citric acid-assisted sol-gel method is illustrated in Figure 2.2(b). A total of 

100 mL of DI water as solvent was taken in three portions of 40 mL, 40 mL, 

and 20 mL to prepare the solutions of NaNO3, Cr(NO3)3, and C6H8O7, 

respectively, using their stoichiometric amounts. The NaNO3 and Cr(NO3)3 

solutions are mixed in a single beaker and stirred at 80°C for about 2 hours 

to obtain a homogeneous solution. Subsequently, the C6H8O7 solution as a 

chelating agent was added, followed by stirring at 80°C until a gel-like 

semisolid phase formed. The resulting gel was dried in a muffle furnace at 

125°C for about 6 hours, forming an ash-like compound, then finely ground. 

The dried powder was annealed at 800°C for 12 hours in the air to form 

phase-pure Na1.35CrO4 material. The resultant product was thoroughly 

ground into fine particles to obtain the final  Na1.35CrO4 material. 

2.2.2 The Solid-State Synthesis Method 

Solid-state synthesis is one of the most commonly used methods for 

the preparation of SIBS cathodes. This method has the advantages of 

simplicity in operation and scalability, making it suitable for mass 

production. In this synthesis method, stoichiometric amounts of solid 

precursors, usually metal oxides, carbonates, or sulfates, are thoroughly 
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mixed by ball milling or grinding and then subjected to high-temperature 

calcination to promote solid-state reactions and phase development. The 

high temperatures of heating (700-1000°C) allow for diffusion and 

crystallization, resulting in extremely stable and well-defined crystallinity. 

This method is less costly, environmentally friendly, and compatible with 

materials that need high thermal energy. It is particularly beneficial for 

synthesizing high-strength structures such as tunnel-type and layered 

oxides, where high-temperature calcination enhances crystallinity and 

structural integrity. Solid-state synthesis also avoids the utilization of 

drying, gelation, or chelating agents, simplifying the synthesis process. 

Large-scale preparation and industrial translation are facilitated by its 

scalability and reproducibility, rendering it a useful method [10,11]. Hence, 

inspired by the above, we prepared NaxCo0.5Fe0.25Mn0.25O2 and 

Na4Mn7.2Cr1.8O18 cathodes through this synthesis method for their better 

phase purity, crystallinity, and electrochemical performance for SIBs.  

2.2.2.1 Synthesis of NaxCo0.5Fe0.25Mn0.25O2  

NaxCo0.5Fe0.25Mn0.25O2 was synthesized through a conventional and 

simple solid-state method by a two-step heating approach, as shown in 

Figure 2.3. Initially, stoichiometric amounts of Na2CO3, Co3O4, Fe2O3, and 

Mn2O3 in a molar ratio of 0.5:0.167:0.125:0.125, having, were mixed and 

ground properly for 45 minutes in a mortar and pestle. Then, the first step 

of heating was performed by annealing the powder at 750°C for 2 h in a 

muffle furnace.t The powder was ground at room temperature, followed by 

the 2nd step of the heating process of calcination at 700°C for 10h in air. The 

obtained final material was ground into fine particles for further analysis.  

 

Figure 2.3 Synthesis of NaxCo0.5Fe0.25Mn0.25O2 cathode for SIBs [12]. 
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2.2.2.2  Synthesis of Na4Mn7.2Cr1.8O18  

Na4Mn7.2Cr1.8O18 as active cathode material for SIBs was 

synthesized through a conventional and straightforward solid-state method, 

as shown in Figure 2.5. A precisely weighted (Na2CO3, MnCO3, and Cr2O3 

in a molar ratio of 0.4:0.8:0.1 was thoroughly mixed and ground in an agate 

mortar and pestle for approximately one hour until a homogeneous fine 

powder was achieved. The extra precursor of Na was taken to balance the 

loss of sodium during the high-temperature heating process. The first 

heating step of annealing was performed for the resulting powder at 750°C 

for 12 h in a muffle furnace, using an alumina crucible. After cooling to 

room temperature, the resulting product was ground again for about 15 

minutes to break any formed agglomerates and ensure consistent particle 

size. Then, the second heating process of calcination is carried out by heat 

treatment for 12 h at temperatures of 700, 800, and 900°C. This prolonged 

heat treatment facilitates the formation of the desired crystalline phase of 

Na4Mn7.2Cr1.8O18 while ensuring the complete reaction between the 

precursors. The final resulting materials were further ground to obtain a 

fine, uniform powder, as shown in Figure 2.4. This two-step heating 

approach ensures the material’s high phase purity and structural integrity as 

a cathode material for SIBs. Table 2.1 represents the materials synthesis 

methods, key precursors, and final calcination temperature. 

 

Figure 2.4 Solid state-based synthesis of Na4Mn7.2Cr1.8O18 cathode.  

2.3 Electrode Fabrication and Coin Cell Assembly 

Before evaluating the electrochemical performance of the cathode 

materials in SIBs, there is a series of systematic processes that must be 

followed for electrode fabrication and cell assembly, as discussed below. 
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Table 2.1: List of cathode materials, their synthesis methods, precursors 

used, and final calcination temperature. 

Material Method Key Precursors Calcination  

 

NaCoO2 

 

Sol-gel 

NaNO3, 

Co(NO3)2, 

C6H8O7.H2O 

 

700-900°C 

 

Na0.8Fe(SO4)2 

 

Sol-gel 

NaNO3, 

Fe(NO3)3, 

(NH4)2SO4, 

C6H8O7.H2O 

 

410°C 

Na1.35CrO4 Sol-gel NaNO3, 

Cr(NO3)3.9H2O, 

C6H8O7.H2O 

800°C 

NaxCo0.5Fe0.25Mn0.25O2 Solid-

state 

Na2CO3, Co3O4, 

Fe2O3, Mn2O3 

700-750°C 

Na4Mn7.2Cr1.8O18 Solid-

state 

Na2CO3, 

MnCO3,  

Cr2O3 

700-900°C 

2.3.1 Electrode Fabrication 

The fabrication of electrodes from the active cathode materials plays 

a pivotal role in assessing their intrinsic properties. This involves several 

systematic procedures as explained below. Each of these steps has its 

importance to ensure reproducibility and reliable battery performance data. 

2.3.1.1 Electrode Slurry Preparation 

Slurry was prepared by mixing active material with CB as a 

conductive additive and PVDF as a polymeric binder in NMP solvent. The 

ratio of these materials was used in their optimal proportion by taking the 

ratios of active material: PVDF: CB as 8:1:1 (for NaCoO2, Na1.35CrO4, and 

NaxCo0.5Fe0.25Mn0.25O2), 7:1.5:1.5 (for Na0.8Fe(SO4)2), and 7:1:2 

(Na4Mn7.2Cr1.2O18). Figure 2.5 shows the slurry preparation process. 

2.3.1.2 Coating on Current Collectors 

The homogeneously mixed slurries were uniformly coated onto 

battery-grade Al foil current collector substrates using a doctor blade 

technique to control the thickness of the electrode, as shown in Figure 2.5. 
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Figure 2.5 Electrode slurry preparation process for (a) NaCoO2 [2] and (b) 

NaxCo0.5Fe0.25Mn0.25O2 [12] materials. 

2.3.1.3 Drying and Hot Roller Pressing 

The coated electrodes were dried inside the vacuum oven at 120°C 

for 12 hours to remove residual NMP solvent and to enhance binder 

adhesion, as shown in Figure 2.5. After drying, the electrodes were 

uniformly pressed via a hot roller press to obtain uniform thickness, better 

adhesion with the current collector, and better particle-to-particle contact.  

2.3.1.4 Electrode Cutting and Active Mass Calculation 

The electrodes were punched into circular discs of 1.6 cm diameter 

with the help of a precision electrode punch, as shown in Figure 2.5, and 

the active mass coated on each electrode was measured. The typical active 

mass loading per electrode was measured to be in the range of 1.5–2.5 

mg/cm2. All electrode discs were stored in a dry, inert atmosphere (argon-

filled glove box) until cell assembly to prevent moisture and air degradation.  

 

2.4 Coin Cell Assembly 

The CR2032-type coin cells, having a dimension of 20 mm in 

diameter and 3.2 mm in thickness, were assembled in an N2 gas-filled glove 

box to carry out the electrochemical performance. These coin cells were 

assembled in a sodium half-cell configuration, where highly pure sodium 
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metal chips were used as both the counter and reference electrodes. In the 

cell assembly process, the glass microfiber was used as a separator, whereas 

1M NaClO4 in PC and EC in 1:1 v/v were used as electrolytes. In addition, 

we have optimized the performance of Na0.8Fe(SO4)2 with different 

electrolytes, which will be discussed in Chapter 4. All of these important 

components of SIBs are precisely assembled in a coin cell configuration. 

Figure 2.6 represents the sequence of the Na-half coin cell assembling 

process. The whole coin cell assembly process was carried out inside the 

N2-filled glove box by maintaining O2 and H2O levels below 0.1 ppm to 

prevent side reactions. The coin cells were sealed using a hydraulic 

crimping machine and rested for 12 h [12–15]. 

The ideal conditions for electrodes used in estimating cell voltage 

required (i) use of highly pure and stable sodium-metal as counter/reference 

electrodes, (ii) careful assembly under an inert atmosphere (such as argon 

or nitrogen) glove box to avoid moisture and oxygen contamination, (iii) 

uniform electrode-electrolyte contact to minimize interfacial contact, (iv) 

maintaining stable electrolyte composition to prevent side reactions, and (v) 

all electrodes must provide reversible and reliable electrochemical 

responses for accurate voltage estimation in SIBs studies. Under these 

controlled conditions, the measured potentials reliably represent the redox 

activity of the cathode materials against the Na/Na+. 

 

Figure 2.6 Sodium half-cell assembly process [12]. 



54 
 

2.5 Physicochemical Characterization Techniques 

A comprehensive suite of advanced physicochemical 

characterization techniques was employed to thoroughly investigate the 

physical properties, such as phase, symmetry, thermal behavior, particle 

size, surface morphology, atomic arrangement, and chemical features such 

as stoichiometry, elemental oxidation states, chemical environment, etc., of 

the synthesized cathode material for SIBs. TGA, Derivative 

Thermogravimetric (DTG), and Differential Scanning Calorimetry (DSC) 

were used to investigate thermal behaviors such as thermal stability, 

decomposition of the precursors, and phase-pure synthesis of cathode 

materials. Powder XRD, having Cu-Kα radiation with wavelength λ = 1.542 

Å, was used to analyze the phase purity, crystalline structure, and lattice 

parameters. Field Emission Scanning Electron Microscopy (FESEM) 

integrated with Energy Dispersive X-ray Spectroscopy (EDS) was used to 

explore the particle and surface morphology, particle size distribution, 

elemental homogeneity, and empirical stoichiometry. However, the exact 

stoichiometry and elemental composition of the synthesized cathode 

material were further confirmed by Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES). Raman spectroscopy analysis was used 

to study the bonding nature and the vibrational features. High-resolution 

imaging, atomic structural arrangements, lattice interplanar spacing, and 

structural details at the atomic level in the nanoscale range were understood 

through TEM, High-Resolution TEM (HRTEM), and Selected Area 

Electron Diffraction (SAED) patterns. The chemical states and oxidation 

environments of the elements in the cathode material were investigated 

through X-ray Photoelectron Spectroscopy (XPS). A brief discussion of 

these advanced techniques is given in the following subsections. 

2.5.1 Thermal Analysis Techniques:  TGA, DTG, and DSC 

The thermal behaviors of the synthesized cathode materials for SIBs 

were analyzed with the help of TGA, DTG, and DSC. These analyses were 

performed through the PerkinElmer STA8000 system under N2 gas flow at 



55 
 

a heating rate of 5 °C/min to 10°C/min in the temperature range of room 

temperature to up to 1000 °C. The mass change of a sample with respect to 

temperature in a controlled environment (oxidative or inert) could be 

understood by TGA, allowing direct investigation of thermal stability, 

decomposition mechanisms, residual organics, and inorganic content. The 

basic operational principle of a TGA device consists of suspending the 

sample (loaded into a Pt or Al2O3 crucible) on a highly sensitive balance 

protectively placed inside a thermally controlled furnace, in which heat-

induced changes like desorption, pyrolysis, oxidation, and structure 

decomposition cause measurable mass loss [16]. TGA profile mainly 

exhibits three predominant mass-loss regimes, 1st mass loss between 50-

200°C corresponding to the evaporation of physically adsorbed or the water 

molecules trapped inside the lattice; 2nd mass loss between 200-600°C 

attributed to the thermal decomposition of precursors; and the 3rd major 

mass loss beyond 600°C representing the thermal degradation or the 

crystallographic reordering of the material [16,17]. 

The DTG curve defines the precise temperature at which the 

decomposition processes occur. Whereas the DSC is used to identify 

endothermic and exothermic processes. The detailed analyses of TGA, 

DTG, and DSC provide a comprehensive thermal characterization of 

cathode materials for SIB cathodes [18–20]. 

2.5.2 X-ray Diffraction (XRD) for Phase Analysis 

XRD is a widely used, versatile non-destructive characterization 

tool that is commonly used to study the structure and phase characteristics 

of crystalline materials. It provides valuable information on the 

crystallinity, phase purity, and lattice parameters. It is useful in determining 

the successful synthesis of targeted cathode material for SIBs. The working 

principle of XRD is based on Bragg’s Law, which defines the constructive 

interference of monochromatic X-rays diffracted by parallel atomic planes 

in a crystal lattice and is given by: 

𝑛𝜆 = 2 𝑑 𝑠𝑖𝑛𝜃 
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where n is a positive integer representing the order of reflection, λ is 

the wavelength of the X-rays (usually 1.5406 Å for Cu-Kα X-rays 

radiation), d is the interplanar distance, and θ is the angle of incidence with 

the lattice planes. Under this condition, sharp diffraction peaks are 

generated corresponding to the specific crystallographic structure and phase 

of the material [21–23]. The working principle of an XRD and its common 

components of the device are shown in Figure 2.7. 

The XRD generates a sharp diffracted peak pattern corresponding to 

the distinctive crystallographic planes. Peaks are compared against standard 

reference data to determine crystalline phases and assess phase purity. In 

more intricate or multiphase systems, Rietveld refinement is utilized to 

retrieve precise structural parameters, including unit cell parameters, atomic 

positions, and phase proportions, by adapting the experimental pattern to a 

computed model. XRD can also calculate the crystallite size (L) through the 

Scherrer equation, as given below, which assumes that peak broadening is 

solely due to small crystallite size, the crystals are strain-free and uniformly 

sized, and X-rays are monochromatic with instrumental broadening 

corrected. 

𝐿 =
𝑘 𝜆

𝛽 cos𝜃
 

Where K is a shape factor (approximately 0.9), β is the full width at 

half maximum (FWHM) of the diffraction peak (in radians), and θ is the 

Bragg angle. Although XRD has some drawbacks in identifying amorphous 

or complicated overlapping phases, it is still a crucial tool for structural 

identification in many fields. In the current thesis, XRD, as a 

physicochemical characterization technique, was utilized to confirm the 

formation, purity, and crystallinity of the cathode materials for SIBs. 



57 
 

 

Figure 2.7 (a) Working principle based on Bragg’s Law, and (b) Basic 

components of XRD [24]. 

2.5.3 FESEM, Color Mapping, and EDX/EDS  

FESEM combined with EDS is one of the fundamental analysis 

tools for high-resolution morphological and compositional investigation of 

nanostructured materials, including cathodes for SIBs. FESEM uses a field 

emission gun that produces a high-brightness, narrow, coherent electron 

beam, allowing imaging resolutions as low as ~1.5 nm at magnifications of 

up to 300,000×. It works at low accelerating voltages of about 0.5–30 kV, 

which helps to reduce the charging of the samples and avoid frequent usage 

of conductive coatings. It helps to retain the surface details. The electron 

scattering in FESEM is shown in Figure 2.8 (a) [25], where the electron 

beam interacts with the specimen to produce backscattered electrons 

(BSEs), secondary electrons (SEs), and characteristic X-rays. SEs provide 

topographic contrast, while BSEs provide information on compositional 

variations in atomic number differences. This allows for precise imaging of 

particle morphology and surface texturing. FESEM is integrated with EDS, 

which monitors element-specific X-ray emissions due to inelastic 
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scattering. Elemental mapping and line scans provide compositional 

gradients, phase distribution, and impurities [26–28]. Figure 2.8 (b) shows 

FESEM-EDS instrumentation. JSM-7610F Plus, JEOL FESEM was 

utilized in this research. EDS analysis provides elemental composition 

 

Figure 2.8 (a) Interaction of electron beam with sample in FESEM [25]. (b) 

Schematic for FESEM-EDS instrumentation [27]. 

2.5.4 ICP-OES for Quantitative Stoichiometry Analysis 

ICP-OES is a strong, high-throughput quantitative multi-element 

analytical technique. It is primarily used to quantitatively detect many 

elements, even in extremely low concentrations of parts per billion  (ppb) 

to parts per million (ppm) range.  Hence, it is an important quantitative tool 

in material science to evaluate bulk composition, dopant concentration, and 

contamination. In ICP-OES, the sample in a solution of diluted nitric acid 

is nebulized into an aerosol, which is carried into a high-temperature argon 

plasma (6000-10,000 K) maintained by a radiofrequency (RF) induction 

coil. In this high-temperature-based plasma, the atoms and ions are 

thermally excited; on returning to the ground state, they emit element-

specific photons. The radiated light is scattered with a diffraction grating 

and measured with a photomultiplier tube (PMT) or charge-coupled device 

(CCD) [2,15,28–30].  The intensity of every spectral line is proportional to 

the concentration of the respective element, determined through calibration 
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with standard solutions. Figure 2.9 schematically shows the components of 

the ICP-OES.  

ICP-OES was utilized to quantitatively determine the elemental 

content and stoichiometry of cathode materials. For this, the powder 

cathode samples were properly digested by diluted HNO3 and HCL acid in 

a 3:1 ratio (~96% of DI water and ~4% of acids). Further, the solution for 

the calibration process is formed by preparing the standard solution with 

different concentrations. ICP-OES possesses several advantages over 

surface-sensitive methods, such as EDS, with the benefits of bulk elemental 

analysis and better sensitivity for light and trace elements [2,15,28–30].  

 

Figure 2.9 Schematic for the instrumentation of the ICP-OES [30]. 

2.5.5 Raman Spectroscopy 

Raman spectroscopy is a non-destructive vibrational spectroscopic 

method that provides crucial information about the molecular structure, 

phase composition, and bonding features of the materials by analyzing the 

inelastic scattering of monochromatic light. The underlying principle of 

Raman spectroscopy is inelastic scattering (Raman scattering) of photons, 

in which the incident photons interact with phonons (which are the 

molecular vibrations) or other excitations in the sample. A small portion of 

the scattered light undergoes an energy shift, Stokes or anti-Stokes shifts, 
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which corresponds to specific vibrational modes of the molecules or crystal 

lattice. In Raman spectroscopy, a monochromatic laser (typically 532 nm or 

785 nm) is focused onto the sample surface. The light that has been scattered 

off the sample is collected, filtered for removal of Rayleigh (elastic) 

scattering, and subsequently dispersed by a grating onto a CCD detector. 

The resultant Raman spectrum in the form of a plot between the intensity 

and Raman shift (in cm-1) serves as a fingerprint of the molecular and 

structural features of the material [31–33]. In this thesis work, Raman 

spectroscopy was used to investigate the vibrational modes and structural 

integrity of the cathode materials for SIBs.  

2.5.6 TEM, HRTEM, and SAED 

TEM is one of the important physicochemical analysis tools that is 

widely used for the characterization of advanced materials, including 

cathodes for SIBs. TEM can image the internal structures of the material 

even at the nanoscale. In contrast to SEM, which shows surface 

morphology, TEM facilitates the atomic level resolution for the direct 

observation of internal morphology, particle size, crystallinity, lattice 

defects, and phase boundaries. In TEM, a high-energy (60-300 keV) 

coherent electron beam is passed through an ultrathin specimen (<100 nm 

thick). The electrons scatter, absorb, or transmit upon interaction with the 

atoms of the material. Mass-thickness, diffraction, and phase differences 

lead to contrast based on these interactions, indicating morphological and 

crystallographic details like particle morphology and grain boundaries. 

HRTEM is an upgraded version of TEM, which uses aberration-

corrected optics to reach a sub-angstrom resolution (<0.1 nm), enabling the 

visualization of atomic arrangements, atomic structures, and lattice fringes 

directly. HRTEM is important in determining the interplanar spacing d-

spacing viewing dislocations [34,35]. SAED enhances the TEM imaging 

capability by providing crystallographic information from limited areas of 

interest (usually 50–500 nm in diameter). By placing a chosen area aperture 

in the back focal plane of the objective lens, a diffraction pattern is 
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produced, comprising bright spots or rings corresponding to the crystal 

planes of the material. SAED is essential for phase identification, observing 

polycrystalline, nanocrystalline, or amorphous domains, and measuring 

interplanar spacing d-spacing [36,36]. Figure 2.10 shows a schematic 

diagram of TEM. When a high-energy electron beam illuminates a thin 

sample, the electrons are scattered elastically or inelastically from the 

sample. Transmitted electrons are magnified through a sequence of 

electromagnetic lenses to produce an image or diffraction pattern. Either 

high-resolution structural information or crystallographic data is recorded, 

depending on the detector mode. In this thesis work, TEM analysis was 

performed using a JEOL JEM-2100 Field Emission TEM, operated at 200 

keV. This instrument enabled atomic-scale imaging and crystallographic 

characterization of the synthesized cathode materials for SIBs. TEM, 

HRTEM, and SAED were used to examine morphology, particle 

connectivity, lattice ordering, d-spacing, and orientation analysis.  

 

Figure 2.10 Schematic diagram of TEM [37].  
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2.5.7 X-ray Photoelectron Spectroscopy (XPS). 

XPS is a surface analytical tool with high sensitivity, commonly 

used to investigate the chemical composition, oxidation states, and 

electronic environments of elements on the top few nanometres of the 

surface of a material. It studies the surface phenomena like degradation, ion 

migration, and interfacial reactions that impact the electrochemical 

performance and cycling stability of cathode materials for SIBs [38–40]. 

XPS operates based on the well-known photoelectric effect, wherein 

monochromatic X-rays irradiate the sample, causing the ejection of core-

level electrons from the atoms at or near the surface. The kinetic energy 

(KE) of the emitted electrons is measured by an electron energy analyzer, 

and the binding energy (BE) of each electron is calculated as: 

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝛷 

Where hν = incident X-ray photon energy (Al Kα, 1486.6 eV), and 

Φ = work function of the spectrometer. The survey and high-resolution scan 

XPS spectra provide element-specific fingerprint peaks. Survey spectra 

provide an overview of all the elements present (excluding H and He), 

whereas high-resolution scans analyze subtle shifts in BE, which help to 

distinguish various oxidation states and local chemical surroundings. 

Figure 2.11 shows a schematic of a typical XPS instrument and its major 

components. The X-rays are incident on the sample, photoelectrons are 

emitted from surface atoms, their KE is measured, and BE is calculated for 

elemental identification and chemical state analysis. Besides quantification 

of elements, XPS also allows Chemical shift analysis: Changes in BE as a 

function of oxidation state or bonding, and interface studies such as SEI 

layer analysis. In this thesis, XPS analyses were carried out to verify the 

oxidation states of transition metals, check the surface composition, and 

verify the phase purity of the synthesized cathode materials. Deconvolution 

at the peak level was carried out to understand overlapping components and 

evaluate mixed valence states. 
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Figure 2.11 Schematic for monochromatic XPS basic components [41]. 

2.6 Electrochemical Characterization Techniques 

Electrochemical characterization of the cathode materials is crucial 

for assessing the electrochemical performance and degradation mechanisms 

of the overall battery system. It provides important insights into the charge 

storage kinetics, specific capacity, energy, and power density, interfacial 

events, cycle life performance, and long-term stability of cathode materials. 

It further explains the redox activity, Na+-ion diffusion dynamics, and phase 

transformations of the cathode materials. We carried out CV, galvanostatic 

charge-discharge (GCD), EIS, and distribution of relaxation time (DRT) 

analyses of the cathode material in the Na-half cell. 

CV explains redox couples, electrochemical reversibility, and 

kinetics through current-voltage peak shape and position analysis. EIS 

investigates the resistive and capacitive properties of the electrode-

electrolyte interface, such as charge transfer resistance, Na+-ion diffusion 

impedance, and SEI formation. GCD was used to study the specific 

capacity, cycling stability, and coulombic efficiency. Rate capability tests 

were also carried out through GCD. The CV and EIS were performed using 

Autolab electrochemical workstation (Figure 2.12 (a)), and an 8-channel 

battery tester (Figure 2.12 (b)) for GCD and other battery testing.  
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Figure 2.12 (a) Autolab electrochemical workstation and (b) 8-channel 

battery tester, MATAB. 

2.6.1 Cyclic Voltammetry (CV) 

CV is an important electrochemical method that was used for 

exploring redox behavior, reaction kinetics, and the reversibility nature of 

synthesized layered and tunnel structure TM oxides and polyanionic 

cathode materials for SIBs [42–44]. During CV, a linearly changing 

potential was applied across the cell, and the resulting current was measured 

to produce a cyclic voltammogram, which is an electrochemical fingerprint 

for the cathode material. In a CV, the oxidation and reduction peaks result 

from the insertion and extraction of Na+-ions and reflect redox-active sites 

and structural development on the cycling of the material. Important 

analytical parameters like peak potential separation ΔE = Ecathode – Eanode 

and peak current ratio (Ic/Ia) are very useful in understanding the 

reversibility of the redox process and the kinetics of sodium 

intercalation/deintercalation. The scan-rate-dependent phenomenon of peak 

currents also reveals the charge storage mechanisms. As per the Randles–

Sevcik equation, the peak current (ip) is found to vary as the square root of 

the scan rate (ν1/2) as [42–44], 

𝑖𝑝 = 2.69 × 105. 𝐴. 𝐶. 𝑛
3

2. 𝐷
1

2𝜈
1

2  

Where n is the number of electrons, A is the electrode area, D is the 

diffusion coefficient of Na+ ion, and C is the concentration of Na+ ion. A 

linear relationship between ip and ν¹ᐟ² indicates a diffusion-controlled 
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process, usually found in well-crystallized layered/tunnel-structured metal 

oxides or polyanionic structures. To distinguish between diffusion-

controlled (battery type) and surface-controlled (capacitor type) 

contributions of the cathode material, the log(ip) vs. log(ν) analysis provides 

the slope b-value from the equation below. 

𝑖𝑝 = 𝑎 𝜈𝑏  

Where b ≈ 0.5 implies diffusion control, and b ≈ 1.0 implies capacitive or 

pseudocapacitive storage. Intermediate b-values indicate mixed charge 

storage mechanisms, which are generally desired to realize both high power 

and energy densities.  

CV can also determine phase transitions in sodiation/desodiation, 

e.g., the P2 to O3 or O'3 to O1 phase transformations usual in Na-based 

layered oxides. They appear as changes in peak shape, position, and 

symmetry throughout cycles. In addition, CV allows for the estimation of 

parasitic side reactions by assessing coulombic efficiency as given below. 

ƞ =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑐ℎ𝑎𝑟𝑔𝑒
× 100%   

CV analysis enables an in-depth electrochemical understanding of the 

electrochemical activity of the cathode materials. Therefore, CV is not only 

a diagnostic means but also an effective means for directing rational design 

and optimization of high-rate, high-stability SIB cathode materials. 

2.6.2 Galvanostatic Charge-Discharge (GCD)  

GCD is an important electrochemical characterization method used 

for the assessment of the specific capacity, rate capability, reversibility, and 

long-term cycling stability of cathode materials in SIBs. In GCD 

experiments, a steady current is passed through the cell while the voltage is 

measured as a function of time, producing charge-discharge profiles that 

provide crucial information about major electrochemical reactions. They 

provide information on phase transitions, multi-step redox reactions, 

overpotentials, and ion diffusion limitations [45–48]. Voltage plateaus of 

the above curves are usually characteristic of two-phase transitions, for 
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example, P2-O2 transformations in layered oxides, whereas sloping profiles 

typically reflect single-phase solid-solution behavior. The specific capacity 

in mAh/g is calculated as below. 

𝑄 =
𝐼×𝛥𝑡

𝑚
  

where I is the applied current (in mA), Δt is the discharge time (in h), and 

m is the mass of active material (in g). The reversibility of the cathode 

material is quantified by the coulombic efficiency as given below. Which is 

usually higher than 99% in advanced cathode material for several hundred 

cycles, showing less side reaction and structural degradation. Long-term 

capacity retention is an important electrochemical parameter in assessing 

cathode stability and is given as  

𝑅𝑐𝑦𝑐𝑙𝑒 =
𝑄𝑛

𝑄𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100%  

High upper cutoff voltages (e.g., 4.5 V) can trigger extra capacity from 

high-voltage redox couples but potentially hasten degradation by 

irreversible phase transformation and electrolyte decomposition, as 

indicated by a sharp fall to 88.3% retention within 40 cycles. 

Differential capacity analysis (dQ/dV vs. V) enhances the interpretation 

of GCD curves by resolving overlapping redox processes. Spikes in dQ/dV 

plots are associated with a particular redox couple, e.g., Mn3+/Mn4+ and 

Fe3+/Fe4+ in layer-type oxides occur around 3.6 V and 4.1 V, respectively. 

Such analysis is also used to identify parasitic processes and follow 

electrode evolution with time. Further, GCD testing at different current 

densities allows the measurement of rate capability. Therefore, GCD 

cycling not only provides a useful benchmark for electrochemical 

performance but also an excellent diagnostic tool to improve SIB cathodes 

for high-energy, long-cycling, and fast-charging battery systems [19,49]. 

2.6.3 Electrochemical Impedance Spectroscopy (EIS) 

EIS is an analytical, frequency-domain, non-destructive method 

essential for investigating charge transfer kinetics, interfacial effects, and 



67 
 

mass transport limitations in the cathode materials of SIBs. EIS involves the 

superimposition of a small sinusoidal voltage perturbation (often 5-10 mV) 

over a broad frequency range (100 kHz to 10 mHz) and records the current 

response, producing complex impedance spectra.[50–53] The Nyquist plot 

(imaginary impedance Z′′ vs. real impedance Z′) shows characteristic 

semicircles and slopes for electrochemical processes: high-frequency 

intercepts are ohmic resistance (Rs, electrolyte/contact resistances), mid-

frequency semicircles are charge transfer resistance (Rct) in parallel with 

double-layer capacitance (Cdl), and low-frequency Warburg tails are Na+-

ion diffusion. The Randles equivalent circuit models these processes: 

𝑍(𝜔) = 𝑅𝑠 +
1

1

𝑅𝑠
+𝑗𝜔𝐶𝑑𝑙

+ 𝜎𝜔−
1

2(1 − 𝑗)  

where σ is the Warburg coefficient, associated with the sodium diffusion 

coefficient (DNa
+) via: 

𝜎 =
𝑅 𝑇

𝑛2 𝐹2 𝐴 √2
 .

1

𝐶√𝐷𝑁𝑎+
  

Here, R is the gas constant, T is temperature (K), n is electron transfer 

number, F is Faraday's constant, A is electrode area (cm2), and C is Na+ 

concentration (mol/cm3).  

2.6.4 Distribution of Relaxation Times (DRT) 

Although the EIS is a potential electrochemical tool capable of 

understanding the interfacial and bulk properties of the electrode, analyzing 

the complex impedance involving the overlapping of semicircles within the 

same frequency domain becomes difficult or inaccurate. The EIS typically 

uses the models of equivalent circuits composed of several resistive and 

capacitive elements; however, their interpretation becomes increasingly 

difficult due to the problem of isolating the individual contributions of 

distinct electrochemical processes [54]. To tackle these limitations, the 

DRT, an advanced mathematical tool, has evolved to deconvolute the 

impedance spectra into discrete relaxation processes in the time domain 

[54]. Mathematically, DRT assumes an infinite Voigt circuit composed of 

an infinite series of RQ elements, each RQ pair contributing to a unique 
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relaxation process whose time constant (𝜏) is derived from the equation 

below [54]. Here, α represents the deviation from ideal capacitive behavior. 

𝜏 = (𝑅𝑄)
1

𝛼   

The DRT approach calculates a normalized distribution function γ(τ) 

representing the contribution of each relaxation process across the time 

constant (τ) domain. The relation between impedance Z(ω) and the DRT 

function γ(τ) is given in equation below [54]. 

𝑍(𝜔) = 𝑅𝑠 + 𝑅𝑝 ∫
𝛾(𝜏)

1+𝑗𝜔𝜏
𝑑 ln 𝜏

∞

−∞
   

Rs represents the uncompensated solution resistance at the high-frequency 

range, and Rp represents the total resistance due to the polarization 

contribution at the low-frequency range. To ensure that the area under each 

DRT peak corresponds quantitatively to the associated relaxation process, 

the DRT function γ(τ) is normalized as in equation below. 

∫ 𝛾(𝜏)𝑑 ln 𝜏
∞

−∞
= 1   

Considering any ith DRT peak representing a discrete electrochemical 

process, the location of each peak reveals the characteristic relaxation time, 

while its area and intensity correspond to the magnitude of the resistance Ri. 

The capacitance Ci is calculated by below equation. This decomposition 

helps to understand individual kinetic processes [54]. 

𝐶𝑖 =
𝑇𝑖

𝑅1
  

The time constant τ domain represents various resistances and their 

respective physical processes. The location of τ ≤ 10-3 s corresponds to the 

resistance between particle-current collector and particle-particle of the 

electrode, between 10-3 < τ < 10-2 s represents the resistance by the active 

ion transport through SEI (i.e., resistance due to SEI layer formation), 10-2 

< τ < 10-1 s represents the charge transfer resistance, and τ ≥  10-1 s 

correspond to the active ion diffusion process in the bulk electrode.  
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CHAPTER 3 

Sodium-Deficient-Based 

Na0.8Fe(SO4)2 Cathode: A Novel 

Polyanionic Framework for 

Enhanced Na+ Ion Migration  

 

 

 

This chapter presents the successful synthesis of sodium-deficient-

Na0.8Fe(SO4)2 using citric acid abetted sol-gel technique, followed by a 

comprehensive exploration of its physicochemical and electrochemical 

performances as a cathode material for SIBs.  Its electrochemical 

performances revealed significant insights into sodium-ion insertion and 

the impact of 20% sodium deficiency. It exhibits a reduction in lattice 

parameters, unit cell volume, and interplanar d-spacing, operating at an 

average voltage of ~3.1 to 3.15 V. The material delivered a high specific 

discharge capacity of ~41.17 mAh/g with a specific energy of 107.61 Wh/kg 

at 0.2 C within a 1.5-4.5 V voltage window vs. Na/Na+. Additionally, it 

demonstrates excellent capacity retention, maintaining ~98% and ~70% of 

its initial capacity after 45 cycles at 1 C and 0.1 C, respectively. Despite 

lower specific capacity, sodium deficiency in Na0.8Fe(SO4)2 enhances 

sodium ion diffusion, charge kinetics, voltage window, and capacity 

retention at higher C-rates. These findings position it as a promising 

candidate for SIBs.  
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3.1 Introduction 

SIBs present a viable option to LIBs for large-scale energy storage 

[1–3]. To be a viable option for energy storage, SIBs must have a low cost, 

high cyclability, and excellent rate capability [4–6]. Over the last two 

decades, extensive research on intercalation materials for SIBs has been 

carried out to develop a rechargeable and sustainable SIB system [7,8]. 

Among them, layer structure-based sodiated TM oxides have shown 

impressive results in terms of specific capacity and rate performance as 

potential cathode material for SIBs, owing to their low molecular weight 

[4,9–12]. Surface modification engineering, such as defect, doping, partial 

metal-ion substitution, and co-doping, has enhanced the electrochemical 

performance of these types of layered cathode materials [10–14]. However, 

they possess several disadvantages, including multiple phase transitions, 

moisture sensitivity, and limited working voltage. Hence, although LTMOs 

for SIBs have shown significant improvements in electrode performance, 

there is a growing research interest in alternative materials having oxoanion 

groups due to their 3D-frame work and highly stable structure [1]. As the 

demand for SIBs grows, there is a renewed interest in the substantial study 

of a wide range of new cathode materials based on oxoanion groups such as 

NaFe(SO4)2, Na2FeSiO4, NaxFey(SO4)3, Na3V2(PO4)3,  Na3V2O2(PO4)2F, 

NaFePO4, etc. owing to their high potential window, 3D structural 

framework, and high stability. Many of these polyanion-based cathode 

materials encounter issues such as restricted theoretical capacity due to high 

molecular weight and sluggish sodium insertion rates, which can have a 

severe effect on the overall performance of SIBs [15]. To achieve optimal 

device performance, we need cathodes to have high potential, fast sodium-

ion diffusion, good stability, and excellent cyclability. Maximizing the 

capacity and rate capability is critical for realizing the full potential of SIBs 

as an energy storage option [16–18]. 

P. Singh et al. [19] studied the electrochemical performances of 

eldfellite NaFe(SO4)2 as a low-cost positive electrode for rechargeable SIBs 
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with reversible Na+-ion insertion capability at 3.2 V vs. Na/Na+ due to the 

active Fe3+/Fe2+ redox couple. This cathode material delivered a high 

capacity of about 80 mAh/g at 0.1 C in a Na half-cell with 1M NaClO4 as 

electrolyte. This polyanion-based cathode material, on the other hand, has a 

decreased sodium insertion rate, resulting in limited specific energy. A. 

Banerjee et al. [20] performed a theoretical study to investigate the phase 

stability of NaxFe(SO4)2 (with 0 ≤x ≤ 2) cathode material. As per their study, 

the material of interest showed outstanding structural stability with only 8% 

volume change with full desodiation. They found that the materials 

exhibited an energy band gap of about 1.54 to 3.19 eV for half to the fully-

sodiated materials. In 2020, Trussov et al. [15] investigated the 

electrochemical properties of the pristine NaFe(SO4)2 and the eldfellite 

NaFe(SO4)2 doped with SeO4, PO3F, and HPO4. They observed that 

NaFe(SO4)2 demonstrated the highest capacity of 63 mAh/g compared to 45 

mAh/g, 39 mAh/g, and 39 mAh/g capacities of NaFe(SO4)1.5(SeO4)0.5, 

NaFe(HPO4)1.5(SeO4)0.5, and NaFe(SO4)1.5(PO3F)0.5 respectively. Again, 

the pristine NaFe(SO4)2 exhibited better cycling performance compared to 

its polyanionic substituted ones, performed for 30 cycles. 

 Although a justified amount of theoretical work had been 

successfully reported on NaFe(SO4)2, it was limited to a few experimental 

investigations due to the low electronic conductivity, limited specific 

capacity, and limited energy density of NaFe(SO4)2 in the commercially 

available electrolyte [15,19–22]. Even though numerous theoretical studies, 

along with a few experimental investigations, were conducted on 

NaFe(SO4)2, none of them demonstrated the various characteristics of any 

sodium-deficient NaFe(SO4)2 materials, such as Na0.8Fe(SO4)2 for SIBs. 

Further reducing sodium content by 20% to 25% found to enhance the 

stability and sodium-ion movement in many sodiated TM oxide cathode 

materials. Given the importance of the structural modification and sodium 

deficiency of the cathode materials in determining the potential window, 

sodium diffusion kinetics, and performance of SIBs, a detailed study of 
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sodium-deficient NaxFe(SO4)2 was desired. Hence, detailed 

physicochemical and electrochemical analyses were required to provide a 

meaningful mechanism for driving ionic diffusion to fully grasp the sodium 

insertion kinetics of Na0.8Fe(SO4)2 cathode. 

In this chapter, we investigated the synthesis of Na0.8Fe(SO4)2 via a 

citric acid-abetted sol-gel method to study its various properties. Further, 

we extended our investigations on its electrochemical performance by 

fabricating CR2032 Na/1M NaClO4/Na0.8Fe(SO4)2 half-cells. A thorough 

investigation of the reversible Na+-ion insertion and the effect of 20% 

sodium deficiency of Na0.8Fe(SO4)2 was carried out. Na0.8Fe(SO4)2 showed 

significant shrinkage in the lattice parameters, volume, and d-spacing. The 

material operated at an average voltage of 3.1-3.15 V, which corresponding 

to sodium intercalation and deintercalation. It showed a discharge-specific 

capacity of ~41.17 mAh/g and a specific energy of 107.61 Wh/kg at a rate 

of 0.2 C, within a voltage range of 1.5-4.5V vs Na/Na+. Further, 

Na0.8Fe(SO4)2 as the cathode material for SIBs showed remarkable capacity 

retention by retaining ~99% and ~70% initial capacities after 45 cycles at 1 

C and 0.1 C, respectively. Along with this, sodium deficiency in 

Na0.8Fe(SO4)2 helped to provide a better Na+-ion diffusion than its pristine 

one during the charging/discharging process. Hence, Na+-ion deficiency 

had significantly improved the sodium diffusion kinetics, working potential 

window, and remarkable capacity retention at higher C-rates.  

 

3.2 Experimental Section 

 The experimental details, such as the selection of precursors, 

synthesis methodology, slurry making process, electrode preparation, cell 

fabrication, physicochemical profiling techniques, and the electrochemical 

analyses techniques for the Na0.8Fe(SO4)2 cathode was discussed in 

Chapter 2 in detail. The physicochemical characterizations for 

Na0.8Fe(SO4)2 cathode included TGA, DSC, Powder-XRD, FESEM, EDX, 

XPS, Raman Spectroscopy, and HRTEM. 
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Before proceeding with the evaluation of the electrochemical 

performance of Na0.8Fe(SO4)2 in CR2032 half-cells, we optimized the 

electrolyte system using various formulations. Six electrolytes were tested: 

(1) NaPF6 in a 1:1 volume ratio of DMC and EC; (2) NaClO4 with 2% FEC 

in PC; (3) NaClO4 with 10% FEC in PC; (4) NaClO4 in a 1:1 ratio of DMC 

and EC; (5) NaClO4 with 5% FEC in PC; and (6) NaClO4 in a 1:1 ratio of 

EC and PC. Among these, Na0.8Fe(SO4)2 exhibited significant 

electrochemical performance only in electrolytes (5) and (6), with the best 

results in the electrolyte (6). Therefore, further studies utilized the Na/1M 

NaClO4/Na0.8Fe(SO4)2 system, referring to the cell fabricated with 1M 

NaClO4 in a 1:1 volume ratio of EC and PC as the electrolyte.  

 

3.3 Results and Discussion 

3.3.1 Physicochemical Analyses 

3.3.1.1 TGA & DSC Analyses: 

 It was well known that the SO4
2- polyanions decompose at a 

temperature of more than 600℃ with the evolution of SO2, [19] as a result, 

we performed a TGA-DSC study to determine the required calcination 

temperature. Figure 3.1 represents the TGA and DSC spectrum for 

Na0.8Fe(SO4)2, signifying the percentage weight loss, thermal behaviour, 

decomposition, and the desired calcination temperature for the material of 

interest. The dark blue coloured line corresponds to the TGA (i.e., 

percentage-wise mass loss) and the dark-yellow line represents DSC, 

signifying the heat flow and decomposition of the material at the respective 

temperatures. From the TGA and DSC, it was observed that there was a 

short mass loss (~3.48% of the initial mass) at about 133℃, which was 

associated with the loss/evaporation of the trapped or absorbed water 

molecules in the material. Further, 2nd mass loss of about 6.93% of the initial 

mass of the material took place at around 357℃, which was attributed to 

the gas evolution of nitrate precursors and the formation of the desired phase 

of Na0.8Fe(SO4)2. Here, the weight losses were very small indicating the 
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high thermal stability of the compound. From the DSC and TGA, it is 

observed that there was no further significant decomposition and significant 

mass loss took place after 400℃, which revealed that the required material 

can be synthesized in between these two temperature limits of 400℃ to 

600℃. As a result, we selected 410ºC as the calcination temperature for the 

synthesis of Na0.8Fe(SO4)2 to achieve a relatively highly stable material. 

 

Figure 3.1 TGA-DSC curve for Na0.8Fe(SO4)2. 

3.3.1.2 Powder-XRD Analysis 

 Figures 3.2 (a-b) represent the powder XRD pattern for 

Na0.8Fe(SO4)2. The red peaks in Figure 3.2 (a) represent the prominent 

intensity peaks with their respective Miller indices of 00-027-0718 Joint 

committee on powder diffraction standards (JCPDS) card file, indicating 

the formation of phase-pure sodium-deficient Na0.8Fe(SO4)2 with the space 

group C2/m1 of the monoclinic symmetry. Similarly, the dark blue peaks in 

Figures 3.2 (a-b) are the reference peaks representing the standard peaks of 

the pristine NaFe(SO4)2 with the same symmetry. These reference peaks 

(i.e., blue peaks in Figures 3.2 (a-b)) were taken from the materials project 

“mp-1102092” cif file for the pristine NaFe(SO4)2 with  C2/m1 symmetry. 
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From the peak position of these two materials, a significant peak shift was 

observed. Figure 3.2 (b) represents the relative peak shift and peak position 

of our synthesized Na0.8Fe(SO4)2 materials with that of pristine NaFe(SO4)2 

(mp-1102092). The highest intense peak was obtained for the (hkl) value of 

(11-1) 2θs of about 24.328º followed by other low-intense peaks. The 

relative peak intensity of our synthesized Na0.8Fe(SO4)2 remained almost 

the same as that of the relative intensity of NaFe(SO4)2. In addition to the 

characteristic XRD peaks of Na0.8Fe(SO4)2, a few additional impurity peaks 

were observed, marked by (***) in Figure 3.2 (a). These impurity peaks 

correspond to the presence of Fe2(SO4)3 [23,24] and FeSO4·H2O [25]. The 

formation of these impurities was attributed to a localized deficiency of 

sodium in Na0.8Fe(SO4)2 compared to the stoichiometric composition of 

pristine NaFe(SO4)2. The existence of FeSO4.H2O is especially significant 

due to the structural water molecule in this phase. Such water content can 

result in unwanted consequences in electrochemical cycling, such as gas 

evolution, electrode/electrolyte interface instability, and potential 

decomposition reactions at high potentials. These side reactions can 

negatively impact the initial Coulombic efficiency and long-term cycling 

stability of the electrode material. Nevertheless, it must be stressed that 

peaks of the observed FeSO4.H2O were extremely low in intensity, which 

corresponded to a trace impurity in the resultant material. Its presence was 

minimized by optimizing the synthesis conditions through the careful 

regulation of calcination temperature and precursor drying. Accordingly, 

although this impurity is recognized as being potentially harmful, its low 

amount should not have a major effect on the overall electrochemical 

performance of Na0.8Fe(SO4)2. 

 This peak position shifting towards higher 2θ of Na0.8Fe(SO4)2 

results in low d-spacing as per equation 3.1 which further reduced the 

crystal parameters of sodium deficient Na0.8Fe(SO4)2 compared to that of 

the pristine NaFe(SO4)2. These parameters reduction in Na0.8Fe(SO4)2 due 

to the sodium deficiency that resulted in the shrinkage of the lattice 
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parameters and unit cell volume, which further reduced the d-spacing and 

increased the peak position at various 2θ values compared to NaFe(SO4)2. 

Hence, the reduced unit cell volume of Na0.8Fe(SO4)2 compared to the 

reported NaFe(SO4)2 is due to the sodium deficiency. To further investigate 

this observation of volume shrinkage and higher 2θ shifting in the XRD 

pattern, we performed the calcination process at various temperatures of 

310, 410, and 510ºC. From the XRD analysis of the materials calcinated at 

these temperatures, we observed that, as the calcination temperature 

increased from 310ºC to 510ºC there was a noticeable higher 2θ shifting of 

XRD peaks, which was due to the shrinkage in both the lattice parameters 

and the unit cell volume. Hence, there was a significant reduction in the 

lattice parameters and the unit cell volume of the material of interest with 

the successive increase in the calcination temperature. 

Bragg’s law:  𝑑(ℎ𝑘𝑙) =
𝑛𝜆

2 sin(θ)
 …. …. …. (3.1) 

 

Figure 3.2 (a-b) XRD pattern for the synthesized Na0.8Fe(SO4)2 calcinated at 

420º for 12 h, and (c) Possible crystal structure of sodium deficient 

Na0.8Fe(SO4)2 representing the possible feasible sodium-ion and sodium 

deficient locations and the new possible sodium ion diffusion pathway. 
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Further the interplanar spacing formula (equation 3.2) for the 

monoclinic structure, d-spacing, and (hkl) values were used to find out 

lattice parameters and β (angle between a and c axes) values for sodium 

deficient Na0.8Fe(SO4)2.  

1

𝑑ℎ𝑘𝑙
2 =

ℎ2

𝑎2 𝑠𝑖𝑛2(𝛽)
+

𝑘2

𝑏2 +
𝑙2

𝑐2 𝑠𝑖𝑛2(𝛽)
−

2 ℎ 𝑙 cos(𝛽)

𝑎 𝑐 𝑠𝑖𝑛2(𝛽) 
 ….….….  (3.2) 

Further, the unit cell volume for sodium deficient Na0.8Fe(SO4)2 lattice was 

calculated with the help of equation 3.3. 

𝑉 = 𝑎𝑏𝑐√1 − 𝑐𝑜𝑠2(α) − 𝑐𝑜𝑠2(β) − 𝑐𝑜𝑠2(γ) + 2cos(α)cos(β)cos(γ) … (3.3) 

For a monoclinic crystal system with α = γ = 90∘ and only β ≠ 90°, the unit 

cell volume reduces as follows: 

𝑉 (𝑖𝑛 𝐴˚3) = 𝑎𝑏𝑐 sin(β) …. …. …. (3.4) 

Where β is in radian and calculated as, 

𝛽(𝑖𝑛 𝑟𝑎𝑑𝑖𝑎𝑛) =
𝜋

180
x 𝛽(𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒)…. ….. …. (3.5) 

With the help of the above equations, we calculated the lattice 

parameters, interaxial angles, and unit cell volume for Na0.8Fe(SO4)2 

material synthesized via the sol-gel method. These calculated parameters 

are summarized in Table 3.1 and compared with those of pristine 

NaFe(SO4)2 (CIF file: mp-1102092 from the materials project and early 

reported data for NaFe(SO4)2).  

Figure 3.2 (c) represents the crystal structure of sodium-deficient 

Na0.8Fe(SO4)2, representing the possible sodium atom and Na+-ion position 

inside the crystal. Three specific sodium positions represented by Na1 

(sodium atom at the centre of the unit cell), Na2 (sodium atom situated 

between the centre and the crystal side), and Na3 (sodium atoms at the 

corner of the crystal) were observed as shown in Figure 3.2 (c). The dotted 

circles (represented by Nad1 and Nad2) in Figure 3.2 (c) represent the 

possible position of sodium deficiency in Na0.8Fe(SO4)2, which results in an 

additional pathway for Na+-ion diffusion during the 

intercalation/deintercalation process. With these additional pathways, it was 
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expected that the Na0.8Fe(SO4)2 would demonstrate higher Na+-ion 

diffusion coefficients and charge kinetics, which were one of the crucial 

parameters for battery performance.  

Table 3.1: EDX, crystallographic, and structure parameters/data for 

Na0.8Fe(SO4)2 and NaFe(SO4)2. 

Parameter 

Description 

Na0.8Fe(SO4)2 

(synthesized) 

NaFe(SO4)2 

(mp-1102092) 

NaFe(SO4)2 

(early reported) 

a (Å) 7.835 8.176 8.120 [20] 

b (Å) 5.085 5.232 5.230 [20] 

c (Å) 6.841 7.252 7.190 [20] 

α (º) 90.000 90.000 90.000 [20] 

β (º) 73.609 91.445 90.750 [20] 

γ (º) 90.000 90.000 90.000 [20] 

Unit cell 

volume (Å3) 

261.465 310.169 305.66 [20] 

Atomic % from 

EDX 

(Na, Fe, S, O) 

8.4, 10.3, 19.8, 61.6 - - 

 

3.3.1.3 Particle Size and Surface Morphology Analysis 

 The particle size and surface morphology of Na0.8Fe(SO4)2 as 

cathode, synthesized by the citric acid abetted sol-gel technique with a 

calcination heat treatment of 410ºC for about 12 h are shown in Figure 3.3. 

Both the microstructural particle size and surface morphology were studied 

with the help of FESEM, as shown in Figures 3.3 (a-c). It was observed 

that Na0.8Fe(SO4)2 compound possessed particles with an undefined size 

and shape. Most of the Na0.8Fe(SO4)2 particles lay in the particle size range 

of 0.5-1 μm, having unexpected agglomeration as shown in Figure 3.3 (a-

c) for the different scale views of the surface morphology of Na0.8Fe(SO4)2.  

Further, EDX analysis was performed to analyse the atomic-wise 

existence of Na, Fe, S, and O elements in Na0.8Fe(SO4)2, atomic, molecular, 

and chemical composition to match the nominal proportion of 

Na0.8Fe(SO4)2, and the nature of elemental distribution in the material of 
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interest. From Figure 3.3 (d) it can be observed that Na, Fe, S, and O 

elements were uniform and evenly distributed throughout the Na0.8Fe(SO4)2 

cathode. Similarly, Figure 3.3 (e) demonstrates the EDX plotting for the 

presence of various elements in a percentage manner, representing the 

nominal composition of the synthesized material. Furthermore, Figures 3.3 

(f-i) correspond to the uniform distribution and the color mapping of various 

atoms present in the synthesized Na0.8Fe(SO4)2. Interestingly, EDX 

demonstrated the nominal composition of Na, Fe, and S present in the 

material of interest as per our stoichiometry requirement. Further, all the 

elements (i.e., Na, Fe, S, and O) were uniformly spanned throughout the 

material, representing the synthesis of the required compound in a better 

manner. 

Figure 3.3 (a-c) Various scale view FESEM imaging, (d) Elemental 

distribution for Na, Fe, S, and O, (e) EDX mapping, and (f-i) Uniform spanning 

and color mapping of various elements in the synthesized Na0.8Fe(S)4)2 

compound. 
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4.3.1.4 XPS Analysis of Na0.8Fe(SO4)2 

 To carry out a more in-depth investigation on the redox couple, 

oxidation state, and chemical composition, an XPS study was performed for 

Na0.8Fe(SO4)2, as shown in Figure 3.4. The XPS survey scan of 

Na0.8Fe(SO4)2 in Figure 3.4 (a) demonstrated the presence of all the 

elements belonging to the material of interest. An additional peak of C 1s 

was present as the carbon-coated Cu grid was used as the substrate for the 

sample holder in the XPS study. The CKLL, OKLL, and FeLMM peaks were 

also observed due to the Auger electrons. Smooth scan XPS of Na 1s, Fe 

2p, S 2p, and O 1s are shown in Figures 3.4 (b-e).  

 

Figure 3.4 (a) XPS survey scan of Na0.8Fe(SO4)2, smooth XPS survey scan of 

(b) Na 1s, (c) Fe 2p, (d) S 2p, and (e) O 1s orbitals. 
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The BE for electrons in Na 1s was found at 1071.2 eV. We 

performed the deconvolution of the Fe 2p orbital as shown in Figure 3.4 

(c). It was observed that Fe in Na0.8Fe(SO4)2 coexists in both Fe3+ and Fe4+ 

oxidation states, with the Fe3+ state being dominant. The presence of Fe4+ 

could be attributed to the sodium deficiency in the local structure, leading 

to partial 4+ oxidation of Fe. The smooth scan XPS of Fe revealed a spin-

orbital splitting of Fe 2p3/2 and Fe 2p1/2 with binding energies of 711.2 eV 

and 724.8 eV, respectively for Fe3+, and binding energies of 714.2 eV and 

727.4 eV, respectively for Fe4+ oxidation states. These resulted in a spin-

orbit splitting BE difference of 13.6 and 13.2 eV for Fe3+ and Fe4+, 

respectively. This analysis revealed that the electrochemical performances 

of Na0.8Fe(SO4)2 were mostly dominated by Fe3+/Fe4+ redox couple during 

the deintercalation/intercalation process. Additionally, a partial occurrence 

of Fe4+ is due to the presence of a small amount of materials with Na-

deficiency. The additional high-intensity satellite peak corresponded to the 

characteristic for Fe3+ oxidation state in Fe 2p orbital was also observed. 

Similarly, the smooth scan XPS for S (Figure 3.4 (d)) showed the BE of 

the electron in S 2p orbital was about 168.7 eV and that of the electron in O 

1s (Figure 3.4 (e)) was about 531 eV.  

3.3.1.5 Raman Analysis of Na0.8Fe(SO4)2 

 Raman spectra studies for Na0.8Fe(SO4)2 were performed to explore 

more information about the material through the vibrational modes of the 

material as presented in Figure 3.5 (a). Three significant peaks were 

observed at 1005.36, 1020.129, and 1072.84 cm-1 wave numbers 

corresponding to the symmetric vibration (υsym) of S-O in sulphate 

polyanions (SO4) tetrahedral unit. Similarly, the asymmetric vibration 

(υasym) of S-O in the SO4 was found at the corresponding wave number of 

1294.81 cm-1. These υsym and υasym vibration modes for Na0.8Fe(SO4)2 were 

observed to be shifted towards a slightly higher wave number than the early 

reported literature of pristine NaFe(SO4)2.[15] The Raman peak shifting 
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was due to the formation of local disorder on those sites, which had resulted 

from the presence of sodium deficiency in Na0.8Fe(SO4)2 cathode material. 

This data interpretation revealed crucial information regarding the local 

chemical interaction and the integrity of structural retention of 

Na0.8Fe(SO4)2, particularly in the SO4 tetrahedral group. 

 

Figure 3.5 (a) Raman spectra of Na0.8Fe(SO4)2, (b-c) TEM images, and (d-f) 

HRTEM images of Na0.8Fe(SO4)2 particles at various locations. 
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3.3.1.6 Atomic Arrangement Analyses: HRTEM/TEM 

 Figures 3.5 (b-c) represent the TEM images of Na0.8Fe(SO4)2 at 

different locations, representing the morphological features of the material 

of interest. The surface morphologies of the particles displayed a relatively 

homogeneous distribution and irregular shape, which was consistent with 

FESEM analysis. The particle size of the synthesized Na0.8Fe(SO4)2 through 

TEM was found to be in the range of 500-1000 nm (0.5-1 μm). Further, 

HRTEM was performed to investigate the internal atomic arrangements and 

ordered lattice fringes for Na0.8Fe(SO4)2. The HRTEM images in Figures 

3.5 (d-f) display the ordered atomic arrangement and ordered lattice fringes 

of Na0.8Fe(SO4)2 at a different location. The upscaled portion of the 

respective Figures 3.5 (d-f) displays a clear view of the uniform and 

ordered arrangement of atoms in a particular direction and orientation.   

These lattice fringes and their corresponding interplanar spacing of 

ordered atomic arrangement were used to calculate the interplanar d-

spacing as displayed in the upscaled portion of Figures 3.5 (d-f). We 

observed a d-spacing of ~3.7 Å, consistent with (hkl) of the highest intense 

lattice plane of (11-1) as shown in the XRD pattern. This additionally 

revealed the high crystallinity of Na0.8Fe(SO4)2. This obtained d = ~3.7 Å 

of Na0.8Fe(SO4)2 was slightly lower than that of the pristine NaFe(SO4)2 

having d = 3.79 Å corresponding to the same (11-1) plane. This decrease in 

d value was due to sodium deficiency and is resonant with those of XRD 

results, as explained above, XRD-section. This investigation lighted on a 

crucial insight into the ordered atomic arrangement, signifying high 

crystalline nature and minimal sodium defects within the particles of 

Na0.8Fe(SO4)2. The distinct and crisp lattice fringes in Figures 3.5 (d-f) 

indicated a better-ordered arrangement of atomic layers, crucial for 

enhancing the electrochemical characteristics of the cathode materials. 

Hence, the combined TEM and HRTEM investigations provided a thorough 

insight into the structural surface morphology and integrity of 

Na0.8Fe(SO4)2, emphasizing its potential as an SIB cathode. 
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3.3.2 Electrochemical Performance Analyses 

3.3.2.1 CV Analysis 

Na/1M-NaClO4/Na0.8Fe(SO4)2 CR2032 coin-cell demonstrated an 

open-circuit voltage of ~3.12V vs. Na/Na+ before performing the CV 

analysis, highlighting the suitability of Na0.8Fe(SO4)2 for high-performance 

cathode material for energy storage applications. Figure 3.6 (a) represents 

the CV pattern of Na/1M-NaClO4/Na0.8Fe(SO4)2 at the scan rates of 0.1 

mV/s, 0.25 mV/s, and 0.5 mV/s in the working voltage range of 1.5 - 4.5 V 

having a high voltage window of 3 V. A consistent presence of a single 

redox pair corresponding to the Fe4+/Fe3+ transition during the 

oxidation/reduction was observed at all scan rates within the voltage range 

of 1.5-4.5 V. The specific anodic peaks at 3.505, 3.483, and 3.483 V and 

cathodic peaks at 3.136, 3.116, 3.102V at the corresponding scan rates of 

0.1 mV/s, 0.25 mV/s, and 0.5 mV/s, respectively indicated consistency in 

redox peak positions of Na0.8Fe(SO4)2 material in Na/1M-

NaClO4/Na0.8Fe(SO4)2  revealing its excellent reversibility of redox 

reaction. Furthermore, the high current density values for the anodic and 

cathodic peaks in Figure 3.6 (a) represent the fast electron transfer and 

diffusion control mechanism of the cathode material during the 

charge/discharge process. This enhanced performance could be attributed 

to the presence of sodium deficiency of Na0.8Fe(SO4)2 cathode material.  

The reaction kinetics of Na0.8Fe(SO4)2 as a cathode material was 

further characterized using the power-law equation (equation 3.6) that 

relates the oxidation/reduction peak current (i), scan rate (ν), and ‘a and b’ 

as two constant parameters as follows. 

𝑖 = 𝑎𝜈𝑏  …. …. …. (3.6)  

Here, the value of ‘b’ was achieved by taking the slope of the straight line 

drawn for the logarithm of the redox peak of current densities (i.e., log(Ip) 

and the logarithm of scan rates (i.e., log(ν)) as shown in Figure 3.6 (b). 

Here, the value of b theoretically reveals the capacitive or battery-type 

performance of Na0.8Fe(SO4)2. The obtained values of ‘b’ for the cathode of 
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Na0.8Fe(SO4)2 in Na/1M NaClO4/Na0.8Fe(SO4)2 through CV analysis were 

found to be 0.887 and 0.792 for the cathodic and anodic peaks, respectively. 

This suggests that Na0.8Fe(SO4)2 exhibited favorable kinetics for both 

battery as well as supercapacitor applications indicating the efficient charge 

transfer and redox reactions of Na0.8Fe(SO4)2 during cycling. 

 

Figure 3.6 (a) CV curve at 0.1, 0.25, and 0.5 mV/s scan rates, (b) Linear 

relation of log(Ip) vs. log (υ), (c) Linear relation of i/υ1/2 vs. υ1/2,  (d) 

Contribution of diffusion and capacitive behavior, (e) Bar diagram for the 

contribution of diffusion and capacitive behavior at anodic, and (f) Bar diagram 

for the contribution of diffusion and capacitive behavior at cathodic peak for 

Na0.8Fe(SO4)2 cathode in Na/1M NaClO4/Na0.8Fe(SO4)2 cell. 
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 The CV analysis was extended for Na+-ion  diffusion coefficient 

(represented by DNa+)calculation for the oxidation peaks with the assistance 

of the Randles-Sevcik equation as given below in equation 3.7 [26]. 

𝑖𝑝 = 0.446 𝑛 𝐹 𝐴 𝐶 (
𝑛 𝐹 𝜐 𝐷𝑁𝑎+

𝑅𝑇
)

1

2
 …. …. …. (3.7) 

Where ip  (in A) represents the peak current of anodic/cathodic peaks, n 

represents the number of electrons transferred (here n=1 for the material of 

interest), F is Faraday constant, A represents electrode surface area (2.011 

cm2), C represents the concentration of sodium ions in the unit of mol/cm3 

for our material, υ represents the respective scan rate, R is the universal gas 

constant, and T is the absolute temperature. By substituting the values of F, 

R, and T at room temperature of 25oC, the above equation of the sodium ion 

diffusion coefficient (DNa+) is reduced to:  

𝑖𝑝 = 2.69x105 𝑛
3
2 𝐴 𝐶 √𝐷𝑁𝑎+ 𝜐 

𝐷𝑁𝑎+ =
𝑖𝑝

2

7.236x1010 𝑛3 𝐴2𝐶2 𝜐
 …. …. …. (3.8) 

Followed by equation 3.8, the average DNa+ of the charging process 

was calculated to be about 1.413x10-13 cm2/s. The DNa
+

 values for 

Na0.8Fe(SO4)2 cathode material are presented in Table 3.2 and are 

compared with those of the early reported literature for the pristine 

NaFe(SO4)2 and polyanion group-doped cathode materials. Table 3.2 

demonstrates that Na0.8Fe(SO4)2 shows an improved sodium diffusion than 

the pristine NaFe(SO4)2 and polyanionic group substituted 

NaFe(SO4)1.5(SeO4)2, NaFe(SO4)1.5(PO3F)2, NaFe(SO4)1.5(HPO4)2. This 

improved sodium diffusion was due to the presence of sodium deficiency, 

which resulted in the formation of additional Na+-ion diffusion that helped 

to improve the Na+-ion and electron kinetics inside the host cathode 

material, which was a crucial requirement for a secondary ESS. 
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Table 3.2: Sodium diffusion coefficients for Na0.8Fe(SO4)2.  

Materials Average DNa+ (cm2/s) Ref. 

NaFe(SO4)2 1.4x10-13 (from CV); 5.53x10-19 (from EIS) [15] 

NaFe(SO4)1.5(HPO4)0.5 1.4x10-14 (from CV), 1.15x10-16 ( (from EIS) [15] 

NaFe(SO4)1.5(PO3F)0.5 3.1x10-13 (from CV), 2.76x10-13 (from EIS) [15] 

NaFe(SO4)1.5(SeO4)0.5 3.8x10-14 (from CV), 1.32x10-18 (from EIS) [15] 

Na0.8Fe(SO4)2 1.413x10-13 This 

work 

The diffusion-controlled and capacitive characteristics of 

Na0.8Fe(SO4)2 cathode were calculated through CV analysis using power-

law (equation 3.9) and Dunn plots (Figure 3.6 (d)). In equation 3.9, i(V) 

represents the current at fixed voltage vs. Na/Na+, and k1 and k2 are the 

constants [27]. The first term k1υ corresponds to the capacitive contribution, 

and the second term k2υ
0.5 corresponds to the diffusion-controlled 

contribution towards to total current of the cathode material. A linear plot 

of i/υ1/2 vs. υ1/2 was used to find out the values for k1 and k2 for both the 

oxidation and reduction processes as shown in Figure 3.6 (c). 

𝑖(𝑉) = 𝑘1𝜐 + 𝑘2𝜈
1

2  …. …. …. (3.9)  

The pictorial representation of these combined behaviour known as 

Dunn’s plot, is shown in Figure 3.6 (d) for a 0.1 mV/s scan rate. At this 

scan, Na0.8Fe(SO4)2 showed about 52.36% diffusion-controlled and 47.64% 

of capacitive characteristics for energy storage. The current contribution 

values for other scan rates as shown in the form of a bar diagram in Figure 

3.6 (e) for charging and Figure 3.6 (f) for discharging, respectively. 

3.3.2.2 Galvanostatic Charge Discharge Analysis 

Electrochemical features of Na0.8Fe(SO4)2 cathode material were 

further analyzed through GCD as shown in Figure 3.7. The voltage window 

chosen for GCD analysis was 1.5-4.5 V, which was the same as that used 

for the CV analysis. As demonstrated in Figure 3.7, the GCD analysis was 

performed at various C-rates of 0.2, 0.25, 0.5, 1, and 2C for five cycles. The 
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GCD curve in Figure 3.7 (a) demonstrated a couple of almost horizontal 

plateau-like charging and discharging behaviour, indicating the 

electrochemical reversibility and the lower polarizability of Na0.8Fe(SO4)2 

as cathode material for SIBs. The consistency in the GCD curves pattern 

across all C-rates for both charging and discharging processes in Figure 3.7 

(a) strongly indicates the high electrochemical reversibility process and the 

structural integrity retention of Na0.8Fe(SO4)2 during the 

intercalation/deintercalation of Na+ ions. This consistency suggested that 

the redox reactions were highly efficient and reversible. Furthermore, the 

minimal gap between the charge and discharge profiles in GCD reflected 

lower polarizability, which was attributed to the material’s 3D structural 

features resulted due to sodium deficiency, including a stable crystalline 

framework, and efficient charge transfer kinetics. These properties 

collectively enhanced the electrochemical stability and performance of the 

cathode material. Na0.8Fe(SO4)2 in Na/1M-NaClO4/Na0.8Fe(SO4)2 cell 

exhibited a discharge specific capacity of 41.17 mAh/g, 30.8 mAh/g, 22.06 

mAh/g, 15.11 mAh/g, and 9.12 mAh/g at 0.2C, 0.25C, 0.5C, 1C and 2C, 

respectively. The lower discharge capacity of Na0.8Fe(SO4)2 than 

NaFe(SO4)2 was mainly due to its lower theoretical capacity (~80.49 

mAh/g) compared to NaFe(SO4)2 (~98.91 mAh/g). While electrolyte 

decomposition could contribute slightly, the primary reason for the reduced 

capacity was the inherent electrochemical properties of Na0.8Fe(SO4)2 itself. 

These discharge-specific capacities were almost equal to their respective 

charge capacity values, representing a high Coulombic efficiency for the 

charge/discharge process of the cathode material. These specific capacity 

values of Na0.8Fe(SO4)2 cathode material are given in Table 3.3, and its 

performance was compared with several of the early reported pristine 

NaFe(SO4)2 and its polyanion group tuned materials. The decrease of 

specific capacities at higher C-rates was due to the higher resistance 

encountered by the ions, which results in a slower ion diffusion. Again, the 

reduced contact of the ions with the electrolyte hindered the efficient 
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transfer of charge. The decrease in specific capacities in Na0.8Fe(SO4)2 was 

due to the presence of sodium deficiency. The line chart in Figure 3.7 (b) 

represented the average voltage of Na/1M-NaClO4/Na0.8Fe(SO4)2 cell for 

all five cycles corresponding to their C-rates. The average voltage for the 

1st charge-discharge cycle at 0.2 C was about 3.26 V, which then saturated 

to about 3.15 V for other cycles at 0.2 C. The average voltage for other C-

rates remained between 3.1 V to 3.15 V as shown in Figure 3.7 (b). Again, 

Figure 3.7 (c) represents the dQ/dV vs. voltage (V) profile for various C-

rates ranging from 0.2 to 2 C. The dQ/dV vs. V curve in Figure 3c 

demonstrates similar charge and discharge peak positions at the same 

voltages, similar to the CV profile for intercalation/deintercalation 

processes. This further revealed the consistency of GCD with CV and the 

high reversibility of the electrochemical characteristics of Na0.8Fe(SO4)2 

cathode material.  

Table 3.3: Electrochemical performance of Na0.8Fe(SO4)2 relative to other 

reported materials.  

Material Name Specific 

capacity 

(mAh/g) 

Capacity 

retention (%) 

Voltage 

range (V) 

Ref. 

NaFe(SO4)2 63 mAh/g at 

0.1C 

- 2 - 4.25 [15] 

NaFe(SO4)2 78 mAh/g at 

0.1C 

- 2 - 4.2 [19] 

NaFe(SO4)2 78 mAh/g at 

0.1C 

- 1.5 - 4.5 [28] 

NaFe(SO4)1.5(SeO4)0.5 45 mAh/g at 

0.1C 

~50% after 

5 cycles@0.1 C 

2 - 4.25 [15] 

NaFe(SO4)1.5(PO3F)0.5 39 mAh/g at 

0.1C 

~70% after 

30 cycles 

2 - 4.25  [15] 

NaFe(SO4)1.5(HPO4)0.5 39 mAh/g at 

0.1C 

-10% after 

30 cycles 

@0.1C 

2 - 4.25  [15] 

Na0.8Fe(SO4)2 41.17 mAh/g 

at 0.2 C 

~70% after 

45 cycles@0.1C 

& ~98% @1.0C 

1.5 - 4.5  This 

work 
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Figure 3.7 (a) GCD profile at various C-rates,  (b) Average working voltage 

at various C-rates, (c) dQ/dV curve at various C-rates, (d) The charge-discharge 

time profile, (e) Rate performance, and (f) Specific energy for Na0.8Fe(SO4)2 

cathode in Na/1M-NaClO4/Na0.8Fe(SO4)2 cell. 

Figure 3.7 (d) represents the charge-discharge time profile of 

Na/1M-NaClO4/Na0.8Fe(SO4)2 cell for various C-rates. The rate 

performance of Na0.8Fe(SO4)2 at 0.2, 0.25, 0.5, 1, 2, and 0.2 C are 

represented in Figure 3.7 (e). Interestingly, the material of interest 

exhibited good rate capability even at the higher C-rates of 1 C and 2 C. The 

discharge-specific capacities corresponding to five cycles of their respective 
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C-rates remained almost the same, indicating the highly electrochemically 

reversible nature of the cathode material. Additionally, it demonstrated an 

average discharge specific capacity of ~31 mAh/g at 0.25 C and 22.06 

mAh/g at 0.5 C, corresponding to the initial specific capacity of 41.17 

mAh/g at the first cycle of 0.2 C. With further rise in the current density 

(i.e., C-rate values) the average specific capacity decreased as shown in 

Figure 3.7 (e). During the entire rate performance, the Coulombic 

efficiency was also good and remained between 85-100%. It possessed the 

highest specific capacity of ~30 mAh/g on further proceeding to 0.2C. The 

specific energy for the material of interest was found to be ~107.61 Wh/kg 

at 0.2 C and ~79.4 Wh/kg at 0.25 C as shown in Figure 3.7 (f). 

3.3.2.3 Capacity Retention Analysis 

 The cyclic stability and the specific capacity retention of 

Na0.8Fe(SO4)2 cathode are illustrated in Figure 3.8(a). Although the 

specific capacity exhibited by Na0.8Fe(SO4)2 was lower than its pristine 

NaFe(SO4)2, it demonstrated remarkable cycling stability and initial 

discharge capacity retention. It retained around 70% of its initial discharge 

capacity at the 45th cycle at 0.1C.  This capacity retention was much better 

than NaFe(SO4)1.5(X)0.5 (X= SeO4, PO3F, HPO4) and is comparable with 

NaFe(SO4)2. However, Na0.8Fe(SO4)2 exhibited an incredible capacity 

retention at 1C. It retained about 98% of its initial discharge capacity even 

after 45 charge/discharge cycles as shown in Figure 3.8 (a). These capacity 

retentions are compared in Table 3.3. The observed higher capacity 

retention at 1 C compared to 0.1 C was primarily due to the formation of a 

more stable solid-electrolyte interphase layer at faster cycling rates, which 

could reduce the side reactions that occur at slower rates. At 0.1C, longer 

cycles might allow more electrolyte decomposition, leading to a decrease in 

capacity retention over time. This superior capacity retention of 

Na0.8Fe(SO4)2 at a higher C-rate represented its potential application as a 

long-term energy storage device irrespective of its low specific capacity.  
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Figure 3.8 (a) Capacity retention behavior and (b) EIS analysis of 

Na0.8Fe(SO4)2 cathode in Na/1M-NaClO4/Na0.8Fe(SO4)2 cell configuration. 

3.3.2.4 EIS Studies 

The charge kinetics, state of health, and ion diffusion activity of 

Na0.8Fe(SO4)2 in Na/1M-NaClO4/Na0.8Fe(SO4)2 cells were explored 

through the EIS. Figure 3.8 (b) depicts the Nyquist plot relating the real 

part of impedance as a resistive component along the x-axis and the 

imaginary part of impedance as reactive components along the y-axis in a 

frequency covering from 1 Hz to 100,000 Hz. The EIS studies were 

performed before CV, after CV, and after stability tests as shown in Figure 

3.8 (b). These three curves had a similar pattern representing the high 

electrochemical reversibility. A well-fitted electrochemical circuit model 

corresponding to these experimentally obtained data is shown in Figure 3.8 

(b) and is given by equation 3.10. 

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 =  𝑅𝑠 +
𝑄2

𝑅𝐶𝑇
+ 𝑄3 …. …. …. (3.10) 

The total impedance (Ztotal) of the above-fitted circuit as a function 

of applied frequency (υ) is given by the equation 3.11. Where, 𝑗 = √−1 is 

the imaginary number, a1 and a2 are the exponent constants. 

𝑍𝑡𝑜𝑡𝑎𝑙(𝜐) = 𝑅𝑆 +
1

1

𝑅𝐶𝑇
+𝑄2(𝑗𝜐)𝑎1

+
1

𝑄3(𝑗𝜐)𝑎2
 …. …. …. (3.11) 

The values for these impedance parameters are tabulated in Table 

3.4 based on the fitted equivalent circuit with the experimentally obtained 

EIS data for Na0.8Fe(SO4)2. 
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Table 3.4: Fitted impedance parameters of Na0.8Fe(SO4)2 cathode in 

Na/1M-NaClO4/Na0.8Fe(SO4)2 cell. 

Parameters Before CV After CV After Stability 

RS (ohm) 6.076 (6) 3.822 (9) 3.323 (7) 

RCT (ohm) 59.279 (3) 57.641 (8) 78.996 (3) 

Q2 (F.s(a-1)) 36. 25 (3) 12.321 (4) 10.521 (7) 

a1 0.636 (7) 0.7 (3) 0.778 (3) 

Q3 (F.s(a-1)) 0.054 (5) 0.024 (1) 0.016 (1) 

a2 0.371 (9) 0.321 (7) 0.186 (5) 

 The solution resistance before CV analysis was found to be 6.076 Ω 

which was reduced to 3.822 Ω after CV. This reduction in the solution 

resistance was due to the formation of electrode/electrolyte interphase. 

After the CV study, the ions preferably followed a suitable pathway 

resulting a lower in resistance offered by the electrolyte. This solution 

resistance remained almost the same at 3.323 Ω after stability, indicating 

that the resistance offered by the electrolytes remains the same as the 

resistance offered by electrode/electrolyte interphase after the formation of 

the SEI layer. Na0.8Fe(SO4)2 demonstrated a similar value for the charge 

transfer resistance offered by the SEI layer. However, this charge transfer 

resistance after stability analysis varied noticeably, indicating that the SEI 

layers compounds exhibited variation in their chemical composition after 

several charge/discharge processes. However, this RCT value after stability 

was not significantly higher after several cycles than the RCT before and 

after CV analysis. This indicated that the ions have good charge transfer 

kinetics due to the high reversible diffusion activity and the electrode 

exhibits a good state of health for Na+ migration from the cathode to the 

electrolyte and vice-versa during intercalation and deintercalation.  
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3.4 Conclusions 

In conclusion, in this chapter, we successfully synthesized sodium-

deficient Na0.8Fe(SO4)2 using a citric acid-abetted sol-gel process, and for 

the first time, unveiled its diverse physicochemical and electrochemical 

properties and performance as a cathode for SIBs. Na0.8Fe(SO4)2 with 

monoclinic symmetry in the space group of C2/m1 exhibited a reduction in 

lattice parameters, interplanar d-spacing, and the unit cell volume than its 

pristine NaFe(SO4)2, along with undefined particle shape and sizes ranging 

from 0.5 to 1 μm. The electrochemical properties of Na0.8Fe(SO4)2 were 

attributed to the Fe4+/Fe3+ redox couple during charging/discharging. It 

operated at an equilibrium voltage of 3.1-3.15 V within a voltage range of 

1.5 - 4.5 V vs. Na/Na+. The material showed high reversibility for redox 

reactions, rapid charge kinetics, and a combination of diffusion-controlled 

and capacitive behaviour for energy storage. Notably, Na0.8Fe(SO4)2 

exhibited a superior sodium diffusion coefficient compared to NaFe(SO4)2 

and its polyanion-substituted derivatives. While Na0.8Fe(SO4)2 had lower 

specific capacity than pure NaFe(SO4)2 it offered a comparable specific 

capacity to NaFe(SO4)1.5X0.5 (X= SeO4, PO3F, HPO4). Despite its lower 

specific capacity, Na0.8Fe(SO4)2 stood out due to its high charge kinetics, 

wide voltage window, remarkable electrochemical reversibility, good 

cycling performance, excellent capacity retention, and low solution and 

charge transfer resistance. In short, this chapter focused on the systematic 

exploration of sodium deficiency as a design strategy, specifically 

investigating its impact on the structural, physicochemical, and 

electrochemical performance of the material. These attributes made 

Na0.8Fe(SO4)2 a promising cathode for SIBs. This chapter provided valuable 

insights for the future development of long-cycle life, high C-rate SIBs 

tailored to meet specific requirements. We believe that our work contributed 

to the materials science and energy storage community by shedding light on 

how sodium deficiency impacted the overall properties of Na-based 

cathodes, paving the way for future advancements in this direction.  
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CHAPTER 4 

Optimization of Layered 

NaCoO2 Cathode for High-

Capacity Sodium-Ion Batteries 

In chapter 3, sodium deficiency in the polyanionic compounds such as 

Na0.8Fe(SO4)2 enhanced the Na+-ion diffusion kinetics and cycle life 

performance of the cathode. However, the sodium deficiency in the 

polyanionic compound could not enhance the specific capacity and energy 

density due to the inherent lower theoretical capacity of the polyanionic 

compound. Hence, this chapter presents a successful synthesis of layered 

phase-pure NaCoO2 by improving the sol-gel-based calcination 

temperature, yielding a highly crystalline, well-ordered material with 

P63/mmc hexagonal symmetry, ideal for reversible, high-capacity, and 

energy density-based SIBs. Advanced physicochemical techniques 

confirmed its pure hexagonal crystal structure along with the desired 

stoichiometry. It demonstrated multiple redox peaks due to Co3+/Co4+ redox 

couple, signifying stable multiphase transitions and exhibited exceptional 

structural and electrochemical stability. It demonstrated a high discharge 

specific-capacity of 155.85 mAh/g at 0.1C with outstanding discharge 

capacity retention of 136.98, 100.6, 84.78, 78.31, and 72.46 mAh/g at the 

C-rates of 0.15, 0.2, 0.3, 0.5, and 1.0C, respectively, outperforming 

previously reported values. It showed a remarkable discharge-energy 

density of 466.04 Wh/kg at 0.1C. These results revealed that NaCoO2 is a 

high-performance and high-capacity cathode material for lightweight and 

compact SIBs. 
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4.1 Introduction 

In chapter 3, the sodium deficiency in the polyanionic compounds 

enhanced Na+-ion diffusion kinetics, working voltage window, and cycle 

life performance of the polyanionic cathode. However, the sodium 

deficiency in the polyanionic compound could not enhance the specific 

capacity and energy density due to the inherent lower theoretical capacity 

of the polyanionic compound. Hence, in this chapter, we have explored a 

LTMO cathode for SIBs due to its high theoretical capacity and energy 

density. Among the various cathode materials explored for SIBs, LTMOs, 

specifically of the chemical form NaxMO2 (where M =TM) have attracted 

significant attention [1–3]. These materials are structurally similar to the 

well-established LixCoO2 used in LIBs and offer high theoretical capacity 

(>235 mAh/g) and potential for high energy storage [4,5]. The P2 and P3 

phase structures of NaxCoO2 are particularly promising due to their 

structural stability and reversible sodium intercalation properties [6]. 

However, the performance of P2 or P3-type NaxCoO2 as cathode materials 

for SIBs is hindered by issues including multiple phase transitions and 

volume expansion during the intercalation/deintercalation process, leading 

to capacity fading and structural deterioration [6,7]. To address these 

challenges, recent research efforts have focused on optimizing the synthesis 

techniques and engineering the structural features of P2-type NaxCoO2 

cathodes [8,9]. Moreover, the improved electrochemical performances of 

NaCoO2 can be achieved due to the formation of the stabilized structure of 

Co3+ with oxygen. Several theoretical and experimental works for the 

performance of NaCoO2 as cathode material in aqueous as well as non-

aqueous electrolytes for SIBs have been reported. For instance, the 

theoretical calculation performed by Nina Mattila and Antti Karttunen 

revealed that NaCoO2 possesses higher in-plane and cross-plane lattice 

thermal conductivity than the counterpart LiCoO2, representing the better 

thermal sustainability of NaCoO2 than LiCoO2 [10]. In 2021, Shiprath et al. 

carried out the electrochemical performance of NaCoO2 in an aqueous 
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electrolyte of NaOH by fabricating NaTi2(PO4)3/2M-NaOH/NaCoO2 cell 

[11]. This cell system demonstrated a discharge-specific capacity of 89 

mAh/g at 0.1C and retained about 34 mAh/g discharge-specific capacity at 

the 55th cycle at a constant current rate of 1C. Gao et al. adopted the 

hydrothermal process to synthesize the P3-Na0.67CoO2 on Ni substrate 

which provided an arrear capacity of 1.66 mAh/cm2 at 0.33C in a voltage 

window of 2.0-3.8V [12]. Boddu et al. adopted the sol-gel technique and 

synthesized the P2-NaxCoO2 with the highest specific capacity of about 99 

mAh/g at 0.1C [13]. Reddy et al. carried out a micro-emulsion method and 

synthesized NaxCoO2 cathode material which represented discharge 

capacities of 161 and 80 mAh/g at 0.1 and 0.2C, respectively, within the 

voltage window of 2.0-4.2V owing to the Co3+/Co4+ redox couple [14]. 

Since 2010s, extensive research have been conducted on various 

cathode materials, including NaCoO2, for SIBs. Although numerous 

synthesis techniques have been explored to harness the excellent 

electrochemical performance of NaCoO2 as a cathode material, most of 

them rely on advanced and costly processing techniques. Developing a 

simple, scalable, and cost-effective synthesis method capable of producing 

high discharge capacity and exhibiting good C-rate for NaCoO2 cathodes 

remains a compelling challenge for the research community. This research 

gap must be addressed to fabricate a sustainable SIB system. Among the 

various approaches, the sol-gel method stands out as one of the most 

promising due to its simplicity and versatility. However, achieving the 

optimal conditions for temperature and calcination period during the sol-gel 

process to yield high-capacity NaCoO2 cathodes remains challenging. 

There is a pressing need to refine the sol-gel synthesis parameters to 

enhance the electrochemical performance of NaCoO2, with a particular 

focus on improving specific capacity and C-rate performance. In this 

chapter, P2-NaCoO2 as cathode for SIBs is synthesized by improving the 

calcination temperature, which exhibited an impressive discharge specific 

capacity exceeding 155 mAh/g at 0.1C and demonstrated an outstanding C-
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rate performance, irrespective of high reversible multiphase transitions. By 

iterating the temperature scale, the sol-gel calcination temperature was 

improved to provide a highly pure hexagonal phase of NaCoO2. The 

Na/1M-NaClO4/NaCoO2 coin cell demonstrated an enhanced Na+-ion 

diffusion, robust state of health, excellent diffusion-controlled behaviour, 

improved discharge specific capacities, and outstanding C-rate 

performance, primarily attributed to the Co3+/Co4+ redox couple. These 

advancements not only marked a significant step towards the development 

of SIBs but are also important for more sustainable and cost-effective 

energy storage solutions. By harnessing the potential of NaCoO2 through 

improved sol-gel synthesis, we believe it to open a new avenue for high-

performance battery technologies that may assist in fulfilling the growing 

energy demands of the future.  

 

4.2 Experimental and Characterization Section 

The experimental details such as the selection of raw chemical 

ingredients, approach for material synthesis, slurry, and electrode 

preparation for NaCoO2 cathode material was briefly explained in Chapter 

2. After the synthesis of a series of NaCoO2 cathode materials with varying 

the calcination temperature in the solgel synthesis method, their 

physicochemical properties were characterized by various advanced 

techniques. Further to carryout the electrochemical properties of NaCoO2 

cathode, sodium half-cell with Na/1M NaClO4/NaCoO2 CR2032-cells 

configurations were fabricated in the glove box. These cells were composed 

of 16 mm diameter-based disc-shaped Na metal chips as the counter and 

reference electrode, 1M-NaClO4 sodium salt in 1:1 volume ratio of EC:PC 

solvents as the electrolyte, 19 mm diameter-based disc-shaped glass fibre 

separators, and NaCoO2 as the active cathode material. After fabrication, 

the electrochemical properties of the coin cells were carried out through CV 

(in a voltage window of 2.0-4.2V), EIS (in 0.01Hz to 100 kHz), and GCD. 

Both the CV and EIS studies were performed through an electrochemical 
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workstation (PGSTAT032N from Metrohm), whereas the GCD studied 

were carryout through an 8-channel battery analyzer (LAND CT3001A) in 

a voltage window of 2.0-4.0V.  

 

4.3 Results and Discussion Section 

4.3.1 Physicochemical Assessments 

4.3.1.1 Thermal Comportment Analysis: TGA & DSC 

The weight retention behaviour of NaCoO2 material with increasing 

temperature is presented in Figure 4.1 (a & b). The TGA in Figure 4.1 (a) 

revealed three significant mass losses. The initial mass loss of about 2.9% 

at 100-150ºC corresponded to the loss of absorbed and trapped water from 

the material [13]. The 2nd major mass loss of ~7.3% at ~150-350ºC was 

attributed to the decomposition as well as the gas evolution processes . The 

final and 3rd mass loss of ~2.9% took place between 350 ºC to 600 ºC and 

might be associated with the process of nucleation and the formation of the 

desired phase. After these stages, the material retained approximately 

87.2% of its initial mass. Beyond 600°C, no further significant mass loss 

was observed, indicating the formation of the stable phase. Based on these 

findings, calcination temperatures of 700°C, 800°C, and 900°C were chosen 

for synthesizing materials for greater stability. 

 

Figure 4.1 (a) (a) TGA, and (b) DSC profiles of NaCoO2. 

DSC results shown in Figure 4.1 (b), indicated the decomposition 

and gas release processes of nitrate precursors and citric acid follow an 
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endothermic reaction, mainly occurring around 307°C [15]. Interestingly, a 

mass gain anomaly was observed in the TGA at around 850°C, which was 

explained by an exothermic event detected at 851°C in the DSC analysis. 

This exothermic process provided further insight into the possible change 

of material composition beyond this temperature.  

4.3.1.2 Powder XRD Analysis 

 The phase purity synthesis analysis of NaCoO2 calcinated at various 

temperatures of 700, 800, and 900 °C was performed with the help of 

powder XRD. Figure 4.2 (a) depicts the XRD pattern of NaCoO2 before 

calcination (blue), calcinated at 700°C (red), 800°C (green), and 900°C 

(violet) samples. The respective peaks of the synthesized samples were 

indexed with the standard JCPDS card of 87-0274. Compared to the 

samples after calcination, the material before calcination showed a minimal 

number of peaks situated at different 2θ values compared to the calcinated 

ones. This was due to the process of nucleation and the formation of phase 

pure material with calcination. The NaCoO2 material calcinated at 800°C 

showed phase purity formation of the desired material without the presence 

of any impurities, and all the peaks were well matched and indexed with the 

referenced data of the JCPDS card. The highest intense peak was observed 

at around 2θ value of 16.51º corresponding to the (002) plane followed by 

the 2nd intense peak at 40.33º for (102), and so on.  However, compared to 

NaCoO2 calcinated at 800°C, the sample calcinated at 700°C possessed a 

few additional impurity peaks corresponding to Na3CO3.H2O, and CO3O4 

in addition to the main peaks of the material, indicating that this temperature 

was not sufficient for the phase pure formation of the sample. Whereas the 

sample calcinated at 900ºC exhibited a completely different XRD spectrum 

profile. This revealed that some other material different than the required 

NaCoO2 material was formed at 900ºC of calcination temperature. With the 

calcination temperature of 900ºC, many additional impurity peaks were 

observed along with the deficiency of desired peaks corresponding to the 
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required materials. This analysis revealed that 800ºC is the improved phase 

pure material synthesis temperature for further physicochemical and 

electrochemical analyses. 

 From the above discussion, the material calcinated at 800ºC showed 

better phase pure formation compared to samples calcinated at other 

temperatures. Following this conclusion we performed the XRD data 

structural refinement for NaCoO2 calcinated at 800ºC with the assistance of 

FullProf-Suite software by using linear interpolation between the 

background selected points and the pseudo voigt function for the profile 

shape as shown in Figure 4.2 (b). The observed XRD profile of NaCoO2 

nicely fitted with the calculated XRD data of the ‘1532939.cif’ file from the 

Crystallography Open Database having the hexagonal symmetry of 

“P63/mmc” of the international space group number 194. All the peaks of 

the observed data were well-fitted with the calculated data with a chi-square 

1.44. Figure 4.2(c-e) represents the lattice structures for NaCoO2 calcinated 

at 800ºC obtained from the structural refinement. The polyhedral (Figure 

4.2 (c)) and ball-and-stick type view (Figure 4.2 (d)) of NaCoO2 showed 

the P2-phase formation in AB-BA-AB type stacking of the CoO6 metal 

oxide layers. The sodium atoms are sandwiched between these metal oxide 

layers in a prismatic manner through metallic bonding [10,13]. Figure 4.2 

(e) represents the single CoO6 and NaO6 units, where CoO6 are present in 

the octahedral pattern with a Co-O bond length of 1.91 Å, and NaO6 units 

form the prismatic structure with a Na-O bond length of 2.39 Å. Both 

polyhedral units had symmetric metallic bond lengths with oxygen. 

The lattice parameters for NaCoO2 obtained from the structural 

refinement are represented in Table 4.1 and are compared with previously 

reported data. The unit cell of NaCoO2 had the lattice parameters of about 

a=2.832 Å, b=2.832 Å, c=10.913 Å, with the interaxial angles as α = β 

=90.00º, γ = 120.00º and unit cell volume V=75.809 Å3
 (Table 4.1). Owing 

to these crystallographic parameters, NaCoO2 formed a hexagonal structure 
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with a space group symmetry of P63/mmc. The experimental volume of the 

unit cell in Å3 was calculated through equation (4.1). 

𝑉 = 𝑎𝑏𝑐√1 − 𝑐𝑜𝑠2(𝛼) − 𝑐𝑜𝑠2(𝛽) − 𝑐𝑜𝑠2(𝛾) + 2𝑐𝑜𝑠(𝛼)𝑐𝑜𝑠(𝛽)𝑐𝑜𝑠(𝛾) …. (4.1) 

 

Figure 4.2 (a) (a) XRD spectra of NaCoO2 before calcination (blue), 

calcinated at 700ºC (red), 800ºC (green), and 900ºC (violet), (b) Structural 

refinement of NaCoO2 calcinated at 800ºC, (c-e) Crystal structures for NaCoO2 

calcinated at 800ºC. 

The atomic positions (in fractional coordinates), occupancy, and 

multiplicity values for all the elements obtained from the structural 

refinement of NaCoO2 calcinated at 800ºC, are provided in Table 4.2. The 

relation among the fractional coordinates (x, y, z) and the cartesian 

coordinates (X, Y, Z) is given in equation 4.2. 
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Table 4.1: Crystallographic parameters for NaCoO2 obtained from 

structural refinement. 

Parameters Previously reported parameters Refined parameters  

(This work) 

Experimentally Theoretically  

a (Å) 2.82 [16], 2.833 [17] 2.87 [10] 2.832 ± 0.0001 

b (Å) 2.82 [16], 2.833 [17] 2.87 [10] 2.832 ± 0.0001 

c (Å) 10.89 [16], 10.880 [17] 15.62 [10] 10.913 ± 0.0003 

α (º) 90.00 [13,16,17], 90.00 [10] 90.000 ± 0.0 

β (º) 90.00 [13,16,17], 90.00 [10] 90.000 ± 0.0 

γ (º)  120.00 [13,16,17], 120.00 [10] 120.000 ± 0.0 

V (Å3) 75.07 [13,16,17], 111.42 75.809 ± 0.005 

Ρ (g/cm3) - - 5.257 g/cm3 

Symmetry, 

space group 

Hexagonal [13,16,17], 

P63/mmc [13,16,17] 

Hexagonal [10], 

P63/mmc [10] 

Hexagonal, 

P63/mmc 

The atomic positions (in fractional coordinates), occupancy, and 

multiplicity values for all the elements obtained from the structural 

refinement of NaCoO2 calcinated at 800ºC, are provided in Table 4.2. The 

relation between the fractional coordinates (x, y, z) and the Cartesian 

coordinates (X, Y, Z) is given in equation 4.2. The negative fractional 

coordinate for Na1 in Table 4.2 reflects crystallographic convention during 

structural refinement. Fractional coordinates are periodic, and a negative 

value simply means that the atom is slightly beyond the origin chosen for 

the unit cell but is identical to a positive value on translation by the lattice 

vector. 

𝑥 =
𝑋

𝑎
, 𝑦 =

𝑌

𝑏
, 𝑧 =

𝑍

𝑐
,  (a, b, and c are lattice parameters) ………..(4.2) 

Table 4.2: Atomic coordinates, multiplicity, and occupancy of various 

elements in NaCoO2. 

Atoms Occupancy 

of atoms 

Fractional coordinates Multiplicity 

x y z 

O1 1.76430 0.33330 0.66670 0.09024 4 

Co1 0.96379 0.00000 0.00000 0.00000 2 

Na2 0.31759 0.00000 0.00000 0.25000 2 

Na1 0.58874 0.59957 -0.54480 0.25000 14 
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The XRD analysis was further used to measure the crystallite size 

(D) with the help of the Debye-Scherrer formula[18] as given in equation 

4.3. 

𝐷 =
0.9 𝜆 

𝛽cos (𝜃)
   …. …. …. (4.3) 

Here λ = 0.15418 nm (X-ray wavelength), β = FWHM of the prominent 

diffraction peaks (in radians), and θ = angle corresponding to the diffraction 

peaks (in radians). With these specified values the average crystallite size 

from the XRD analysis waas found to be D = 34.88 nm. 

4.3.1.3 Particle Morphology & Composition Analysis  

From the above XRD analysis, it was concluded that the hexagonal 

symmetry-based phase pure synthesis of P2-NaCoO2 took place at 800ºC. 

To further analyse the surface morphology and the nominal chemical 

composition of the synthesized materials, further analyses were extended 

with the help of FESEM, EDS, and ICP-OES. Figure 4.3 represents the 

particle surface morphology and size of NaCoO2 synthesized by calcinating 

at 700, 800, and 900ºC. 

Various scale view FESEM images of NaCoO2 synthesized at 700 

ºC in Figure 4.3 (a-d) revealed that the particles are mostly of undefined 

shape and size with very few numbers of particles in the hexagonal shape. 

This could be due to the presence of a large number of amorphous particles 

with a few quantities of hexagonal NaCoO2. This indicated that a higher 

temperature was required for the nucleation of those amorphous particles to 

form the hexagonal-shaped particles. Figure 4.3 (e-h) represents the 

FESEM images at various magnifications for NaCoO2 synthesized at a 

calcination temperature of 800ºC. At this temperature, it was observed that 

the particles were well nucleated and formed better defined hexagonal 

shape. Interestingly almost all the particles at this calcination temperature 

were observed to have a hexagonal shape. This further supported the XRD 

analysis, indicating the formation of the desired hexagonal symmetry-based 

P2 phase of NaCoO2 at 800ºC. These hexagonal particles were formed in a 
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particle size range of 5.07-23.99 μm with an average particle size of 12.091 

μm. On the other hand, NaCoO2 synthesized with a calcination temperature 

of 900ºC exhibited a completely different scenario for particle morphology 

as shown in Figure 4.3 (i-l). The particle at this calcination temperature 

possessed a solid cylindrical structure with a diameter of about 100 nm and 

a length falling between 0.5-1.5 μm. The anomaly for the complete 

transformation of the hexagonal particle to the solid cylindrical shape could 

be attributed to the formation of other compounds than the desired NaCoO2 

at this calcination temperature as explained in the XRD analysis section.  

 

Figure 4.3 Various magnification FESEM images of NaCoO2 synthesized via 

sol-gel with a calcination temperature of (a-d) 700ºC, (e-h) 800ºC, and (i-l) 

900ºC, respectively. 
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Nominal elemental composition and distribution of elements in 

NaCoO2 were analysed using EDS, as depicted in Figure 4.4. The EDS 

spectrum of NaCoO2 synthesized at 700ºC (Figure 4.4 (a)) confirmed the 

presence of elements in near-stoichiometric. Figures 4.4 (b-c) 

demonstrated that Na, Co, and O were uniformly distributed throughout the 

material. At 800ºC (Figure 4.4 (d)), EDS analysis showed the desired 

nominal values for all elements, with color mapping over the hexagonal 

particles indicated uniform elemental distribution (Figure 4.4 (f)). 

However, NaCoO2 calcined at 900ºC presented a different scenario (Figure 

4.4 (g)), where a significant loss of Na was observed. This Na loss at high 

calcination temperatures likely resulted in the formation of particles with 

varying shapes and sizes, as explained in the FESEM analysis, and led to 

the creation of a new phase, primarily Co2O3, as indicated in the XRD 

analysis. Although the color mapping (Figures 4.4 (h-i)) showed a uniform 

distribution of all elements, Na mapping was negligible compared to Co and 

O at 900ºC, confirming the significant reduction of Na at this temperature. 

The atomic percentages of elements in these materials through EDS are 

summarized in Table 4.3.  

 

Figure 4.4 EDS spectrum NaCoO2 calcinated at (d) 700ºC, (g) 900ºC, 

Elemental distribution and color mapping of elements in NaCoO2 calcinated 

at (b-c) 700ºC, (e-f) 800ºC, and (h-i) 900ºC.  
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Table 4.3: Atomic-%-wise presence of elements in NaCoO2 synthesized at 

700, 800, and 900ºC. 

Atomic % of  

elements 

NaCoO2@700 

ºC 

NaCoO2@800 

ºC 

NaCoO2@900 

ºC 

Na 24.9 26.3 22.2 

Co 20.4 20.0 55.2 

O 54.7 53.7 22.6 

The stoichiometry and composition of NaCoO2 materials 

synthesized at calcination temperatures of 700-900ºC were further 

determined through ICP-OES, as given in Table 4.4. The ICP-OES results 

indicated that the NaCoO2 sample calcinated at 800ºC exhibited a molecular 

formula of Na1.05CoO2, which is more favourable and desired stoichiometry 

compared to those calcinated at 700ºC and 900ºC.  

Table 4.4: ICP-OES for NaCoO2 calcinated at 700, 800, and 900ºC. 

Samples Concentration 

(ppm) 

Moles Stoichiometry 

(Na : Co) 

Molecular 

formula 

Na Co Na Co 

NaCoO2

@700 

2.16 4.32 0.09

4 

0.07

3 

1.28:1.00 Na1.28CoO2 

NaCoO2

@800 

3.36 8.23 0.14

6 

0.13

9 

1.05:1.00 Na1.05CoO2 

NaCoO2

@900 

2.46 7.59 0.10

7 

0.12

9 

0.83:1.00 Na0.83CoO2 

From the above discussions (XRD, FESEM, EDS, and ICP-OES), it 

was concluded that NaCoO2 synthesized with a calcination temperature of 

800ºC demonstrated a better phase pure formation with the required surface 

morphology and the desired stoichiometry compared to NaCoO2 materials 

calcinated at 700 and 900ºC. Hence further physicochemical and 

electrochemical analyses from this point onwards were performed for 

NaCoO2 material calcinated at 800ºC to work as the active cathode material 

for SIBs. 
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4.3.1.4 Chemical State Analysis via XPS 

XPS spectra for NaCoO2 synthesized with a calcination temperature 

of 800ºC are shown in Figure 4.5. The smooth scan XPS in Figure 4.5 (a), 

covered a wide range of BE from 0 eV to 1200 eV, confirmed the presence 

of all constituent elements of NaCoO2 in their anticipated orbitals. A few 

additional peaks were also observed corresponding to the peaks resulting in 

due to the augur electrons. In addition to the primary elements of NaCoO2, 

an additional peak for carbon ‘C’ is observed due to the use of a carbon-

coated Cu grid for sample-holding purposes.  

The high-resolution scan XPS for all the individual elements in 

NaCoO2 calcinated at 800 ºC are represented in Figures 4. 5(b-d). Na is 

found in the Na-1s orbital with an electron BE of 1070.45 eV as represented 

by Nae in Figure 4.5 (b). The additional peak of ‘Na-O-Co’ was due to the 

presence of the metallic bond of Na with O. The high-resolution scan XPS 

of Co-2p indicated that Co was present in the Co3+ oxidation state in the 

sample. Due to the 2p orbital of Co, a spin-orbit coupling took place with 

the splitting of Co-2p orbital into Co-2p1/2 and Co-2p3/2 at the electro-

binding energies of 794.45 and 779.4 eV, respectively with a BE difference 

of ΔE = 14.9 eV. The Co3+ oxidation state of the uncharged NaCoO2 cathode 

gets oxidized to Co4+ during the charging process. Hence the 

electrochemical process of NaCoO2 cathode in SIBs was due to the 

Co3+/Co4+ redox activity. The high-resolution scan XPS of oxygen was 

observed for the electron in the O-1s orbital with a BE of 530.7 eV. The low 

intense peaks corresponding to the O-Na, and O-Co were also observed. 

Figure 4.5 (e) represents the high-resolution XPS spectrum for C-1s orbital, 

which was used as substrate and the reference data to calculate the relative 

BE for other elements. The significant peak of C-1s was observed at the 

standard BE of 284.8 eV with the presence of other neighbouring peaks at 

289.1 eV representing the formation of O-C=O bonding as the surface 

carbon contamination. 
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The electrochemical performance of NaCoO2 is primarily 

dominated by the Co3+/Co4+ redox couple. The Co3+ species (t2g
6

 eg
0, low-

spin, S = 0) can be oxidized to Co4+ (t2g
5 eg⁰, low-spin, S = ½) at charging. 

This change does not disturb the layered structure or cause Jahn-Teller 

distortion. Even though Co ions can theoretically exhibit various spin states, 

the ΔE = 14.9 eV agrees with low-spin Co3+ and Co4+ for octahedral 

coordination, ascertaining that mixed Co valence states give way mainly 

through stable low-spin redox activity. Therefore, enhanced 

electrochemical performance is not only due to its layered P63/mmc 

structure but also the favorable spin-state stabilization of Co. However, 

detailed spin-state analysis is beyond the scope of the present work. 

 

Figure 4.5 (a) Smooth scan XPS of NaCoO2 calcinated at 800ºC; and high-

resolution XPS of (b) Na-1s, (c) Co-2p, (d) O-1s, and (e) C-1s orbitals. 
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4.3.1.5 TEM and HRTEM Analyses 

Figure 4.6 (a) represents the TEM images of NaCoO2, which were 

performed to reveal the morphology, particle spheres, and size 

characteristics of the synthesized cathode material. These particles had a 

hexagonal shape, and the particle size was in resonance with the results 

shown by FESEM, suggesting a consistent synthesis process. Further to 

explore more details on the internal structure of NaCoO2 at the atomic level, 

the HRTEM was performed. SAED pattern for NaCoO2 is shown in Figure 

4.6 (b) representing the lattice of NaCoO2 in the reciprocal lattice plane. 

The ‘d-spacing’ from the SAED pattern was found to be 2.3 Å, which 

corresponds to the (hkl) value of (102) lattice plane of NaCoO2 with the 

hexagonal symmetry.  Figures 4.6 (c-d) represents the HRTEM images of 

the synthesized NaCoO2 at various locations. The magnified images of 

Figures 4.6 (c-d) represented a clear view of the ordered lattice fringes and 

atomic arrangements in an unfirm order and orientation.  

These distinct lattice fringes and the interplanar spacing were further 

used to calculate d-spacing values as shown in the magnified portion of 

Figures 4.6 (c-d). In most of the cases, we observed an interplanar d-

spacing value of between 2.2-2.3 Å, which was in good agreement with that 

of the SAED pattern and the (hkl) value of the highest intense (102) plane 

as shown in the XRD pattern. This further confirmed the highly crystalline 

nature of NaCoO2 material. These analyses provided a crucial insight into 

the atomic arrangement, revealing a high degree of crystallinity. The clear 

and sharp lattice fringes Figures 4.6 (c-d) indicated well-ordered atomic 

layers, critical for improving the electrochemical properties of the cathode 

material. Hence, the combined TEM and HRTEM analyses provided a 

comprehensive understanding of the morphology and structural integrity of 

NaCoO2, highlighting its potential as a cathode for SIBs. 

4.3.1.6 Raman Analysis of NaCoO2 

The Raman spectra analysis for NaCoO2 was performed to explore 

the local atomic interaction and the structural integrity of NaCoO2, by 
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exploring its specific possible vibrational modes as shown in Figure 3.6 (e). 

The spectrum was obtained in a wave number range of 100-1200 cm-1. Five 

Raman active modes of “3E2g+E1g+A1g” were shown by the D6h symmetry 

elements of the hexagonal symmetry of NaCoO2 for Na and O elements.[17] 

As a result, five significant peaks were observed at 188.3, 464.3, 512.9, 

602.1, and 666.4 cm-1 wave numbers corresponding to E1g (O), E2g (O), E2g 

(Na),  E2g (Na),  and A1g (O)  Raman active modes, respectively. Here, the 

E1g Raman active mode corresponded to the in-plane vibration of ‘O’ atoms, 

whereas the A1g mode corresponded to the vibration of ‘O’ atoms in the 

direction of the out-of-plane. Similarly, the E2g Raman active modes 

corresponded to the combined vibration of ‘O’ and ‘Na’ atoms in the lattice 

of NaCoO2. All the modes were in good agreement with the reported 

literature [13,17].  

 

Figure 4.6 (a) TEM image; (b) SAED pattern; (c-d) HRTEM images; and 

(e) Raman spectrum of NaCoO2 calcinated at 800ºC. 
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4.3.2 Analyses of Electrochemical Performances 

4.3.2.1 CV Analysis 

The redox activities for NaCoO2 in Na/1M-NaClO4/NaCoO2 cells 

were investigated through the CV as shown in Figures 4.7 (a-d). The CV 

analyses were performed with scan rates of 0.05, 0.1, 1.0, and 5 mV/s for 

three consecutive charge/discharge cycles, respectively, within a 2.0-4.2V 

voltage window. Figure 4.7 (a) represents the three charge/discharge CV 

profiles of NaCoO2 at the lowest scan rate of 0.01 mV/s. The oxidation and 

reduction peaks for all three subsequent cycles were observed at the same 

potentials, moreover overlapping with each other, indicating excellent 

structural stability of the cathode during the sodiation/desodiation process. 

The anodic/cathodic peak pairs corresponding to Co3+/Co4+ at 2.413/2.283, 

2.466/2.41, 2.564/2.52, 2.615/2.583, 2.696/2.652, 2.969/2.94, 3.157/3.145, 

3.279/3.245, 3.67/3.633, and 3.98/3.936 were due to the multiple phase 

transition involving P'3, P3, O'3, O3, O2, and O2-O1 phases having 

different sodium contents[19–21] during the intercalation/deintercalation 

process. Along with these stable phase transitions, the consistency of cycles 

in Figure 4.7 (a) revealed the sustainability of a stable single phase of 

NaCoO2 during the overall charge/discharge cycles. This further 

represented the ultra-reversibility of redox reaction. Further, the redox 

peaks were sharper beyond 2.8 V due to the better kinetics of Na+-ions at 

higher potentials. Figure 4.7 (b) represents the CV profile at other scan rates 

of 0.1, 1.0, and 5.0 mV/s. Similar features were also observed at these scan 

rates. The area of these CV curves and the respective anodic and cathodic 

peak current densities increased with the increase in the values of scan rates, 

indicating the rapid electron kinetics and diffusion control behaviour. The 

CV profiles indicated that NaCoO2 possesses a P2-phase structure which 

supported XRD analysis [22].  

The Power-Law equation [23,24] shown in equation 4.4, provided 

relation between the current of the highest oxidation/reduction peaks (Ip) 

and the scan rate (υ) in CV analysis was used to investigate the reaction 
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kinetics and behaviour of NaCoO2 cathode. In this equation 4.4, these 

assumptions are taken: (i) electrochemical system satisfies semi-infinite 

linear diffusion, and there is no appreciable ohmic drop, (ii) the 

electrode/electrolyte interface is ideal with no side reactions affecting the 

CV response, and (iii) Capacitive and diffusion-controlled processes can be 

separated using the exponent b. 

𝐼𝑝 = 𝑎𝜈𝑏  …. …. …. (4.4)  

Here, the constant parameters ‘a’ and ‘b’, were calculated as the y-intercept 

and slope, respectively, from the linear graph of log(Ip) and log(υ) as shown 

in Figure 4.7 (c). The slope ‘b’ close to 0.5 indicates the battery-type 

behaviour of the cathode material, whereas the ‘b’ value close to ‘1’ 

indicates the capacitive-type behaviour. The intermediate value between 

these two limits indicates the combined characteristic of the cathode 

material in the electrochemical performance [23]. We calculated the b-

values for the NaCoO2 cathode as 0.644 and 0.645 for the oxidation and 

reduction processes, respectively. This signified that NaCoO2 mostly 

demonstrated the battery-type behaviour with efficient charge transfer 

during intercalation/deintercalation of the redox process.  

 As the b-values are observed as 0.644 and 0.645 for anodic and 

cathodic processes, we extended the CV analysis to calculate the percentage 

of diffusion contribution (i.e., battery-type) and capacitive-type 

characteristics of the cathode material through Dunn’s plotting[25] as 

shown in Figure 4.7 (d). Dunn’s plot taken for 5 mV/s scan rate indicated 

that NaCoO2 as a cathode material in Na/1M-NaClO4/NaCoO2 cell 

exhibited 99.48% of diffusion-controlled characteristics with a negligible 

amount of (only 0.52%) capacitive behaviour for the electrochemical 

performance as shown in Figure 4.7 (d). 

4.3.2.2 EIS Analysis 

 The EIS analysis of Na/1M-NaClO4/NaCoO2 was carried out before 

and after CV to investigate the ion diffusion properties, state of health, 
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charge kinetics, and the electrode-electrolyte interfacial reaction of NaCoO2 

cathode material. Figures 4.7 (e-f) represents the Nyquist plot in a 

frequency range of 0.01 Hz to 100 kHz. The Nyquist plot before CV is 

shown in Figure 4.7 (e-f) representing three semicircles corresponding to 

different resistances offered to the charge transfer in the fabricated cell. The 

below total equivalent circuit (equation 4.5) was used to fit the 

experimentally obtained EIS data before CV.  

Equivalent circuit = 𝑅𝑠 +
𝑄1

𝑅𝑠𝑒𝑖
+

𝑄2

𝑅𝑐𝑡
+

𝐶1

𝑅𝑑
 …. …. …. (4.5) 

The total impedance of the above-fitted circuit was given by 

equation 4.6. 

𝑍(𝑓) = 𝑅𝑠 +
𝑅𝑠𝑒𝑖

𝑅𝑠𝑒𝑖𝑄1(𝑖2𝜋𝑓)𝑎1+1
+

𝑅𝑐𝑡

𝑅𝑐𝑡𝑄2(𝑖2𝜋𝑓)𝑎2+1
+

𝑅𝑑

1+𝑖2𝜋𝑓𝑅𝑑𝐶1
 ….. (4.6) 

Wheere, ‘Rs’ is the electrolyte solution resistance, ‘Rsei’ is resistance 

from SEI, ‘Rct’ is the charge transfer resistance at the electrode-electrolyte 

interface, ‘Rd’ is the resistance resulting due to the diffusion-related process, 

‘Q1’ and ‘Q2’ are the constant phase elements (CPEs), ‘a1’ and ‘a2’ are the 

exponent constants, and ‘C1’ is the capacitive element. These parameters 

from the fitted equivalent circuit are given in Table 4.5. 

Table 4.5: EIS parameters of the equivalent circuit of NaCoO2. 

Parameters Values before CV 

RS (Ω) 4.371 

Rsei (Ω) 32.016 

Rct (Ω) 179.558 

Rd (Ω) 15.014 

Q1 (F.s(a-1)) 11.046 

Q2 (F.s(a-1)) 0.005 

C1 (F) 0.146x10-3 

a1 0.820 

a2 0.342 
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Figure 4.7 CV profiles of NaCoO2 at (a) 0.05, (b) 0.2, 1.0, and 5.0 mV/s; 

(c) log (υ) vs. log(Ip) plotting, (d) Duun’s plotting of NaCoO2; (e) Nyquist 

plot and equivalent circuit of NaCoO2 before CV; (f) Nyquist plot of 

NaCoO2 before and after CV in Na/1M-NaClO4/NaCoO2 cell. 

The solution resistance ‘Rs’ and the charge transfer resistance ‘Rct’ 

remain matters of interest for the EIS analysis. NaCoO2 demonstrated Rs of 

4.371 Ω before CV, indicating good electrolyte conductivity. Rct before CV 

was found as 179.558 Ω. This small Rct indicated a good state of health and 

better charge kinetics at the electrode-electrolyte interface. The combined 

Nyquist plot of NaCoO2, before and after CV, is shown in Figure 4.7 (f). 



126 
 

Rs and Rct after CV were found to be 5.416 and 227.4 Ω as shown in Figure 

4.7 (f). This indicated that the solution resistance remains almost the same, 

whereas the charge transfer resistance increased to a small extent after the 

CV. These further revealed that a very negligible resistance increased in the 

electrolyte solution. The increase in the charge transfer resistance after CV 

could be attributed to the formation of SEI as the passivation layer [26,27]. 

Still, these resistances offered to the cell were very small, indicating the 

improved interfacial conductivity for the faster charge transfer at the 

electrolyte and electrode owing to the formation of efficient SEI. These 

charge transfer resistances were used to calculate the double layer 

capacitance (Cdl) for NaCoO2 cathode material as given in equation 3.7 [16] 

for before and after CV and are tabulated in Table 4.6.  

𝐶𝑑𝑙 =
1

2𝜋.𝑅𝑐𝑡𝑓𝑚𝑎𝑥
 …. …. …. (4.7) 

Table 4.6: EIS parameters for NaCoO2, before and after CV. 

Parameters This work Early reported 

Before CV After CV Before cycling After Cycling 

RS (Ω) 4.371 5.416 66.29 78.29 

Rct (Ω) 179.558 227.4 2664.91 422.32 

fmax (Hz) 100000 100000 100000 100000 

Cdl (F) 8.864x10-9 6.999x10-9 0.598x10-9 3.771x10-9 

EIS was used to calculate Na+-ion diffusion coefficient (DNa+) with 

the help of equation (4.8) [14]. Where, T (absolute temperature= 298.15 K 

for our study), R (universal gas constant =8.314 J/K.mol), n (number of 

electrons transferred=1 for NaCoO2 owing to Co3+/Co4+ redox couple), F 

(Faradays constant=96485.332 C/mol), A (area of the electrode=2.011 cm2 

for our study), C (concentration of sodium-ions=0.0461 mol/cm3 calculated 

with the help of density obtained during the XRD analysis), σ is the Warburg 

factor, i.e., the slope of the real axis vs. ω-1/2 line extrapolated from Nyquist plot 

(σ = 156.4 Ω, Figure 4.7(b)). The DNa+ for NaCoO2 cathode material in the 

fabricated half-cell after the CV is calculated as 1.686x10-16 cm2/s. 

𝐷𝑁𝑎+ =
𝑇2𝑅2

2𝑛4𝐹4𝐴2𝐶2σ2 …. …. …. (4.8) 
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4.3.2.3 Analysis of GCD Performance 

The GCD was performed at 0.1, 0.15, 0.2, 0.3, 0.5, and 1.0C in the 

voltage range of 2.0-4.0V as shown in Figure 4.8. An excellent rate-

tolerance of NaCoO2 was observed. Figure 4.8 (a) represents the 

charge/discharge specific capacity values of NaCoO2 cathode at 0.1C rate. 

The cathode material of interest exhibited the discharge-specific capacities 

of 152.48, 155.85, 152.04, 153.52, and 152.85 mAh/g at the 1st, 2nd, 3rd, 4th, 

and 5th cycles, respectively at 0.1C rate, which is given in Table 4.7. This 

high value of discharge-specific capacity at 0.1C with its consistency 

(remains between 152 -156) is the highest one at the same C-rate among 

other know derivatives (Table 4.7). At the initial cycle, we obtained a 

discharge-specific capacity of 152.48 mAh/g, which increased to 155.85 

mAh/g in the 2nd cycle, and then reduced to 152.04 mAh/g and then 

remained at almost the same values at 0.1C. This could be attributed to the 

formation of a stable SEI layer during the 1st two cycles. Interestingly, after 

the 2nd cycle, the discharge specific capacity at 0.1C attained almost a steady 

state (Figure 4.8 (a)), indicating the ultra-stability for the structure of the 

cathode material.  

The rate capability analysis of the same cell was performed at the 

other higher scan rates of 0.15, 0.2, 0.3, 0.5, and 1.0 C as shown in Figures 

4.8 (b-c). The highest charge/discharge specific capacities are represented 

in Figure 4.8 (b), which were 181.96/155.85, 148.76/136.98, 94.81/100.6, 

86.14/84.78, 81.62/78.31, and 76.1/72.99 mAh/g at 0.1, 0.15, 0.2, 0.3, 0.5, 

and 0.1C, respectively. The specific capacity values for NaCoO2 cathode 

synthesized in this thesis were notably superior or comparable to those 

reported in earlier literature on pristine NaCoO2 and its sodium-deficient 

derivatives, as summarized in Table 4.8. For instance, hierarchical 

microspheres of NaxCoO2 synthesized via sodiation and calcination by Gao 

et al. demonstrated discharge capacities of 116.7, ~107, and ~100 mAh/g at 

0.4, 1.0, and 2.0 C, respectively, in 1M NaClO4 electrolyte [28].  
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Table 4.7: Specific capacities and Coulombic efficiencies of NaCoO2 .  

C-

rates  

Cycle 

number 

Charge specific 

capacity 

(mAh/g) 

Discharge 

specific capacity 

(mAh/g) 

Coulombic 

Efficiency 

(%) 

 

 

0.1 C 

1st  175.01 152.48 87.127 

2nd  181.96 155.85 85.651 

3rd  176.64 152.04 86.072 

4th  170.87 153.51 89.839 

5th  168.92 152.85 90.486 

 

 

0.15 C 

1st  148.76 136.98 92.079 

2nd  144.84 135.96 93.87 

3rd  142.58 135.08 94.739 

4th  137.72 113.91 82.716 

5th  100.36 97.7 97.346 

 

 

0.2 C 

1st  94.81 100.6 106.102 

2nd  94.51 98.79 104.524 

3rd  92.64 95.11 102.669 

4th  92.76 97.85 105.491 

5th  93.47 96.31 103.042 

 

 

0.3 C 

1st  91.4 84.78 92.757 

2nd  86.14 84.78 98.419 

3rd  85.83 84.54 98.5 

4th  84.22 83.16 98.74 

5th  84.56 83.3 98.505 

 

 

0.5 C 

1st  81.62 78.31 95.938 

2nd  78.7 77.68 98.711 

3rd  78.37 77.61 99.032 

4th  78.04 77.32 99.08 

5th  78.29 77.99 99.621 

 

 

1.0 C 

1st  76.1 72.46 95.219 

2nd  72.79 72.33 99.376 

3rd  72.84 72.42 99.421 

4th  72.78 72.35 99.406 

5th  72.75 72.3 99.385 

Similarly, the solid-state reaction-based synthesis of NaCoO2 by 

Shiprath et al. exhibited a discharge specific capacity of 89 mAh/g at 0.1 C 

in a 2M NaOH solution [11]. This smaller value for discharge specific 

capacity in the aqueous electrolyte is due to the performance of NaCoO2 
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within the limited voltage window of 0.1 V, which will further bring 

constrains in high energy and high-power density-based applications. 

Boddu et al. achieved a maximum discharge capacity of 99 mAh/g at 0.1 C 

for P2-NaCoO2 synthesized via sol-gel in 1M NaClO4 [13]. The 

hydrothermal synthesis of Na0.67CoO2 arrays by Gao et al. showed an areal 

discharge capacity of 1.66 mAh/cm² at a constant current rate of 0.5 

mA/cm² in 1M NaClO4 [12]. Additionally, inverse microemulsion-based 

NaxCoO2 synthesized by Reddy et al. demonstrated an initial discharge 

capacity of 161 mAh/g at 0.1 C during the 1st cycle, however their 

subsequent cycles revealed significant capacity fading. Specifically, the 

discharge capacities at 0.1C for the 2nd, 3rd, 4th, 5th, and 6th cycles dropped 

to approximately 147, 143, 128, 140, and 128 mAh/g, respectively. This 

high-capacity fading, coupled with a more than 20% reduction in specific 

capacity by the 6th cycle, indicated that the material synthesized by Reddy 

et al. suffers from instability during charge/discharge process at 0.1C. 

Moreover, at 0.2C, the material displayed only 80 mAh/g discharge 

capacity during the 1st cycle, which further decreased to 65 mAh/g by the 

3rd cycle, demonstrating additional capacity fading under higher current 

densities.[14] In contrast, the NaCoO2 cathode material synthesized in this 

thesis showed a remarkable consistency in the discharge specific capacities 

for all the cycles of their respective C-rates. In this study, NaCoO2 exhibited 

a specific capacity of 155.85 mAh/g at 0.1C, and importantly, it 

demonstrated exceptional consistent discharge capacities ranging between 

152-156 mAh/g throughout all the five cycles at the same current rate. 

Furthermore, at 0.2C, our material exhibited a discharge specific capacity 

of 100.6 mAh/g, which remained almost stable over all the five cycles 

without significant capacity fading.  
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Figure 4.8 GCD curve (a) for five cycles at 0.1C, (b) at 0.1, 0.15, 0.2, 0.3, 

0.5, and 1C; (c) C-rate performance; (d) discharge energy density; (e) 

dQ/dV curve; (f) charge-discharge time of NaCoO2 cathode in Na/1M-

NaClO4/NaCoO2 cell. 

Other notable reports include Na0.71CoO2 with 120 mAh/g at 0.02 

C.,[29] P2-Na0.74CoO2 with 110.2 and 107 mAh/g at 0.05 and 0.01 C,[30] 

respectively, and sol-gel-synthesized NaxCoO2 with 126 mAh/g at 0.1 C by 

Reddy et al.[16]. The two-step solvothermal synthesis of P2-Na0.7CoO2 

achieved 125 mAh/g at 0.04 C [31] and 137.7 mAh/g at 10 mA/g [32], while 

biosynthesized Na0.57CoO2 showed 57 mAh/g at 0.7 C in aqueous Na2SO4 

electrolyte.[33] All these results are given in Table  4.8. NaCoO2 presented 
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in this thesis demonstrated improved performance compared to the 

previously reported pristine NaCoO2 and its NaxCoO2 derivatives. 

Table 4.8: Comparison table for the electrochemical performances of 

NaxCoO2 cathode materials for SIBs. 

Cathode 

material  

Synthesis 

Methode 

Specific capacity 

(mAh/g) 

Electrolyte Voltage  

(V) 

Ref. 

P2-

NaxCoO2 

Facile 

sodiation, 

calcination 

116.7 mAh/g @ 0.4C 

~107 mAh/g @ 1.0C 

~100 mAh/g @ 2.0C  

1M NaClO4 in 

EC:DMC:EMC=1

:1:1, 2vol% FEC 

2.0-3.8 [28] 

NaCoO2 Solid state 

reaction 

89 mAh/g @ 0.1C 

79 mAh/g @ 0.2 C 

34 mAh/g @ 1.0C 

2M NaOH 0.0-1.0 [11] 

P2-

NaCoO2 

Sol-gel 99 mAh/g @ 0.1C 

96 mAh/g @ 0.5C 

85 mAh/g @ 1.0C 

1M NaClO4 in 

EC:PC=1:1 

 

2.0-4.0 

 

[13] 

Na0.67Co

O2 array 

Hydrotherm

al process 

1.66 mAh/cm2@0.5 

mA/cm2 

123.6 mAh/g @ 1.4C 

100.5 mAh/g @ 2.1 C 

1M NaClO4 in 

EC:DMC:EMC=1

:1:1 with 2 vol % 

FEC 

 

2.0-3.8  

 

[12] 

NaxCoO2 Inverse 

microemulsi

on 

161 @0.1C @ 1st cycle 

129 @ 0.1C@ 4th cycle 

80 mAh/g @ 0.2C 

1M NaClO4 in 

EC:PC=1:1 

 

2.0-4.2 

 

[14] 

Na0.71Co

O2 

Hydrotherm

al  

120 mAh/g @ 0.02C 

~102 mAh/g @ 0.04C 

1M NaClO4 in PC 2.0-3.9V [29] 

Na0.74Co

O2 

Solid state 

reaction 

110.2 mAh/g @ 0.05C 

107 mAh/g @ 0.1C 

1M NaClO4 in 

EC:DMC=1:1 

2.0-3.8 [30] 

NaxCoO2 Sol-gel 126 mAh/g @ 0.1C 

108 mAh/g @ 0.2C 

77 mAh/g @ 0.5C 

1M NaClO4 in 

EC:PC=1:1 

2.0-4.2 [16] 

P2-

Na0.7Co

O2 

Two-step 

solvothermal 

method 

125 mAh/g @ 0.04C 

112 mAh/g @ 0.8C 

84 mAh/g @ 8C 

1M NaClO4 in 

EC:DEC=1:1 

with 5 wt. % FEC 

2.0-3.8 [31] 

P2-

Na0.7Co

O2 

Two-step 

solvothermal 

137.7 mAh/g@10 

mA/g 

69.7 mAh/g@500 

mA/g 

1M NaClO4  2.0-3.8 [32] 

Na0.57Co

O2 

Biosynthesis 57 mAh/g@0.7C at 1st 

cycle 

47 mAh/g@0.7C at 4th 

cycle 

Aqueous Na2SO4 0.0-1.8 [33] 

NaCoO2 Sol-gel 155.9 mAh/g@0.1C  

152.9 mAh/g@0.1C 

(5th cycle) 

136.98 mAh/g@ 0.15C 

100.6 mAh/g @ 0.2C 

78.3 mAh/g @ 0.5C 

1M NaClO4 in 

EC/PC=1:1  

2.0-4.0 Thi

s 

wor

k 
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In 2023, C. Hakim et al. synthesized a series of Na0.7CoxMnyNizO2 

as partially cobalt-substituted cathode materials [34]. According to their 

study, P2-Na0.7Co0.5Mn0.33Ni0.16O2, P2-Na0.7Co0.4Mn0.43Ni0.16O2, P2-

Na0.7Co0.3Mn0.53Ni0.16O2, P2/P3-Na0.7Co0.4Mn0.33Ni0.26O2, and P2/P3-

Na0.3Co0.3Mn0.33Ni0.36O2  delivered the highest discharge capacities of 100, 

97, 88, 91, and 120 mAh/g, respectively at 0.1C, revealing that the specific 

capacity decreases with decreasing Co content in the cathode material [34]. 

P2-Na0.67Co0.5Mn0.5O2, studied by Zhu et al. [35] demonstrated 147 mAh/g 

discharge capacity at 0.1C. The electrochemical studies by Wang et al. on 

P2- Na2/3CoO2, and Na2/3Co0.5Mn0.5O2 reported highest discharge specific 

capacities of about 115, and 125 mAh/g, respectively at 0.1C [36].  

Completely Co replaced cathode material, such as O3-NaCrO2, 

NaCrO2 surface modified with PVDF, and La2(CO3)3.8H2O exhibited 

highest discharge capacities ranging between 111.4-117.7 mAh/g at 0.2C 

[37].  Additionally, the sol-gel synthesized NaCrO2,  studied by Liang et al. 

[38], delivered an initial discharge capacity of 120.7 mAh/g at 0.2C, and 

discharge capacities of 117.8, 110.3, 98.3, and 82.1 mAh/g at 2, 10, 30, and 

50C, respectively. The NaCrO2 nanowires cathode synthesized by Ling et 

al. exhibited discharge capacities of about 122.6, 121.9, and 123.5 mAh/g 

over three consecutive cycles at 0.1 C [39]. Hence, compared to previous 

results, NaCoO2, in this thesis work, exhibited better initial discharge-

specific capacity and C-rate performance by retaining almost consistent 

discharge-specific capacities at all the cycles of the respective C-rates.   

The discharge energy densities for all the discharge cycles of various 

scan rates for NaCoO2 as a potential cathode material for SIBs are shown in 

Figure 4.8 (d). NaCoO2 exhibited the highest discharge energy density 

value of 466.04 Wh/kg at 0.1C. The other highest discharge energy densities 

are 406.96, 298.05, 253.66, 234.95, and 217.28 Wh/kg at 0.15, 0.2, 0.3, 0.5, 

and 1.0 C, respectively. High values of discharge energy density indicated 

the application of NaCoO2 as a cathode for the fabrication of lightweight 

and compact batteries with long operational time. 
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The dQ/dV for the second cycles of all the C-rates are shown in 

Figure 4.8 (e), demonstrating the consistency of oxidation and reduction 

peaks at the same voltages as observed in CV. This consistency indicated a 

high degree of reproducibility and stability in the redox processes, 

regardless of the charging or discharging rates. Furthermore, the close 

alignment between the dQ/dV peaks and CV confirmed the strong 

correlation between GCD and CV results. This further supported the 

potential of NaCoO2 as a promising cathode material for SIBs, capable of 

sustaining high performance across a range of operational conditions. 

Figure 4.8 (f) illustrates the charge and discharge duration during the GCD 

cycles of NaCoO2 at various C-rates. At higher C-rates such as 0.3 C, 0.5 

C, and 1.0 C, the charge and discharge times were nearly identical across 

all five cycles, indicating stable and consistent electrochemical behaviour 

under these conditions. However, at lower C-rates like 0.1C and 0.15C, the 

charging time exceeds the discharging time, with a more pronounced 

difference observed at 0.1C compared to 0.15C. This discrepancy suggested 

that at lower C-rates, the cell experienced slower ion kinetics during 

charging, leading to longer charging durations relative to discharging. 

However, at 0.2C, the discharge duration was almost twice that of the 

charging across all five cycles. This can be attributed to the potential 

asymmetry in the electrode reaction kinetics or the gradual buildup of 

polarization during the charging process. This imbalance may result in more 

efficient utilization of the cathode material during discharge, thereby 

enhancing the discharge capacity relative to the charge capacity. This 

imbalance may result in more efficient utilization of the cathode material 

during discharge, thereby enhancing the discharge capacity relative to the 

charge capacity. Consequently, the extended discharge duration at 0.2 C 

suggests that NaCoO2 can deliver improved electrochemical performance, 

particularly in terms of sustaining higher specific capacities and 

maintaining efficient charge-discharge cycles over extended application. 
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4.4 Conclusions 

In conclusion, in this chapter of the thesis work, a phase pure P2-

NaCoO2 was synthesized by improving the calcination temperature via the 

sol-gel technique. An extensive physicochemical characterization revealed 

a well-ordered, highly crystalline, and P63/mmc hexagonal symmetry of 

NaCoO2 for the improved calcination temperature of 800ºC for 12 hr, 

suitable for highly reversible Na+ intercalation/deintercalation in SIBs. 

NaCoO2 exhibited a desired stoichiometry with a hexagonal particle shape 

in the particle size distribution of 5.07-23.99 μm with an average particle 

size of 12.091 μm. Further physical and chemical analyses supported each 

other and indicated the presence of respective elements with their standard 

characteristics and vibrational modes in the symmetry elements. The CV 

analysis of the NaCoO2 cathode demonstrated multiple redox peaks for 

Co3+/Co4+ redox couple corresponding to a multiphase transition with ultra-

high structural and electrochemical stabilities. The power law and Dunn’s 

plotting revealed the battery type and the diffusion-controlled 

characteristics of the cathode material. NaCoO2 as a cathode possessed a 

very small value for the solution and charge transfer resistance, indicating 

the good state of health and conductivity of the electrolyte and overall cell. 

The fabricated cell exhibited a very small value of 8.864x10-9 and 8.864x10-

9 F of double-layer capacitance before and after CV, respectively, 

representing the potential application of high energy density and slow 

discharge of the cell. It exhibited a high discharge capacity of 155.85 mAh/g 

at 0.1 C with an excellent discharge capacity retention for all the C-rates. 

The discharge-specific capacities remain almost the same for all the 

discharge cycles of the respective C-rate. The cathode material 

demonstrates outstanding discharge-specific capacity retention at higher C-

rates by showing a high specific capacity of 136.98, 100.6, 84.78, 78.31, 

and 72.46 at 0.15, 0.2, 0.3, 0.5, and 1.0C, respectively. The highest achieved 

discharge-specific capacities and their capacity retention at all the C-rates 

were much better than the previously reported literature. NaCoO2 



135 
 

demonstrated the highest discharge energy density of 466.04 Wh/kg at 

0.1C. The discharge duration at 0.2C was almost twice than the charging 

duration. The high value of discharge-specific capacity, energy density, and 

this consistency over various C-rates, is due to the improved calcination 

temperature which yielded a highly crystalline P2-NaCoO2 with the desired 

stoichiometry and uniform particle shape throughout the material. The 

above analyses revealed the potential utilization of NaCoO2 as the high-

capacity cathode material for the development of lightweight and compact 

batteries with long operational stability. 
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CHAPTER 5 

Multi-Transition Metal Co-

substituted-NaxCo0.5Fe0.25Mn0.25O2 

as a High Cycle Life Cathode 

for Sodium-Ion Batteries 

This chapter provides an investigation into the reduction of Co 

content to 50% of the original TM oxide by co-substituting it 50% with Fe 

and Mn. Hence, this chapter presents the synthesis of multi-TM co-

substituted NaxCo0.5Fe0.25Mn0.25O2 through a solid-state method and 

explores its physicochemical and electrochemical features as a cathode 

material for SIBs. Physicochemical characterization revealed the P3-

NaxCo0.5Fe0.25Mn0.25O2 structure with multiple crystal symmetries and high-

order crystallinity, suitable for enhanced Na+-ion intercalation and 

deintercalation. CV study revealed M3+/M4+ (where M=Co0.5Fe0.25Mn0.25) 

redox couple with an excellent structural reversibility. The EIS analysis 

suggested excellent compatibility of the electrolyte with the cathode, 

showing a good state of health, a low value of resistance offered to the cell, 

and a very negligible double-layer capacitance. The GCD interpretations 

reveal that NaxCo0.5Fe0.25Mn0.25O2 delivered a significant rate capability 

and a high discharge capacity of 94.22 mAh/g at 0.05C by maintaining 

stable performance across a range of C-rates. The material exhibited high 

Coulombic efficiency and impressive energy densities, with a maximum 

discharge energy density of 279.82 Wh/kg at 0.05C. Considerably, 

NaxCo0.5Fe0.25Mn0.25O2 demonstrated excellent cycle life, retaining 92.2, 

78.4, 53.9, 39.4, and 28.3% of initial discharge capacity at 100th, 200th, 

300th, 400th
, and 500th cycles, respectively, owing to the synergistic effect of 

co-substituted multi-transitional metals. 
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5.1 Introduction 

There are many works reported on single TM-based NaxCoO2 , 

NaxFeO2 , NaxMnO2 , and Co, Fe, and Mn co-substituted cathode materials 

[1–6]. P2-NaxCoO2 has shown promising initial specific capacities and 

satisfactory C-rate performance and capacity retention over numerous 

cycles [7–11]. Due to the toxicity, high cost, and environmental concerns 

associated with Co, research is shifting toward earth-abundant TM like Mn 

and Fe. NaxMnO2, with 3D Na+-ion diffusion pathways and layered 

structure, offers high initial capacities (e.g., 190 mAh/g for β-NaMnO2) 

[12,13], but cycling stability is hindered by the Jahn-Teller effect of Mn3+ 

state [12]. Orthorhombic Na0.44MnO2 demonstrates better cycling stability 

compared to β-NaMnO2 [2,14]. Similarly, NaxFeO2 leverages the Fe3+/Fe4+ 

redox couple but suffers from phase transitions, water reactivity, and 

capacity fading [15,16]. To address these limitations and reduce Co content, 

co-substituted multi-TM oxides are being explored with a focus on 

enhancing structural stability, improving electrochemical performance, 

cycle life, and reducing the overall cost.  

The O3- Na[Fe1/2Mn1/2]O2 and P2-Na2/3[Mn1/2Fe1/2]O2 reported by 

Yabuuchi et al. [17] exhibited a high discharge capacity of ~110 and ~190 

mAh/g, respectively at 12 mA/g based on M3+/M4+ (M=Fe0.5Mn0.5) redox 

couple. However, it exhibited poor cyclability and high-capacity loss and 

retained only ~74% and 64% of its initial capacities at the 30th cycle at 13 

mA/g. Similarly, P2-Na0.5[Ni0.23Fe0.13Mn0.63]O2 studied by Hasa et al. [18] 

exhibited an initial capacity of ~200 and 175 mAh/g at 0.33C and 0.5C, 

respectively. An initial capacity retention of ~72% is achieved for 100 

cycles at 0.5C due to the use of Ni. At 5C, it maintained a capacity of 60 

mAh/g. P2-type Na0.67Fe0.2Ni0.15Mn0.65O2 studied by Yuan et al. [19] 

demonstrated a capacity of 208 mAh/g and retained ~71% capacity over 50 

cycles. Although the combination of Mn and Fe shows an enhanced initial 

specific capacity, the high and fast capacity fading, even at a low number 

of cycles, is a severe challenge. The combination of Co and Mn in 
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Na0.67Co1/2Mn1/2O2 investigated by Zhu et al. [6] exhibited a high capacity 

of 147 mAh/g at 0.1C and satisfying capacity retention of about 100% for 

over 100 cycles at 1C. Na2/3Mn0.5Co0.5O2, synthesized by Yamada et al. [20] 

achieved a high discharge capacity of 123 mAh/g at 30 mA/g, however, the 

capacity reduces to 85 mAh/g showing a poor initial capacity retention of 

only ~61% of the initial capacity at a low cycle number of 30. This indicated 

that the co-substitution of Mn and Co could enhance the cycle life 

performance of the cathode material. Nevertheless, for practical 

applications, further improvements in both cyclic life and high-rate 

performance are essential. Again, effectively controlling phase transitions 

during the desodiation and sodiation processes was another critical 

challenge for making SIBs viable for real-world applications. Hence, 

despite considerable progress, there is still significant challenges in 

identifying cathodes that offer a combination of satisfying electrochemical 

performance and robust structural and cycle life stability for SIBs. 

Mn-based layered cathodes are known to suffer from challenges 

such as high-capacity fading, structural strain caused by the Jahn–Teller 

effect of Mn3+ ions, and possible Mn dissolution in the electrolyte 

[1,2,12,13,21,22]. However, recent advancements such as doping, partial 

elemental substitution, surface and defect engineering, electrolyte 

optimization, etc., provided potential and actionable pathways to enhance 

the stability and high-capacity retention of the Mn-based cathode materials 

while minimizing the structural strain caused by the Jahn-Teller effect of 

Mn3+ [1,6,13]. This Jahn-Teller effect arises due to the asymmetric electron 

occupancy in the high energy eg orbitals that lead to the distortion in the 

MnO6 octahedral units and an irreversible phase transition. This John-Taller 

effect and the electrolyte decomposition in such Mn-based layered oxides 

could be mitigated through the effective strategy of multi-elemental doping 

to reduce the significant volume changes. As a result, in this chapter of the 

thesis work, we have attempted to mitigate these issues through multi-TM  

co-substitution of Co and Fe alongside Mn in NaxCo0.5Fe0.25Mn0.25O2 
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cathode material for SIBs. With the high amount substitution of Co3+ and 

Fe3+ ions, the concentration of Jahn-Teller-active Mn3+ ions gets reduced as 

a result the structural strain associated with the lattice gets minimized giving 

rise to a stabilized lattice structure. Further, the synergistic effect of multiple 

TM enhances the structural integrity of the material and provides better Na+-

ion diffusion kinetics that help to reduce the high capacity fading during the 

cycling process. Again, the NaxCo0.5Fe0.25Mn0.25O2 as cathode is 

synthesized at high temperature of calcination promoted a strong metal 

oxide bonding and high crystalline that stabilized the host structure to 

suppress its dissolution in the electrolyte. 

Hence synergistic effect of multiple TM co-substitution 

significantly enhances electrochemical performances. Based on the 

advantages of high structural integrity and electronic conductivity of Co, 

the abundance, and cycle life enhancement features of Fe, and the cost-

effectiveness and high working voltage window of Mn, we co-substituted 

these elements in NaxCo0.5Fe0.25Mn0.25O2. Co, Fe, and Mn were substituted 

in a proportion of 2:1:1 to minimize Co content while enhancing the 

synergistic effect of these metals in optimizing performance. It was 

synthesized using a simple solid-state method with a two-step heating 

approach. Fe and Mn were selected for co-substitution in 

NaxCo0.5Fe0.25Mn0.25O2 owing to their abundance, economical cost, and 

electrochemical activity via the Fe3+/Fe4+ and Mn3+/Mn4+ redox couples. 

Notably, Fe and Mn are both TMs with partially filled 3d orbitals that 

introduce electronic interactions and spin states susceptible to affecting the 

charge compensation mechanism and Na+-ion diffusion. Specifically, Mn3+ 

is Jahn-Teller active, and its cooperative distortion results in structural 

strain; however, through co-substitution with Fe3+ and Co3+, Mn3+ 

concentration is decreased, thus suppressing Jahn-Teller-induced lattice 

instabilities. In terms of magnetism, whereas magnetic interactions (those 

resulting from localized 3d electrons on Mn and Fe) are in secondary 

position to electrochemical properties in this research, they indirectly 
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influence electronic conductivity and charge delocalization, thus providing 

structural stability upon cycling. Substitution with a non-magnetic ion 

(Al3+, Ti4+, or Mg2+) can inhibit structural distortions by playing the role of 

an electrochemically inactive stabilizer. Nevertheless, such non-magnetic 

substitutions tend to dilute the redox-active sites, reducing the overall 

specific capacity. Our approach thus balanced the structural stability 

(through partial Co and Fe substitution) with the preservation of enough 

redox-active ions to maintain high capacity and rate performance. 

Therefore, the motivation for choosing Fe and Mn over nonmagnetic ions 

was to harness their redox activity, abundance, and synergistic stabilizing 

effects while keeping the negative effect of Mn3+ Jahn-Teller distortions to 

a bare minimum. Magnetism, while secondary, plays a supporting role 

through its influence on electron correlations and spin states in the 

transition-metal layers. Physicochemical analyses were done to investigate 

the structural, morphological, and chemical properties. The electrochemical 

performances of NaxCo0.5Fe0.25Mn0.25O2 cathode for SIB were explored in 

sodium half-cells. It demonstrated a high discharge capacity of 94.22 

mAh/g at 0.05C due to the M3+/M4+ (M=Co0.5Fe0.25Mn0.25) redox couple. 

Notably, it also showed a high discharge energy density of 279.82 Wh/kg 

at 0.05C and an outstanding C-rate performance. It also demonstrated an 

excellent cycle life by maintaining about 92.2, 78.4, 53.9, 39.4, and 28.3% 

of its initial discharge-specific capacities at the 100, 200, 300, 400, and 500th 

cycles, respectively. These results underscored the material’s potential as a 

cost-effective cathode for SIBs. 

5.2 Experimental Section 

 The experimental details, including preparation  through solid-state 

method, advanced techniques for physicochemical characterizations, slurry 

preparation, drying, electrode cutting, fabrication of NaxCo0.5Fe0.25Mn0.25O2 

cathode in CR2032 half-cells, and the characterization techniques used for 

its electrochemical properties investigation are explained in the Chapter 2. 
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5.3 Results and Discussions 

5.3.1 Phase Purity and Crystal Structure Studies 

 The XRD pattern of NaxCo0.5Fe0.25Mn0.25O2 cathode material (black 

color) is depicted in Figure 5.1 (a). It possessed a combination of 

rhombohedral and hexagonal phases of R-3m and P63/mmc symmetry, 

respectively. All the obtained peaks were well indexed to these symmetries, 

indicating the formation and a well-ordered crystalline arrangement of the 

material. The highest intense peaks for NaxCo0.5Fe0.25Mn0.25O2 material 

were observed at the lattice planes of (002), (006), (100), (101), (102), 

(103), and (015) at 2θs of 16.04º, 32.29º, 35.70º, 37.03º, 38.38º, 40.44º, 

41.72º, and 45.99º, respectively followed by other peaks as shown in the 

XRD pattern. Among them, the (006) lattice plane extending in 2θ from 

31.62º to 33.20º had the highest FWHM and comparative intensity. This 

indicated that the maximum number of crystal lattices was most probably 

arranged in the (006) lattice plane. The reference XRD pattern of Na0.6CoO2 

(red color), Na0.61CoO2 (green color), and NaMnO2 (blue color) was used 

to match with the obtained peaks of NaxCo0.5Fe0.25Mn0.25O2. 

The structural refinement of NaxCo0.5Fe0.25Mn0.25O2 is depicted in 

Figure 5.1 (b). XRD pattern of NaxCo0.5Fe0.25Mn0.25O2 was well-fitted to 

the referenced material with a chi-square of 2.64. This further indicated the 

high crystallinity and the formation of a double phase due to the co-

substitution of Co, Fe, and Mn. Table 5.1 represents the lattice parameters 

of NaxCo0.5Fe0.25Mn0.25O2 from the refinement studies and was compared 

with those of pristine NaCoO2 reported in the literature.  
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Figure 5.1 (a) XRD pattern of as-prepared NaxCo0.5Fe0.25Mn0.25O2; (b) 

XRD structural refinement of NaxCo0.5Fe0.25Mn0.25O2; (c) side view for the 

polyhedral crystal structures; and (d) top view for the polyhedral crystal 

structures of P3-type NaxCo0.5Fe0.25Mn0.25O2.  

Table 5.1: Refinement lattice information of NaxCo0.5Fe0.25Mn0.25O2.  

Parameters NaxCo0.5Fe0.25Mn0.25O2 NaCoO2 

a (Å) 2.840 2.833[23], 2.82[24], 

b (Å) 2.840 2.833[23], 2.82[24],  

c (Å) 16.634 10.89[24], 

10.880[23] 

α (º) 90 90[23,24] 

β (º) 90 90[23,24] 

γ (º)  120 120[23,24] 

V (Å3) 116.198 75.07[23,24] 

ρ (g/cm3) 7.497 - 

Symmetry  R-3m + P63/mmc P63/mmc[23,24] 
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The side and top view of the polyhedral lattice structure of 

NaxCo0.5Fe0.25Mn0.25O2 material are demonstrated in Figures 5.1 (c-d). It 

possessed three district MO6 (M=Co0.5Fe0.25Mn0.25) octahedral layers and 

the NaO6 octahedral were arranged in between these MO6 layers in a 

prismatic manner, forming a P3-NaxCo0.5Fe0.25Mn0.25O2 structure. In this 

configuration, Na+-ions occupied prismatic sites that were strategically 

situated between adjacent metal oxide sheets of CoO6, FeO6, and MnO6 

polyhedral units in a layered architecture. Table 5.2 represents the lattice 

arrangement in NaxCo0.5Fe0.25Mn0.25O2 including the position of atoms, 

multiplicity, and occupancy through the XRD refinement. Here X, Y, and 

Z are the cartesian coordinates and a, b, and c are their respective lattice 

constants as given in Table 5.1. 

Table 5.2: Lattice arrangement information for NaxCo0.5Fe0.25Mn0.25O2 for 

phase R-3m from the XRD refinement. 

Lattices Multiplicities X/a Y/b Z/c Occupancies 

O2 3 0.000 0.000 0.618 1.000 

O1 3 0.000 0.000 0.382 0.926 

Co1 3 0.000 0.000 0.000 0.502 

Mn1 3 0.000 0.000 0.000 0.251 

Fe1 3 0.000 0.000 0.000 0.241 

Na1 3 0.000 0.000 0.844 0.652 

 

5.3.2 Particle Morphology and Composition Studies 

 FESEM images of the particles of NaxCo0.5Fe0.25Mn0.25O2 at a 

magnification of 100,000x, 20,000x, and 10,000x are shown in Figure 5.2 

(a-c). These particles exhibited a smooth surface morphology with a 

combination of hexagonal and rodlike structures. The coexistence of 

morphologies was due to the presence of multiple phases as explained in 

the above phase purity and crystal analysis section. The smooth and uniform 

surface morphologies of NaxCo0.5Fe0.25Mn0.25O2 facilitated fast ion 

transport and stable electrode-electrolyte interface formation. Although the 



149 
 

solid-state synthesis method has limitations as it produces large particle size 

with rough surface morphology, the particle size distribution of our 

synthesized NaxCo0.5Fe0.25Mn0.25O2 material lied within a narrow range of 

0.1-0.6 μm, having ~0.33 μm average size of the particles indicating the 

uniform, fine, and highly homogeneous formation as displayed in Figure 

5.2 (d). This uniformity in particle size is crucial for achieving consistent 

electrochemical behaviour and efficient Na⁺-ion kinetics. 

 

Figure 5.2 (a-c) FESEM images of NaxCo0.5Fe0.25Mn0.25O2 at various 

magnifications; (d) Particle size distribution profile; (e) EDS profile; (f-g) 

color distribution profile and color mapping of Co, Fe, Mn, O, and Na in 

NaxCo0.5Fe0.25Mn0.25O2 material. 

The uniform particle size of NaxCo0.5Fe0.25Mn0.25O2 resulted in due 

to the substitution of Co, Fe, and Mn promoted enhanced particle and crystal 

growth, resulting in higher crystallinity. The synergistic presence of 
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multiple symmetries, well-ordered crystallinity as analyzed through XRD 

and the formation of uniform particle distribution were expected to enhance 

Na+-ion insertion/extraction during the cell performance. These features 

contributed to further enhance the structural stability and cycle life of 

NaxCo0.5Fe0.25Mn0.25O2 cathode. 

The uniformity in the spatial elemental distribution of Na, Co, Fe, 

Mn, and O throughout the materials and the nominal elemental composition 

of the material were studied through EDX and elemental color mapping as 

illustrated in Figure 5.2 (e-g). The EDS spectrum for 

NaxCo0.5Fe0.25Mn0.25O2 confirmed the presence of Na, Co, Fe, Mn and O in 

22.0, 11.1, 7.3, 8.7, and 51.0 atomic%, respectively. With this, the 

synthesized material had a stoichiometry of Na0.81Co0.41Fe0.27Mn0.32O1.88 

which had near-stoichiometric proportions as our desired material. Figure 

5.3 (f) represents the uniform and even elemental distribution of all the 

elements across the synthesized material, and further, the elemental 

mapping (Figure 5.3 (g)) highlights a homogeneous distribution of each 

element across the particles, clearly representing the uniform particle 

formation inside the material of interest. 

5.3.3 TEM/HRTEM: Atomic Arrangement Analysis 

Further detailed analysis for the structural morphology, shape, and 

size, lattice fringes, and ordered atomic arrangement of 

NaxCo0.5Fe0.25Mn0.25O2 at the atomic level was performed through the TEM 

and HRTEM as depicted in Figure 5.3. The TEM images in Figures 5.3 (a-

b) at different magnifications displayed the clear particle morphology and 

size of NaxCo0.5Fe0.25Mn0.25O2. The TEM images also revealed the 

coexistence of hexagonal and rod-like morphology of particles and the sizes 

were consistent as explained in through FESEM. These different 

morphologies were due to the formation of hexagonal and rhombohedral 

phases of the material with the P63/mms and R-3m crystal symmetry. The 

SAED pattern of NaxCo0.5Fe0.25Mn0.25O2, shown in Figure 5.3 (c), 

illustrated the reciprocal lattice plane. The 2D-Brillouin zones in the 
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reciprocal lattice of SAED patterns are also observed to have a hexagonal 

shape supporting our above analyses. The measured ‘d-spacing’ from the 

SAED pattern was ~2.6 Å corresponding to (006) planes of the R-3m crystal 

phase structure. Moreover, the SAED pattern demonstrated the crystalline 

nature of the material with desired symmetry. This analysis further 

supported our findings and explanations as discussed in the above XRD 

analysis. 

 

Figure 5.3 (a-b) TEM images; (c) SAED pattern; (d-e) HRTEM images at 

various locations of NaxCo0.5Fe0.25Mn0.25O2. 

The HRTEM images in Figures 5.3 (d-e) show distinct lattice 

fringes for atomic arrangements taken at various locations of different 

particles. The magnified view of the atomic arrangement in Figure 5.3 (d) 

clearly showed atomic lattice fringes, with a ‘d-spacing’ of ~2.7 Å. 
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Similarly, the ‘d-spacing’ value for the other particles was found to be ~2.6 

Å as displayed in Figure 5.3 (e). The d-spacing value of ~2.6-2.7 Å was in 

resonance with the SAED profile and with the intense peak with high 

FWHM at (006) of XRD analysis. This consistency revealed the crystalline 

feature of NaxCo0.5Fe0.25Mn0.25O2 material. The sharp and well-defined 

lattice fringes reflected orderly atomic arrangement, crucial for enhancing 

electrochemical properties such as fast Na+-ion migration, structural 

stability, and enhancement of cycle life performance of 

NaxCo0.5Fe0.25Mn0.25O2 cathode material for SIBs. 

5.3.4 Chemical State Analysis Through XPS 

The presence of individual elements and their chemical state 

analysis such as oxidation states in NaxCo0.5Fe0.25Mn0.25O2 were done 

through XPS as depicted via Figure 5.4. XPS spectrum in Figure 5.4 (a), 

spans over broad BE of 0-1300 eV, confirming the presence of all the 

expected elements. Apart from the main constituent elements, a distinct 

peak for electrons in the C-1s orbital was observed, which was attributed to 

the sample holder and used as a reference. The high-scan XPS spectra of 

the various atoms in NaxCo0.5Fe0.25Mn0.25O2 are shown in Figure 5.4 (b-f). 

The BE of electrons in Na-1s orbital was at 1070.5 eV, (Figure 5.4 (b)), 

representing the ‘+1’ oxidation state of Na in NaxCo0.5Fe0.25Mn0.25O2 

material. Co-2p orbital of Co revealed the existence of Co3+ oxidation, with 

a spin-orbit coupling splitting into Co-2p3/2 and Co-2p1/2, with BE of 794.1 

eV and 779.1 eV, and ΔE of 15 eV (Figure 5 (c)). High scan XPS spectrum 

of Fe-2p represents the Fe3+ oxidation state of Fe with a spin-orbital 

coupling splitting characteristic peak at 724.1 and 710.4 eV for Fe-2p1/2 and 

Fe-2p3/2, respectively having ΔE = 13.7 eV as shown in Figure 5.4 (d). 

Similarly, the characteristic peaks for Mn-2p orbital were observed at 653.5 

and 641.8 eV for the spin-down Fe-2p1/2 and spin-up Fe-2p3/2 orbitals, 

respectively with ΔE = 11.7 eV. These characteristic peaks of Mn revealed 

its ‘+3’ oxidation state (Figure 5.4 (e)). The characteristic satellite peaks 

for all these TMs were observed at their respective locations.  The position 
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of these characteristic satellite peaks further confirmed the +3 oxidation 

state TMs before battery operation. During the charging process, these ‘+3’ 

oxidation states of Co, Fe, and Mn in NaxCo0.5Fe0.25Mn0.25O2 gets transition 

to ‘+4’ oxidation state, confirming that the electrochemical behaviour of 

NaxCo0.5Fe0.25Mn0.25O2 cathode material in SIBs is primarily driven by the 

M3+/M4+ (M=Co0.5Fe0.25Mn0.25) redox couple. 

 

Figure 5.4 XPS spectra of (a) NaxCo0.5Fe0.25Mn0.25O2; (b) Na-1s; (c) Co-2p 

orbital; (d) Fe-2p orbital; (e) Mn-2p orbital; and (f) O-1s. 
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 The ‘O-1s’ XPS spectrum in Figure 5.4 (f) represents a major 

characteristic peak at 529 eV, along with a lower-intense peak 

corresponding to ‘O=C=O’ bonding, indicating the ‘-2’ oxidation state of O 

in the as-synthesized material. These binding energies are summarized in 

Table 5.3. The comprehensive XPS study confirmed the existence and 

distribution of atoms and respective chemical states in 

NaxCo0.5Fe0.25Mn0.25O2 for its potential application as cathode in SIBs. 

Table 5.3: Electron BE of elements and their oxidation state in as prepared 

NaxCo0.5Fe0.25Mn0.25O2 cathode material. 

Elements Orbital Orbital 

splitting 

BE characteristic peak (eV) Oxidation 

state 

Na Na-1s No 1070.5 +1 

Co Co-2p Yes Co-2p1/2 (794.1), Co-2p1/2 (779.1) +3 

Fe Fe-2p Yes Fe-2p1/2 (724.1), Fe-2p1/2 (710.4) +3 

Mn Mn-2p Yes Mn-2p1/2 (653.5), Mn-2p1/2 (641.8) +3 

O O-1s No 529.0 -2 

5.4 Electrochemical Performances Analysis 

5.4.1 CV Studies 

Electrochemical redox behaviour of NaxCo0.5Fe0.25Mn0.25O2 was 

studied using CV, as illustrated in Figure 5.5. CV measurements were 

conducted at four different scan rates of 0.1, 0.5, 1.0, and 5 mV/s in 2.0-4.2 

V. The CV profile for the three charge and discharge cycles for the lowest 

scan rate of 0.1 mV/s is presented in Figure 5.5 (a). The redox peaks for all 

cycles were located at identical positions of voltages and overlapped with 

one another, demonstrating the highly electrochemical reversible 

characteristics and the structural integrity of NaxCo0.5Fe0.25Mn0.25O2 as 

cathode for SIBs during. The series of redox pairs of 2.41V/2.23V, 

2.48V/2.37V, 2.57V/2.49V, 2.72V/2.63V, 2.98V/2.91V, 3.3V/3.22V, 

3.39V/3.34V, 3.7V/3.61V, 3.92V/3.8V, and 3.99V/3.94V representing the 

oxidation/reduction peaks corresponded to the reversible multiple phase 

transition during battery performance.  
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Figure 5.5 CV at (a) 0.1 mV/s, (b) 0.5 mV/s, 1.0 mV/s, and 5.0 mV/s; (c) 

log (υ) versus log(ip) graph for NaxCo0.5Fe0.25Mn0.25O2 cathode. 

The redox process followed the same pathway and exhibited the 

redox pairs at the same voltage, representing the high structural integrity 

and stability of NaxCo0.5Fe0.25Mn0.25O2 cathode. During the process of 

charging, the ‘+3’ oxidation state of the TM elements oxidized into ‘+4’, 

and during discharging these TM elements further reduced from the ‘+4’ 

oxidation state to ‘+3’. Hence the electrochemical performances of 

NaxCo0.5Fe0.25Mn0.25O2 cathode was due to the M3+/M4+ (where, 

M=Co0.5Fe0.25Mn0.25) redox couples and the peaks resulted in due to the 

multiple stable phase transitions during Na+ ion extraction/insertion from/to 

the NaxCo0.5Fe0.25Mn0.25O2 cathode material. The further CV graphs at other 

higher scans of 0.5, 1.0, and 5.0 V for their respective three 

charge/discharge cycles are represented in Figure 5.5 (b). The redox peaks 
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were observed to be present at the same voltage with respect to Na/Na+ for 

these higher scan rates as that of 0.1 mV/s, indicating the existence of stable 

phase of NaxCo0.5Fe0.25Mn0.25O2 with exceptional reversibility in the redox 

reactions. This enhanced redox reversibility assisted in the high structural 

stability and an improved cycle life performance. Further, the increase in 

the area under the CV curve as well as the current densities of the redox 

peaks with an increase in the scan rates reflected the higher charge transfer 

and diffusion-controlled processes. 

The CV analysis was extended to investigate the diffusion kinetics 

of Na⁺-ions in using the Randles–Sevcik equation [25,26]. It provided a 

linear relationship between peak current (ip) and the square root of scan rate 

(ν1/2) as given in equation 5.1 and 5.2. 

ip = (2.69 × 105) A n (D n υ)
1

2  …. …. …. (5.1)  

Or the diffusion constant of Na+-ions is given by, 

D = [
1

(2.69×105) A C n
3
2

 . (
ip

υ
1
2

)]

2

…. …. …. (5.2)  

 Through the above equations, the Na+-ion diffusion constant value 

for charging and discharging processes were found to be 3.612×10-10 and 

1.468×10-10 cm2/s, respectively. We further extended our study for the 

electrochemical behaviour of NaxCo0.5Fe0.25Mn0.25O2 using the Power-Law 

equation (equation 5.3). Constants ‘a’, and ‘b’ were determined from the 

figure given in Figure 5.5 (c). The value of b=0.5 or near 0.5 suggests 

battery-type behavior, b=1 or near 1 represents the capacitive behavior, and 

a 0.5 to 1 value reflects a combination of both behaviors. 

𝑖𝑝𝑒𝑎𝑘 = 𝑎. (𝜈)𝑏  …. …. …. (5.3)  

For the NaxCo0.5Fe0.25Mn0.25O2 cathode material, we obtained ‘b’ 

values of 0.674 and 0.748 for the highest intense peak of oxidation and 

reduction, respectively, indicating that NaxCo0.5Fe0.25Mn0.25O2 primarily 

showed inductive type behaviour during its electrochemical performances 

with an efficient charge transfer through the intercalation/deintercalation of 

Na+-ions.  
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5.4.2 GCD Studies  

Electrochemical features of NaxCo0.5Fe0.25Mn0.25O2 as a potential 

cathode for SIB in Na/1M-NaClO4/NaxCo0.5Fe0.25Mn0.25O2 cell was 

analyzed through GCD at various current densities of 0.05 C (~11.95 

mA/g), 0.1 C (~23.9 mA/g), 0.2 C (~47.79 mA/g), 0.3 C (~71.69 mA/g), 

0.5 C (~119.49 mA/g), 0.8 C (191.18 mA/g), 1 C (~238.97 mA/g), and 2 C 

(~477.95 mA/g) in a voltage range of 2.0-4.2 V, as represented in Figure 

5.6. The charge/discharge specific capacity of all the five respective cycles 

representing to these current rates are presented in Figure 5.6 (a). 

NaxCo0.5Fe0.25Mn0.25O2 as cathode material demonstrated excellent rate 

tolerance across all C-rates. A consistent charge/discharge capacity is 

detected for all five cycles of C-rates which highlights the stable 

electrochemical behaviour and structural integrity of 

NaxCo0.5Fe0.25Mn0.25O2 cathode material. It exhibits the highest initial 

charge and discharge capacities of 114.52 and 94.22 mAh/g, respectively, 

at 0.05C. The other high charge/discharge capacities were 93.29/85.94, 

85.98/78.94, 77.92/72.71, 71.19/65.59, 63.33/59.48, 58.16/56.29, and 

52.13/47.6 at 0.1, 0.2, 0.5, 0.8, 1, and 2 C, respectively, as shown by the 

GCD profile in Figure 5.6 (b) and given in Table 5.4.  

Figure 5.6 (c) represents ‘dQ/dV’ pattern for the first 

charge/discharge cycles. The observed oxidation and reduction peaks 

appeared at identical voltages as in CV, highlighting the reproducibility of 

these redox activities. This consistency underscored the stability of the 

redox behaviour, irrespective of the applied charge/discharge rates. These 

findings additionally established NaxCo0.5Fe0.25Mn0.25O2 as a highly 

potential cathode material for SIBs, demonstrating excellent performance 

in terms of high capacity, structural stability, and high cycle life 

performance. 
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Table 5.4: Specific capacities and Coulombic efficiencies of our material. 

C-

rates 

Number 

of cycles 

Specific capacity (mAh/g) Coulombic 

Efficiency (%) Charging Discharging 

 

 

0.05C 

(1) 

(2) 

(3) 

(4) 

(5) 

114.52 

105.99 

102.17 

98.7 

96.39 

94.22 

93.17 

92.12 

92.24 

89.55 

82.27 

87.90 

90.17 

93.46 

92.90 

 

 

0.1C 

(1) 

(2) 

(3) 

(4) 

(5) 

93.29 

88.62 

88.01 

87.48 

87.09 

85.94 

85.52 

85.21 

84.89 

84.49 

92.12 

96.50 

96.83 

97.04 

97.01 

 

 

0.2 C 

(1) 

(2) 

(3) 

(4) 

(5) 

85.98 

80.11 

79.78 

79.66 

79.86 

78.94 

78.67 

78.38 

78.69 

77.87 

91.81 

98.20 

98.24 

98.78 

97.52 

 

 

0.3 C 

(1) 

(2) 

(3) 

(4) 

(5) 

77.92 

73.44 

73.42 

73.14 

72.82 

72.71 

72.7 

72.43 

72.08 

71.85 

93.31 

99.00 

98.66 

98.56 

98.67 

 

 

0.5 C 

(1) 

(2) 

(3) 

(4) 

(5) 

71.19 

66.13 

66.04 

65.81 

65.85 

65.59 

65.53 

65.34 

65.38 

65.23 

92.14 

99.09 

98.90 

99.35 

99.06 

 

 

0.8 C 

(1) 

(2) 

(3) 

(4) 

(5) 

63.66 

59.93 

59.61 

59.49 

59.37 

59.48 

59.28 

59.16 

59.07 

58.99 

93.43 

98.92 

99.24 

99.30 

99.35 

 

 

1C 

(1) 

(2) 

(3) 

(4) 

(5) 

58.16 

56.6 

56.4 

56.35 

56.27 

56.29 

56.14 

56.09 

56.03 

55.92 

96.78 

99.18 

99.44 

99.44 

99.38 

 

 

2C 

(1) 

(2) 

(3) 

(4) 

(5) 

52.13 

47.97 

47.69 

47.49 

47.33 

47.6 

47.52 

47.33 

47.2 

47.12 

91.31 

99.04 

99.25 

99.41 

99.56 
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Figure 5.6 (a) GCD curve at 0.05, 0.1, 0.2, 0.3, 0.5, 0.8, 1, and 2 C, (b) 

GCD curve for highest specific capacities; (c) dQ/dV profile; (d) 

charge/discharge time profile; (e) C-rate performance; (f) charge/discharge 

energy density of NaxCo0.5Fe0.25Mn0.25O2 cathode. 

The charge and discharge duration profile for the 1st cycle during the 

GCD studies at different C-rates are represented in Figure 5.6 (d). For all 

the charge/discharge cycles of different C-rates, the time for charging and 

discharging of the cell remains almost the same, suggesting the stable and 

reproducible electrochemical performance. At 0.05 C, it took about 9 hr 57 

minutes to get fully charged and about 8 hr 11 minutes to get fully 
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discharged, whereas it took only 3 hours 39 minutes to fully charge and 3 

hr 32 minutes to get fully discharged at 0.1 C. This high discharge time 

indicates the practical application of NaxCo0.5Fe0.25Mn0.25O2 cathode 

material having long-term discharge applications. 

The C-rate performance, representing the charge and discharge 

specific capacities the C-rates of 0.05C, 0.1C, 0.2C, 0.3C, 0.5 C, 0.8C, 1C, 

2C, 0.1 C, and 0.05C are displayed in Figure 5.6 (e).  In addition, the exact 

values are also summarized in Table 5.4. NaxCo0.5Fe0.25Mn0.25O2 showed 

nearly similar values of specific capacities at every cycle of current densities 

(i.e., C-rates), suggesting that NaxCo0.5Fe0.25Mn0.25O2 maintains high 

reversibility and retains its significant structural and electrochemical 

properties even under varied cycling conditions. An excellent Coulombic 

Efficiency retention was also found for each C-rates as presented in Table 

5.4. At the higher C-rates, the rate-capability test showed diminishing 

capacity values, reflecting the expected performance drop due to higher 

charge/discharge rates. Further, the Coulombic efficiencies were much 

better at higher C-rates compared to the lower 0.05 C, which resulted in due 

to the lower side reactions at the higher C-rates. NaxCo0.5Fe0.25Mn0.25O2 

exhibited a good charge/discharge capacity retention, representing its 

excellent electrochemical performances. Figure 5.6 (f) demonstrates the 

charge/discharge energy densities across different scan rates for 

NaxCo0.5Fe0.25Mn0.25O2. At a scan rate of 0.05C, it demonstrated the highest 

energy density for discharge as 279.82 Wh/kg. The next successive highest 

discharge energy densities were observed as 261.41, 241.9, 223.56, 202.57, 

182.97, 172.56, and 143.54 Wh/kg at 0.1 C, 0.2 C, 0.3 C, 0.5 C, 0.8 C, 1 C, 

and 2 C, respectively as shown in Figure 5.6 (f). The high discharge energy 

densities of NaxCo0.5Fe0.25Mn0.25O2 cathode materials represented its 

potential implementation in the fabrication of dense batteries with 

lightweight. 
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5.4.3 Cycle Life Performance Analysis 

The cycle life performance and capacity retention properties of 

NaxCo0.5Fe0.25Mn0.25O2 are compellingly demonstrated in Figure 5.7 (a). 

Here, the cycling life measurements were performed under a constant 

charge/discharge current density of 0.2C in the voltage window of 2.0-4.2 

V. The material of interest showed remarkable electrochemical stability 

over an extended cycling. In Figure 5.7 (a), the blue, green, and red dots 

represent the charging, discharging, and coulombic efficiency, respectively 

over the course of 500 charge/discharge cycles. NaxCo0.5Fe0.25Mn0.25O2 as 

cathode material for SIBs demonstrated an excellent cycling performance 

by retaining a significant amount of initial discharge-specific capacities 

even after hundreds of charge/discharge cycles. Specifically, it retained 

about 92.2%, 78.4%, 53.9%, 39.4%, and 28.3% of its initial discharge 

capacities at the 100th, 200th, 300th, 400th, and 500th cycles, respectively. The 

impressive initial discharge capacity retention of was attributed to the 

synergistic effect of multiple TMs incorporated into its crystal structure. 

The co-substitution of Co, Fe, and Mn TMs not only enhanced the 

electrochemical reversibility but also enhanced its structural stability for 

several cycles owing to their combined synergistic electrochemical 

reversible properties. Hence the strategic co-substitution of TM elements 

provided a robust crystal framework for repeated Na+-ion 

intercalation/deintercalation, making NaxCo0.5Fe0.25Mn0.25O2 a promising 

cathode material for SIBs. 

5.4.4 EIS Analysis 

The EIS studies for NaxCo0.5Fe0.25Mn0.25O2 before CV, after CV, 

and after stability are displayed in Figure 5.7 (b). The Nyquist plot revealed 

three distinct semicircle formations each representing the different 

electronic and charge resistances related to charge transfer, ion diffusion, 

and interfacial reactions in the battery system. Further, the equivalent circuit 

model given in equation 5.4 (shown inside Figure 5.7 (b)) was employed 

to fit the experimental EIS data to analyse the underlying electrochemical 
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parameters. The total impedance (Z) calculated from the below polynomial 

given in equation 5.5.    

Equi. circuit = 𝑅1 +
𝑄2

𝑅2
+

𝑄3

𝑅3
+

𝑄4

𝑅4
+ 𝑊 …. …. …. (5.4) 

𝑍 = 𝑅1 +
𝑅2

𝑅2𝑄2(2𝜋𝑖𝑓)𝑎2+1
+

𝑅3

𝑅3𝑄3(2𝜋𝑖𝑓)𝑎3+1
+

𝑅4

𝑅4𝑄4(2𝜋𝑖𝑓)𝑎4+1
+ 𝑊  …..….(5.5) 

EIS parameters including R1 (solution resistance), R2 (charge 

transfer resistance), R3 (SEI resistance), R4 (diffusion-related resistance), 

Q2, Q3, Q4 (CPEs), a2, a3, a4 (exponent constants), and W (Warburg 

impedance) from the fitted and calculated equivalent model of a circuit are 

summarized in Table 5.5. Here, a key focus of the EIS analysis was the 

solution resistance (R1) and charge transfer resistance (R2), as they provided 

insights into the ionic conductivity and charge transfer. 

NaxCo0.5Fe0.25Mn0.25O2 exhibited the solution resistance R1 as only 8.411 Ω 

before CV which remained almost the same as 9.688 and 10.203 Ω after CV 

and after stability, respectively. This small change in R1 indicated that the 

electrolyte used with the fabricated cell offers good conductivity for cell 

operation. The charge transfer resistance R2 value was measured as 69.036 

Ω before CV analysis which increased to 147.625 and 281.442 Ω after CV 

and after stability, respectively. This indicated that the migration of Na+-

ions becomes sluggish and observes higher resistance. This increase in 

transfer resistance was attributed to the prolonged cycling which induced 

structural degradation or minor phase transformations within the cathode 

material, contributing to the observed increase in charge transfer resistance. 

However, the SEI resistance, R3 offered by the formation of the SEI 

increased significantly after the cycle life performance. The formation of 

SEI layer or surface passivation on the cathode material during repeated 

cycling resulted in a high increase in R3 value. The SEI layer, while 

stabilizing the electrolyte-cathode interface, can act as a barrier to Na+-ion 

migration, thereby increasing the R3 resistance. 
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Table 5.5: Parameters obtained from EIS equivalent circuit. 

Parameters Obtained Values from data fitting  

Before CV After CV After Stability 

R1 (Ω) 8.411 9.688 10.203 

R2 (Ω) 69.036 147.625 281.442 

R3 (Ω) 18.129 25.598 180.416 

R4 (Ω) 11.183 14.788 114.402 

Q2 (F.s(a-1)) 2.849 x 10-4 1.382 x 10-5 3.593 x 10-6 

Q3 (F.s(a-1)) 4.616 x 10-5 4.517 x 10-3 1.561 x 10-4 

Q4 (F.s(a-1)) 3.99 x 10-3 4.825 x 10-6 9.811 x 10-4 

a2 0.425 0.756 0.864 

a3 1 0.918 0.56 

a4 1 0.821 0.993 

W (Ω.s-1/2) 12.216 14.106 10.583 

EIS analysis was used for calculating double layer capacitance (Cdl) 

through equation 5.6 and was found to be 2.305x10-8 and 5.655x10-9, 

before CV and after cycle life performance, respectively. Low Cdl 

represented the outstanding conductivity of electrolytes. 

𝐶𝑑𝑙 =
1

2π.R2𝑓𝑚𝑎𝑥
 …. …. …. (5.6) 

The above EIS fitting contained multiple overlapping semicircles 

corresponding to a number of circuit elements making it highly complex 

within a similar frequency domain. To overcome this limitation, the 

Distribution of Relaxation Time (DRT), a reliable mathematical tool, was 

utilized to investigate cell behavior in the time domain by analyzing the 

polarization effects that took place in the similar frequency range.[25,27] 

DRT method transformed frequency-domain data into a relaxation 

spectrum, where each DRT peak represented an individual polarization 

process characterized by a time constant 𝜏. In DRT, an infinite Voigt model 

having a series of parallel connection of resistances (R) and CPEs (Q) were 

used to fit the impedance profile and gives the time constant 𝜏 as given in 

equation 5.7, where 0< α <1 [25,28].  

𝜏 =
1

(𝑅 𝑄)𝛼 …. …. …. (5.7) 
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Figure 5.7 (a) Cycle life performance of NaxCo0.5Fe0.25Mn0.25O2 cathode 

for 500 cycles; (b) EIS-Nyquist plot with equivalent circuit; DRT analysis 

(c) before CV, (d) after CV, and (e) after stability analysis for of 

NaxCo0.5Fe0.25Mn0.25O2 cathode material in the sodium-half cell. 

 Hence, DRT allowed to resolve the closely overlapped processes 

with higher fidelity than equivalent circuit fitting or EIS representation. In 

DRT, the peak height, position, and area provide quantitative information 

about the reaction kinetics. In the literature, it is reported that the time 

constant log10(τ)≤-3 s represents the interparticle or contact resistances of 
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electrode particles with current collector; log10(τ) in between -3 to -2 s 

signifies active ion transport through the SEI layer, log10(τ) in between -2 

to -1 s indicates interfacial charge transfer and log10(τ) ≥ 10-1 s correspond 

to the ion diffusion process in bulk electrode [25,27]. Figures 5.7 (c-e) 

represents the DRT spectrum of Na/1M-NaClO4/NaxCo0.5Fe0.25Mn0.25O2 

cell before CV, after CV, and after stability analyses, respectively. These 

DRT spectra derived from the impedance data revealed five distinct peaks 

(P1 to P5), each indicating specific electrochemical processes. The DRT 

peaks P1 and P2 corresponded to the contact resistance representing the 

high-frequency region semicircle of the EIS data. Peaks P3 and P4 

corresponded to the charge transfer resistances across the SEI and 

electrode/electrolyte interfaces corresponded to the mid-frequency range of 

the EIS semicircle. Similarly, the DRT peak P5 is assigned to ion diffusion 

within the bulk electrode at the low-frequency region of the EIS analysis. 

Thus, DRT offered high-resolution, quantitative insight into electrode 

kinetics, enabling deconvolution of overlapping processes, identification of 

rate-limiting steps, and separation of anodic and cathodic contributions. 

Table 5.6: Electrochemical performance comparison of 

NaxCo0.5Fe0.25Mn0.25O2 cathode with the existing similar materials. 

Cathode name Synthesi

s 

Dis. capacity 

(mAh/g)  

Cycle life  Potential  

range (V) 

Ref. 

NaCoO2 Solgel 99 @ 0.1C ~91% @ 100th cycle 2.0-4.0V [10] 

NaCoO2 Solid 

state 

89 @ 0.1C 

34 @ 1.0C 

~75% @ 100th cycle 0.0-1.0V [11] 

NaxCoO2 Facile 

sodiation  

116.7 @ 0.4C  ~95% @ 300th cycle 2.0-3.8V [7] 

NaxCoO2 Solgel 126 @ 0.1C 

77 @ 0.5C 

~86% @ 50th cycle 2.0-4.2V [24] 

Na0.67CoO2  Hydrothe

rmal 

1.66 

mAh/cm2@0.5 

mA/cm2 

~96 @ after 60 cycles  2.0-3.8 V   

[29] 

Na0.57CoO2 Biosynth

esis 

57 @ 0.7C  ~79% @ 1000 cycle  0.0-1.8V [30] 

Na0.70CoO2 Solvothe

rmal  

~126.2 @ 

0.1C 

92.4% @ 300th cycles 2.0-4.0 V [31] 
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Na0.71CoO2 Hydrothe

rmal  

~102 @ 0.04C - 2.0-3.9V [32] 

Na0.7CoO2 Solvothe

rmal  

125 @ 0.04C ~86% @ 300th cycle 2.0-3.8V [9] 

Na0.74CoO2 Solid 

state 

110.2@ 0.05C 

107 @ 0.1C 

~52.2% @ 40th cycle 2.0-3.8V [33] 

O3-NaFeO2 Solid 

state 

~91 @ 30 

mA/g 

~52% @ 11th cycles 2.0-3.8V [34] 

NaFeO2 Solid-

state 

~80 @ 0.05C ~25% @ 50th cycle 2.0-3.8V [35] 

NaFeO2 Solid-

state 

~85 @ 0.2 

mA/cm2 

- 1.5-3.6 V [36] 

O3-NaFeO2 Solid-

state 

~123 @ 

80mA/g 

~53% @ 20th cycle 2.0-4.0V [37] 

α-NaMnO2 Solid 

state 

~146 @ 0.2C ~73% @ 20th cycle 1.7-4.0 V [21] 

β-NaMnO2 Solid 

state 

~144.3 @ 1C ~41% @ 35th cycle 2.0-4.0V [38] 

Na0.7MnO2 Solid 

state 

~101 @ 0.1C ~59% @ 50th cycle 2.0-3.8V [39] 

Na0.67Mn0.64Al0.0

6Co0.30O2 

Dealloyi

ng 

114.1 @ 1000 

mAh/g 

~81% @ 200th cycle 1.5-4.0V [40] 

NaMn0.33Fe0.33N

i0.33O2@TiO2 

Solid 

state 

~160 @ 0.1C 38.6% @ 500th cycle 1.5-4.2 V [40] 

Na0.67Ni0.2Co0.2

Mn0.6O2 

Solvothe

rmal 

132.2 @ 0.2C 83% @ 200th cycle 1.5-4.2 V [40] 

NaxNi0.33Co0.33

Mn0.33O2 

Solvothe

rmal 

142.8 @ 0.1C 93% @ 50 cycles 2.0-4.4 V [31] 

NaFe1/3Co2/3O2 Solid 

state 

199.6 @ 0.2C 83.06% @ 50th cycle 1.5-4.4 V [31] 

NaFe1/2Co1/2O2 Solid 

state 

148.1 @ 0.2C 72.65% @ 50th cycle 1.5-4.4 V [31] 

NaFe2/3Co1/3O2 Solid 

state 

111.2 @ 0.2C 55.29% @ 50th cycle 1.5-4.4 V [31] 

NaTi2(PO4)3 

coated 

Na0.67Co0.2Mn0.8

O2 

 

Sol-gel 

 

70.7 @ 20C 

 

86.7% @ 150th cycle 

 

1.5-4.5 V 

 

[40] 

NaFeO2@C Solvothe

rmal 

89.6 @ 0.1C 87.3% @ 100th cycle 2.0-3.4 V [40] 

NaxCo0.5Fe0.25M

n0.25O2 

Solid 

state 

94.22 @ 0.05 

C 

~86 @ 0.1 C 

~92.2%@100th cycle  

~78.4%@200th cycle 

~54%@300th cycle 

~39.4%@ 400th cycle 

~28.3%@ 500th cycle 

2.0-4.2 V Thi

s 

wor

k 
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Table 5.6 represents a comparison of the electrochemical 

performance of NaxCo0.5Fe0.25Mn0.25O2 with previously reported pristine 

NaxCoO2, NaxFeO2, and NaxMnO2 along with combination of Co, Fe, or 

Mn. In contrast to these single-TM-based materials, NaxCo0.5Fe0.25Mn0.25O2 

exhibited significantly enhanced electrochemical characteristics, such as 

superior cycle life, higher initial specific capacity, improved C-rate 

performance, and an elevated working voltage. Further, the remarkable 

electrochemical performances of NaxCo0.5Fe0.25Mn0.25O2 exhibiting a high 

discharge capacity of 94.22 mAh/g and energy density of 279.82 Wh/kg at 

0.05 C, was competitive with many other similar layered cathode materials 

cathodes having multiple TMs. Some of its competitive layered metal 

oxides comprised of Na0.67Mn0.64Al0.06Co0.30O2 (114.1 mAh/g initial 

capacity at 1000 mA/g, 81% capacity retention after 200 cycles) [40], 

NaMn0.33Fe0.33Ni0.33O2 with TiO2 coating (160 mAh/g initial capacity, 

36.8% capacity retention after 500 cycles) [40], Na0.67Ni0.2Co0.2Mn0.6O2 

(132.2 mAh/g initial capacity, 83% capacity retention after 200 cycles) [40], 

NaxNi0.33Co0.33Mn0.33O2 (142.8 mAh/g initial capacity, 93% capacity 

retention after 50 cycles) [31], NaFexCo1-xO2 derivatives (initial capacities 

between 111-200 mAh/g at 0.2 and retains about 55-83% initial capacities 

at 50th cycle) [31], Na0.67Co0.2Mn0.8O2 coated with NaTi2(PO4)3 (70.7 mAh/g 

capacity at 20C and retains ~87% capacity after 150 cycle), and so on as 

given in Table 5.6. Its comparison with other high number of metals 

substituted similar layered oxides includes P2-Na0.67Ni1/3Mn2/3O2 (150 

mAh/g initial capacity, 90% retention after 100 cycles) and 

NaNi0.4Cu0.05Mg0.05Mn0.4Ti0.1O2. The extended cycle life performance of 

NaxCo0.5Fe0.25Mn0.25O2 is comparable with other Fe/Mn-based oxide 

cathodes such as O3-NaFe1/2Mn1/2O2/C suffering a rapid capacity decay to 

only 24 mAh/g after 40 cycles, indicating the advantages of multi-metal 

substitution in enhancing the structural long-term cycling stability.  

The superior cycling stability of NaxCo0.5Fe0.25Mn0.25O2 was due to 

the synergistic effect of the co-substitution of TMs, which enhanced the 
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Na+-ion diffusion pathways, minimized lattice strain, and maintained the 

crystal’s structural integrity. These collectively contributed to sustaining 

Na+-ion migration processes with minimal structural distortion. Even after 

hundreds of cycles, it retained its good initial discharge capacity, 

demonstrating its excellent capacity retention and high structural stability. 

This remarkable performance highlighted the potential of 

NaxCo0.5Fe0.25Mn0.25O2 cathode for advanced SIBs. 

 

Figure 5.8 (a) XRD pattern of NaxCo0.5Fe0.25Mn0.25O2 within one week and 

after four months of material synthesis, (b) Ex-situ XRD analysis of 

NaxCo0.5Fe0.25Mn0.25O2 on Al substrate before and after stability testing, 

FESEM and EDS analysis of NaxCo0.5Fe0.25Mn0.25O2 on Al substrate (c) 

before cell fabrication and (d) after stability testing, and (e) Mechanism of 

structural stability of NaxCo0.5Fe0.25Mn0.25O2 cathode material. 
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The environmental stability of NaxCo0.5Fe0.25Mn0.was analyzed by 

performing XRD measurements within one week of material synthesis and 

subsequently after around four months of material synthesis as given in 

Figure 5.8 (a). The XRD patterns obtained showed no noticeable changes, 

revealing that the crystal structure of NaxCo0.5Fe0.25Mn0.25O2 remained 

stable over a long time. We conducted a comprehensive ex-situ postmortem 

analysis of the electrode after stability testing to analyse its structural stability 

during the cycling process. For this, we performed the XRD, FESEM, and EDS 

analysis of the coated active material as an electrode on Al substrate before the 

fabrication of the coin cell as well as for the electrode obtained by disassembling 

the coin cell after stability testing. The Ex-situ XRD analysis of electrodes before 

and after stability testing revealed the primary diffraction pattern of the active 

material in the electrode remained unchanged after cycling stability. This indicates 

the structural stability of NaxCo0.5Fe0.5Mn0.25O2 cathode material.  

The only noticeable difference in the diffraction pattern of the 

electrode after stability analysis was the increase in the relative intensity 

peak of the Al current collector which is likely due to the partial exposure 

of the substrate during electrode processing. The XRD pattern of the 

electrode before cell assembly (i.e., before stability testing) and after 

stability testing is given in Figure 5.8 (b). The FESEM images of the 

electrodes before stability testing (Figure 5.8 (c) subfigure) and after 

stability testing (Figure 5.8 (d) subfigure) further confirmed that the surface 

morphology in both cases remains uniform. EDS analysis before stability 

(Figure 5.8 (c)) and after stability (Figure 5.8 (d)) supported these 

observations. Ex-situ analyses revealed the structural, phase, and 

composition identity after cycling testing.  

5.5 Possible Reason for Enhanced Cyclic Life Performance 

The enhanced cycle life performance of NaxCo0.5Fe0.25Mn0.25O2 

could be attributed to the synergistic existence of Co, Fe, and Mn. This 

helped in maintaining the crystal structure integrity and reducing the 

capacity fading during repeated Na+-ion extraction/insertion. The detailed 
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mechanism of M3+/M4+ (M=Co0.5Fe0.25Mn0.25) redox couple of 

NaxCo0.5Fe0.25Mn0.25O2 material for excellent structural reversibility in SIBs 

is shown in Figure 5.8 (e). Here, the co-existence of Co, Fe, and Mn in the 

form of M = Co0.5Fe0.25Mn0.25, leveraged complementary redox activity. 

The Co3+/Co4+ redox couple provided a stable platform for minimal lattice 

strain. In layered NaMO2 cathodes, Co3+ normally stabilizes in a low-spin 

state, while Co4+ may stabilize into intermediate- or mixed-spin states 

depending on the Na content and crystal field strength. This configuration 

suppresses significant Jahn-Teller distortions, thereby enhancing structural 

reversibility in NaxCo0.5Fe0.25Mn0.25O2 [41]. Our electrochemical results, 

showing smooth phase transitions and stable cycling, are consistent with 

this behavior. The electronic conductivity of the material was enhanced due 

to Co3+, which helped with efficient charge transfer. Hence, the presence of 

Co helped to obtain high-voltage stability of the material during the 

charging and discharging process [42]. Whereas the presence of Fe3+/Fe4+ 

redox couple helped to obtain a high specific capacity. The ‘+3’ oxidation 

state of Fe helps to reduce the lattice strain via charge compensation, 

resulting in enhanced crystal structural reversibility, improved cycle life 

performance, and reduced capacity fading [41]. One beautiful advantage of 

Fe in NaxCo0.5Fe0.25Mn0.25O2 is the reduction of oxygen evolution during 

cycling, which was one of the common degradation reasons in the sodiated 

layered metal oxides [43]. Similarly, the presence of Mn3+/Mn4+ redox 

couple in the lattice structure of NaxCo0.5Fe0.25Mn0.25O2 acted as a structural 

pillar that suppressed the irreversible oxygen redox [42]. Further, during the 

charging/discharging process, Mn stabilized the host structure through the 

Mn-O covalent bonding and provided structural rigidity to the material [44].  

Again, the coexistence of these elements in the M3+/M4+ redox 

couple provided a uniform distribution of Na+-ion in the lattice, minimized 

deleterious phase transition, and enhanced structural reversibility of 

NaxCo0.5Fe0.25Mn0.25O2. It reduced volume change at the high charging 

voltage. Hence, the co-existence of Co3+/Co4+, Fe3+/Fe4+, and Mn3+/Mn4+ 
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provided a multi-electron redox mechanism, uniform distribution of Na+-

ion, and a stable lattice framework which helped to provide excellent 

structural reversibility and improved capacity retention over a long cycle 

life. It optimized the Na layer spacing which mitigates irreversible phase 

transitions and maintains the structural integrity. The incorporation of Fe 

and Mn alongside Co brought a balance between electronic conductivity, 

enhanced electrochemical activities, and improvement in cycle life 

performance and distributed the local stress within the lattice, reducing 

microcrack formation and stabilizing the lattice structure. The Co3+/Co4+ 

redox couple in NaCoO2 is very reversible and structurally stable, providing 

smooth phase transitions and good cycling properties. In contrast, Fe3+/Fe4+ 

tends to induce irreversible transitions and poor air/moisture stability, while 

Mn³⁺/Mn⁴⁺ adds Jahn-Teller distortions that induce lattice strain and 

capacity loss. But by co-substitution of Fe and Mn with Co, these 

disadvantages are partially alleviated: Co3+ stabilizes the lattice, Fe3+ 

reduces cost, and Mn3+/Mn4+ adds capacity. So, mixed valence Fe/Mn adds 

more complexity, but with Co, it finds the cost balance, stability, and 

performance balance. 

5.6 Conclusions  

This chapter provided an analysis of NaxCo0.5Fe0.25Mn0.25O2 cathode 

synthesized via the solid-state method and highlighted its promising 

characteristics for SIBs. The detailed physicochemical characterization 

confirmed a well-ordered crystallinity with a multiphase crystal symmetry, 

which is beneficial for efficient Na+-ion intercalation/deintercalation. The 

XRD, FESEM, and TEM analyses collectively demonstrated a uniform 

smooth morphology and confirmed the material multiphase and structural 

integrity. NaxCo0.5Fe0.25Mn0.25O2 demonstrated excellent rate capability and 

stability across a range of C-rates, with a high discharge capacity of 94.22 

mAh/g at 0.05 C and consistent performance at higher C-rates. The good 

Coulombic efficiency and high energy densities suggested its potential for 

lightweight, high-energy-density batteries. The stability of the material over 
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extended cycling, with significant retention of its capacity, underscored the 

effectiveness of using TM co-substitution to improve structural stability and 

electrochemical performance. These findings supported the suitability of 

NaxCo0.5Fe0.25Mn0.25O2 cathode material for advanced SIB applications. 
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CHAPTER 6 

3D Channel-based Na1.35CrO4 and 

Tunnel-Structured 

Na4Mn7.2Cr1.8O18 Metal Oxide 

Electrodes for Sodium-Ion 

Batteries 

In this chapter, we have reduced the Co content by 100% with its 

complete substitution by either Cr or the combination of Cr and Mn. This 

chapter is composed of two parts: Part A for Na1.35CrO4 material, and Part 

B for Na4Mn7.2Cr1.8O18 cathode material for SIBs. 

Chapter 6 (Part A) 

Part A of this chapter explores Na1.35CrO4 as an active electrode for 

SIBs. Na1.35CrO4 was successfully synthesized using a citric acid-assisted 

sol-gel method, and its physicochemical and electrochemical properties 

were explored for SIBs. Extensive physicochemical analyses confirmed the 

phase purity, high crystallinity, and orthorhombic crystal symmetry of 

Na1.35CrO4, having well-controlled elemental stoichiometry and a smooth 

surface morphology, with nanoparticles of a particle size of 42.87 nm. 

Na1.35CrO4 coexisted in Cr6+ and Cr7+ oxidation states, with Cr6+ as the 

dominant one. CV revealed VOC of ~1.842 V and consistent redox peaks 

within 0.0-3.0 V, representing its structural and phase stability. Power-law 

analysis showed battery-type features and diffusion-controlled charge 

transfer. EIS analysis revealed good electrolyte compatibility and charge 

transfer kinetics. It also exhibited a low double-layer capacitance, 

representing its suitability for high-energy-density applications. These 

investigations revealed that Na1.35CrO₄ is a promising electrode for SIBs. 



180 
 

6.1 Introduction for Na1.35CrO4 Electrode 

For the past few decades, several researchers have explored layered 

sodium-based intercalation compounds as low-cost and large-scale energy 

storage solutions. These compounds have received a great deal of attention 

for rechargeable SIBs [1–3]. In 1980, Hagenmuller et al. [4] revealed that 

NaCrO2 could be used as a sodium-ion (Na+ ion) extraction/insertion 

electrode. Later, Komaba et al. revisited this material and discovered that 

owing to the larger interplanar spacing of NaCrO2 than LiCrO2, Na+ ions 

could be easily inserted into/extracted from the host structure [5,6]. Despite 

having a theoretical capacity of about 250 mAh/g, the practical achievable 

reversible capacity of Na1-xCrO2 (where 0 ≤ x ≥ 0.5) was around 110 mAh/g 

with a 3V voltage window [5,6]. According to Dahn et al., desodiated 

Na0.5CrO2 possesses remarkable thermal stability with a non-aqueous 

electrolyte system [7]. A 2D carbon-coated NaCrO2 synthesized via a citric 

acid-assisted method showed slightly improved cycling stability compared 

to the pristine one. However, the rate capability of the material was not 

satisfactory. Although NaCrO2, as a cathode for SIBs, delivers an initial 

discharge capacity of 100-110 mAh/g due to the Cr3+/Cr4+ redox couple, it 

shows disadvantages of limited cycle stability and fast capacity fading. A 

thorough review of the literature on NaCrO2 indicates that it has the 

potential to be a cathode material for SIBs [5–14].  

However, the advancement of anode materials for SIBs has not kept 

pace with the progress seen in LIBs. The primary reason for this lag is the 

larger size of the Na+ ion compared to that of the Li+ ion. The radius of Na+ 

ions is about 1.02 Å compared to the  Li+ ions’ radius of 0.76 Å [15]. Due 

to this larger ionic radius, Na+ ions require a higher interplanar distance for 

easy intercalation and deintercalation. As a result, most anode materials do 

not show Na+ ion insertion and extraction properties, although they are 

suitable for Li+ ion intercalation/deintercalation. Currently, graphite is 

widely used as an anode material for developing commercially available 

LIBs due to its high theoretical capacity of >360 mAh/g and its stable 
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structure [16,17]. However, the small interlayer spacing of graphite does 

not allow Na+ ions to be easily intercalated and deintercalated in SIBs [18]. 

The larger Na+ ion radius in SIBs results in sluggish kinetics that lead to 

structural degradation and poorer electrochemical performance than LIBs 

[19]. HC is a promising anode material for SIBs and demonstrates a high 

specific capacity of about 240 mAh/g at a current density of 0.5 A/g [16,20]. 

The other anode materials for SIBs are graphene and reduced graphene 

oxide (r-GO), showing a high specific capacity of ~160 and ~272 mAh/g, 

respectively [21,22]. However, the practical use of these anode materials in 

SIBs is limited due to low operating voltage and high-capacity fading. 

Although the low operating voltage of these anode materials could assist in 

obtaining a high energy density, it results in high dendrite formation, limited 

cycle life performance, and safety risks. Various anode materials, such as 

metal oxides, nitrides, phosphides, and sulfides, working on the principle of 

conversion reactions, are explored for SIBs to tackle these issues. These 

anode materials offer high capacity but cause structural degradation. Hence, 

anodes showing intercalation/deintercalation of Na+ is preferred to 

minimize the volume changes and reduce the lattice strain. 

Several metal oxide anode materials with Chromium (Cr) have been 

investigated for LIBs. Among them, LiCrTiO4 and Cr2O3 are two anode 

materials with low cost and stable electrochemical properties due to the 

Cr3+/Cr2+ redox couple. LiCrTiO4 has notable ionic conductivity of 10-9 

cm2/s and a stable voltage plateau at 1.5 V [23,24]. However, there is no 

significant work has been performed on the TM-based anode for SIBs. K. 

Y. Chungs’s group [25] investigated the electrochemical performances of 

Na2CrO4/C composite as an anode material for SIBs. This composite 

material exhibited a high capacity of 228 mAh/g at a current density of 0.1C 

and can retain ~72.8% of its initial capacity by the end of the 100th cycle. 

At a higher current rate of 2.0C, it showed a discharge capacity of 

~71mAh/g [25]. However, this composite material shows a critical issue of 

a transformation from a crystalline to an amorphous phase [25]. This phase 
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transition of the metal oxide anode material for SIBs could be attributed to 

the high-volume expansion, poor electronic conductivity, and the formation 

of undesirable byproducts during the cycling process. These issues must be 

solved by adopting innovative strategies of control over the particle size to 

form nanoparticles and applying defect engineering to improve the 

electronic conductivity and maintain structural stability [26]. The partial 

sodium deficiency as defect engineering and reducing the particle size to 

the nanoscale are known for their cost-effectiveness and are frequently used 

to obtain structural retention and improve the electronic conductivity of the 

material. As a result, TM oxides with partial sodium deficiency have 

emerged as a promising solution to mitigate capacity degradation during 

long-term cycling. Further, by reducing the grain size to the nanoscale, the 

Na+ ion diffusion path is significantly shortened, facilitating faster sodium 

deintercalation/intercalation and improving the overall performance.  

Chromium-based oxides are attractive for SIBs due to their multiple 

accessible oxidation states (Cr3+/Cr4+/Cr6+/Cr7+), which allow multi-

electron redox reactions. The higher Cr oxidation states can support 

increased voltage profiles and enhanced energy density. Additionally, 

nanosized Cr-based oxides have exhibited good structural stability and good 

Na⁺ diffusion, and hence they are good substitutes for Co-based layered 

oxides. In this chapter, we have adopted a sol-gel approach to synthesize 

sodium-deficient Na1.35CrO4 by successfully reducing the particle size to 

the nanoscale. This technique significantly reduced the crystallite and grain 

sizes of Na1.35CrO4 compared to the unmodified Na2CrO4. Physicochemical 

investigations revealed phase purity, high crystallinity, and orthorhombic 

symmetry of Na1.35CrO4 with the desired stoichiometry and uniform 

element distribution. The nanoparticle morphology of Na1.35CrO4 provided 

a high surface electrode-electrolyte contact area that enhanced the 

material’s charge kinetics and structural stability. It exhibited both Cr6+ and 

Cr7+ oxidation states, with Cr6+ as the dominant one. The electrochemical 

feasibility study of Na1.35CrO4 as an active electrode in SIBs was performed 
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through Na-half cells. CV analysis showed stable redox peaks in a voltage 

window of 0.01-3.0 V, representing high structural and phase stability and 

diffusion-controlled charge kinetics. EIS represents its excellent charge 

transfer kinetics and low double-layer capacitance. These findings highlight 

the potential of Na1.35CrO4 as an active electrode material for SIBs.  

 

6.2 Experimental Section for Na1.35CrO4 Electrode 

 The experimental details, such as the synthesis methodology, 

physicochemical characterization techniques, electrode preparation, cell 

fabrication, and electrochemical property analysis techniques for 

Na1.35CrO4 electrode in SIBs, are given in Chapter 2 of this thesis.  

 

6.3 Results and Discussions for Na1.35CrO4 Electrode 

6.3.1 Physicochemical Analyses for Na1.35CrO4 Electrode 

6.3.1.1 Thermal Behavior Analysis of Na1.35CrO4 

 The thermal behavior, such as thermal stability, precursor 

decomposition, and weight retention as a function of increasing temperature 

for Na1.35CrO4 compound, was analyzed with the help of TGA, DTG, and 

DSC, as shown in Figures 6.1 (b-c). These heat treatment analyses were 

performed in an N2 environment in a wide temperature range from 30ºC to 

1000ºC. The two major stages of weight loss are observed in the TGA curve 

(Figure 6.1 (b), green spectrum). The 1st stage of about 6.4% weight loss 

of the initial weight is due to the corresponding evaporation of the 

physically adsorbed and trapped water within 50-100ºC. The 2nd highest 

weight loss of approximately 15.4% occurs between 300-600ºC and is 

attributed to decomposition and gas evolution processes [27]. After 600ºC, 

no significant mass reduction occurred, signifying a thermally stable phase 

formation beyond this temperature. By the completion of 1000ºC, 

Na1.35CrO4 material retains about 76% of its initial weight. 

The DTG analysis representing the mass loss rate as a function of 

the temperature rise is shown in Figure 6.1 (b) (red-colored spectrum) to 
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support the above TGA analysis. Two broad peaks in the DTG spectrum 

align well with the mass loss stages observed in TGA. This DTG analysis 

further provides a deeper understanding of the evaporation of trapped water 

and the thermal decomposition of nitrate precursors. The two most intense 

peaks, at ~66.3ºC and ~332.3ºC, represent the highest water evaporation 

and precursor decomposition rate. Further, no significant peaks in the DTG 

curve are observed after 600ºC. It shows a nearly horizontal line, indicating 

the high thermal stability of the mass retention of the material after this 

temperature. 

 

Figure 6.1 (a) TGA and DTG; and (b) DSC spectra of Na1.35CrO4 material. 

The DSC spectrum in Figure 6.1 (c) reveals that the trapped water 

evaporation and the gas release processes are endothermic, with the peaks 

occurring at about 66ºC and 332ºC, respectively, confirming the thermal 

decomposition and volatilization of unwanted gases. TGA, DTG, and DSC 

analyses confirmed that the material could be calcinated beyond 600ºC to 

obtain a stable phase material. Following the above discussion, we selected 

800ºC as the calcination temperature for synthesizing Na1.35CrO4 with high 

crystallinity and phase purity. 

6.3.1.2 Phase Purity & Lattice Structure of Na1.35CrO4 

Crystallographic information of Na1.35CrO4, such as phase purity, 

crystal structure, symmetry, and lattice parameters, is analyzed through 

XRD. Figure 6.2 (a) represents the experimentally obtained XRD profile 

of Na1.35CrO4 before annealing (green color pattern) and after calcination 
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(blue color). The XRD pattern of Na1.35CrO4 is further compared with the 

reference pristine Na2CrO4 (violet color). The observed peaks of our 

synthesized Na1.35CrO4 material are indexed with the orthorhombic 

symmetry-based pristine Na2CrO4 having the space group of  Cmcm, as 

shown in Figure 6.2 (a).[25] Compared to Na1.35CrO4 before annealing, 

Na1.35CrO4 material after calcination shows highly intense peaks at the same 

2θ values as those of the reference Na2CrO4 material. The consistent 

appearance of peak positions is due to the final formation of the 

orthorhombic lattice-based structure of Na1.35CrO4 due to nucleation. 

Na1.35CrO4 shows clear and intense peaks, which are situated as those of the 

corresponding reference material. It represents the high crystallinity and the 

phase-pure synthesis of Na1.35CrO4 material. In addition to all the desired 

peaks of Na1.35CrO4, two additional peaks (represented by “***” in the 

XRD pattern) are also observed as a secondary phase. The occurrence of 

additional peaks could be attributed to the presence of a local deficiency of 

Na atoms in Na1.35CrO4 in comparison to Na2CrO4, resulting in a small 

amount of Na2Cr4O13 (i.e., Na0.5CrO3.25) as a secondary phase. 

Table 6.1: Lattice parameter of Na1.35CrO4 from refinement. 

Lattice 

parameters 

Units Na2CrO4 

From literature 

Na1.35CrO4 

(This work) 

a   

Å 

5.8612 [25] 5.8609 

b 9.2847 [25] 9.2569 

c  7.1429 [25] 7.1439 

α   

degree  

90 [25] 90 

β 90 [25] 90 

γ  90 [25] 90 

Unit cell volume  Å3 388.708 [25] 387.585 

Density  g/cm3 - 2.985 

Symmetry, space 

group  

 

- 

Orthorhombic [25] 

Cmcm, 

63 

Orthorhombic, 

Cmcm,  

63 

 

An extended XRD analysis is further performed to refine the 

material’s structure and obtain crystallographic information. This 
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refinement process was carried out with the reference Na2CrO4 material 

through FullProf software, where we used the pseudo-Voigt profile shaping 

function and linear interpolation background correction, as represented in 

Figure 6.2 (b). In the refinement, the experimentally obtained XRD peaks 

of Na1.35CrO4 nicely align and fit with Na2CrO4 as the reference material. 

We also included the secondary Na2Cr4O18 during the refinement process 

as the secondary phase and performed the two-phase refinement process. 

With a good fit of the observed and calculated XRD peaks, the chi-square 

value reduced to 4.87, indicating the quality and clarity of the structural 

refinement process. Through this refinement, we calculated that Na1.35CrO4 

has unit cell parameters of approximately a=5.861 Å, b=9.257 Å, c=7.144 

Å, α=β=γ=90º, and a unit cell volume of 387.585 Å3, resulting in the 

formation of an orthorhombic crystal structure with a lattice space group 

symmetry of Cmcm (space group number of 63). All these calculated lattice 

parameters for Na1.35CrO4 are summarized in Table 6.1 and compared with 

the reference Na2CrO4 material. 

Crystallite size for Na1.35CrO4 was calculated through the Debye-

Scherrer formula by considering the highest intensity (130) plane [28]. The 

calculated crystallite size of Na1.35CrO4 was 54.56 nm. The crystallite size 

of Na1.35CrO4 material is smaller compared to the pristine Na2CrO4 and 

Na2CrO4/C composite, having the crystallite sizes of 198.9 and 72.2 nm, 

respectively, as studied by Ghulam [25]. The observation of reduced 

crystallite size could be attributed to the high FWHM, which can be 

attributed to the sol-gel-based synthesis. This reduced crystallite size of 

Na1.35CrO4 will enhance the electrochemical properties for energy storage 

by providing more interaction between the ion-conducting electrolyte and 

the active material surface [25]. 
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Figure 6.2 (a) XRD pattern of Na1.35CrO4 and reference Na2CrO4; (b) 

structural refinement; (c-e) Crystal structures of Na1.35CrO4. 

The ball-and-stick, polyhedral, and space-filling views of the crystal 

structure of Na1.35CrO4 material obtained through the crystallographic 

information from the structural refinement are presented in Figures 6.2 (c), 

6.2 (d), and 6.2 (e), respectively. These crystal structures comprise 

tetrahedral chromium-oxygen (CrO4) and sodium-oxygen (NaO6) 

octahedral units. The sodium atoms are located in a zigzag channel between 

alternate CrO4 units. With this structural arrangement, the crystal forms a 

eD structure suitable for easily migrating sodium atoms between the CrO4 

units. Table 6.2 summarizes the atomic details, including atom types, 

atomic reciprocal coordinates, occupancies, site positions, and multiplicity 

values of the constituent elements in Na1.35CrO4.  
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Table 6.2: Atomic details from structural refinement of Na1.35CrO4. 

Atom 
Atom 

type 

Reciprocal coordinates 
Occupancy Sites Multiplicity 

x y z 

Na0 Na 0.000 0.193 0.750 1.000 4c 4 

Na1 Na 0.000 0.500 0.000 0.886 4b 4 

Cr2 Cr 0.000 0.151 0.250 0.941 4c 4 

O3 O 0.000 0.250 0.062 1.215 8f 8 

O4 O 0.231 0.0397 0.250 1.345 8g 8 

6.3.1.3 Particle Morphology and Size Analyses of Na1.35CrO4 

 The FESEM is employed to observe and analyze the smoothness 

and morphology of the particle surface, such as the shape and size of the 

Na1.35CrO4 material. The nominal atomic percentage of elements, chemical 

stoichiometry, and composition in the synthesized Na1.35CrO4 material are 

studied through EDS. Figures 6.3 (a-c) show the FESEM images of particle 

size and surface morphologies of the synthesized Na1.35CrO4 at 

magnifications of 150,000×, 60,000×, and 15,000× of the original size, 

respectively. The particles are on the nanometer scale and have a highly 

smooth surface. The particles are mostly of disc-like structure and are 

individually detectable (Figures 6.3 (a-b)). The particles are arranged in 

linear patterns, forming a highly porous (Figure 6.3 (c)) structure of Na-

1.35CrO4 material. Figure 6.3 (d) represents the particle size distribution 

profile for Na1.35CrO4. The particle size varies in the range of 20 nm to 75 

nm, with an average particle size of 42.87 nm. The particle size of the 

synthesized Na1.35CrO4 is smaller than the particle size of pure Na2CrO4 

material, having a particle size range of 25-84 nm.[25] The formation of 

nanometer-size-based particles of Na1.35CrO4 will assist in providing a high 

surface-to-volume ratio and an increased active contact of the electrode with 

the electrolytes, which will enhance the electrochemical performance of Na-

1.35CrO4 as an electrode for SIBs.  

Figure 6.3 (e) represents the EDS profile of Na1.35CrO4 and 

confirms the presence of the constituent elements Na, Cr, and O, which are 

subsequently used for the analysis of nominal atomic percentages of 

elements and the stoichiometric composition in the synthesized Na1.35CrO4. 
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The atomic percentages of Na, Cr, and O in Na1.35CrO4 through EDS are 

observed to be 30.3, 12.9, and 56.8%, respectively, yielding a stoichiometry 

of Na:Cr:O = 2.35:1:4.4, corresponding to a nominal Na2.35CrO4.4. The inset 

in Figure 6.3 (e) represents the selected portion of Na1.35CrO4 used for EDS 

spectrum. The uniformity of element distribution over the material’s surface 

was analyzed through color mapping (Figure 6.3 (f)). This color mapping 

facility was integrated with FESEM technique and detected the Kα electron 

radiations of the respective elements. The color mapping of a particular 

portion of the material showed that the Na, Cr, and O atoms are evenly 

distributed over the Na1.35CrO4 surface. Furthermore, Figures 6.3 (g-i) 

demonstrate the color mapping of individual elements in the magnified 

portion of the material, supporting the uniform distribution of constituent 

elements in Na1.35CrO4. This even distribution of elements is crucial for the 

material's formation phase purity in a nanoscale particle size range. 

 

Figure 6.3 (a-c) FESEM images; (d) Particle size distribution profile; (e)  

EDS profile; and (f-i) Color mapping of Na1.35CrO4. 
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6.3.1.4 Quantitative Elemental Analysis of Na1.35CrO4 

Although a nominal composition of the material is calculated from 

the above EDS analysis, it is not a quantitative analysis technique. To obtain 

the exact composition and an accurate stoichiometry of the synthesized 

material, ICP-OES is conducted as a quantitative elemental analysis 

technique. ICP-OES is performed using an Agilent SPS 4 autosampler by 

considering the wavelengths of metal elements Na and Cr as 589.592 and 

267.716 nm, respectively. The analyte calibration process was performed in 

three standard solutions of 5, 10, and 20 ppm concentrations. The 

quantitative results observed from the ICP-OES analysis are given in Table 

6.3, indicating the formation of the material with the required stoichiometry 

and an empirical formula of Na1.35CrO4. 

Table 6.3: Quantitative results from ICP-OES interpretation. 

Parameters Values 

Concentration of Na  1.87 ppm 

Concentration of Cr 3.14 ppm 

Number of moles per liter for Na 0.0604 mmol/L 

Number of moles per liter for Cr 0.0813 mmol/L 

Stoichiometry (Na: Cr) 1.35: 1 

Empirical molecular formula Na1.35CrO4 

The observed discrepancy in the elemental compositions obtained 

through ICP-OES (Na1.35CrO4) and SEM-EDS (Na2.35CrO4.4) likely arises 

primarily due to their inherent methodological differences, including 

working principles, sensitivity limits, and sampling depths. ICP-OES 

provides a high-precision and bulk-sensitive quantitative analysis of 

elemental composition by digesting the sample in acid and analyzing it in a 

diluted solution with a high detection limit from ppm to ppb [29]. Hence, 

the composition Na1.35CrO4 obtained through ICP-OES reflects the actual 

and highly precise stoichiometry of the entire bulk material. In contrast, 

SEM-EDS is a surface-sensitive technique. It provides semi-quantitative 

accuracy of surface analysis, particularly limited in detecting light elements 

such as sodium and oxygen, with a detection limit of about 0.1 to 1 atomic% 
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[30]. SEM-EDS analysis is typically sensitive to samples only in the near-

surface region and localized enrichment (including surface oxides and 

adsorbed Na+ ions).  The compositional results through SEM-EDS can be 

influenced by surface inhomogeneities, grain morphology, matrix effects 

such as Au coating, challenges in detecting light elements like oxygen and 

sodium, and local compositional fluctuations. Additionally, the 

overestimation of sodium in SEM-EDS is a known issue, often attributed to 

the higher mobility and potential surface enrichment of alkali metals during 

their exposure to the electron beam. Hence, while SEM-EDS demonstrates 

a semi-quantitative surface analysis and provides crucial information 

regarding the elemental presence in the material, it also possesses several 

limitations, as discussed above. Therefore, to obtain a highly accurate and 

comprehensive understanding of the chemical composition, both SEM-EDS 

and ICP-OES analyses are conducted. ICP-OES results are used as the 

primary reference for compositional analysis. 

6.3.1.5 Chemical State Analysis of Na1.35CrO4 

The oxidation states of elements and the chemical bonding of 

Na1.35CrO4 are studied using XPS. Figure 6.4 (a) shows the wide scan XPS 

spectrum of Na1.35CrO4 in a wide binding BE range of 0-1400 eV. The 

presence of the characteristic XPS peaks for Na, Cr, O, and C is observed 

in the wide scan XPS spectrum, indicating the existence of the respective 

elements. The occurrence of the C-1s peak could be attributed to the use of 

a sample holder consisting of a carbon-coated Cu grid. Further, the C-1s 

peak is used as the reference peak, and all other peaks are calculated with 

respect to this reference peak.   Figures 6.4 (b-e) represent the core-level 

XPS spectra of Na-1s, Cr-2p, O-1s, and C-1s orbitals, respectively. 

Figure 6.4 (b) for Na-1s showed a single intense peak at the BE of 

1070.59 eV, corresponding to the characteristic peaks of Na-1s and the ‘+1’ 

oxidation state. The deconvoluted XPS spectrum of Na-1s represents the 

Na-O bonding [25]. Figure 6.4 (c) represents the deconvoluted XPS 

spectrum of Cr-2p. Due to the presence of spin-down (-½) and spin-up (+½) 
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electrons in Cr-2p orbital, a spin-orbit coupling process occurs with the 

formation of Cr-2p1/2 and Cr-2p3/2 orbitals, respectively. These peaks are 

further split into major and minor peaks, respectively. The major peak of 

Cr-2p3/2 is observed at the BE of 579.37 eV, followed by a minor peak at 

576.11 eV. Similarly, the Cr-2p1/2 split into the major peak at 588.51 eV, 

followed by a minor peak at 585.83 eV, as shown in Figure 6.4 (c). The 

major peaks of Cr-2p1/2 and Cr-2p1/2 are separated by a BE difference of 9.14 

eV, corresponding to the Cr6+ oxidation state [25]. Similarly, the minor 

peaks of Cr-2p1/2 and Cr-2p1/2 are separated by an energy difference of 9.72 

eV, representing the existence of the Cr7+ oxidation state.  

 

Figure 6.4 Wide scan XPS spectrum of (a) Na1.35CrO4, (b) Na-1s, (c) Cr-

2p, (d) O-1s, and (e) C-1s orbitals in Na1.35CrO4 material. 
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Hence, Cr is present in both the Cr6+ and Cr7+ oxidation states, with 

Cr6+ as the dominant one in the synthesized Na1.35CrO4
 material. The 

deconvoluted XPS spectrum of O-1s in Figure 6.4 (d) shows the formation 

of three peaks. The highest intense peak of O-1s at 529.91 eV corresponds 

to the chemisorbed oxygen, whereas the lower intense peaks of O-1s at 

531.37 and 534.92 eV correspond to the Cr-O and Na-O metal bonds, 

respectively. Figure 6.4 (e) indicates the deconvoluted of C-1s. The highest 

intense peak at 284.8 eV belongs to the standard C-C bonding, and the 

lowest intense peak at BE at 286.77 eV corresponds to carbon bonding with 

oxygen, such as C=O or O-C=O. Hence, XPS analysis indicates the 

coexistence of Cr6+ and Cr7+ oxidation states of Cr in Na1.35CrO4, with Cr6+ 

as the dominant oxidation state. 

It is necessary to remember that the hexavalent chromium Cr(VI)-

based materials are highly toxic and may bring severe health-related issues 

to the biological system upon exposure [31].  The existence of Cr6+ in 

Na1.35CrO4 electrode will constrain its direct commercialization in battery 

technology. However, despite its high toxicity due to the presence of Cr6+, 

many convincing scientific reasons exist to investigate Cr(VI)-based 

materials, including our Na1.35CrO4 electrode for battery industries. Their 

multi-electron transfer reaction and structure-property relationships provide 

a promising opportunity to enhance the electrochemical properties for an 

improved energy storage performance [25,32].  

6.3.2 Electrochemical Analyses of Na1.35CrO4 Electrode  

6.3.2.1 Redox Activity Analysis of Na1.35CrO4 

The CV profiles of Na1.35CrO4 in the Na-half cell are shown in 

Figure 6.5. Na1.35CrO4, used as the active electrode material, with Na metal 

chips serving as reference and counter electrode in the Na-half cell, 

demonstrated an open circuit voltage (VOC) of about 1.842 V with respect 

to the Na/Na+. This VOC  is lower than the standard reduction potential of 

metal sodium, indicating that Na1.35CrO4 in the Na-half-cell works like a 

negative electrode. CV studies are carried out at various scan rates of 0.05 
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mV/s, 0.1 mV/s, and 0.5 mV/s for the three discharge and charge cycles in 

a voltage window of 0.01 V to 3.0 V. 

The CV profile of Na1.35CrO4 electrode-based Na-half-cell at 0.05 

mV/s scan rate is given in Figure 6.5 (a) for three consecutive cycles of 

charging/discharging processes. The 1st cycle corresponds to forming the 

SEI layer. During the discharging process, Na1.35CrO4 loses electrons (e-) 

and sodium ions (Na+ ions), forming CrO4
2- ions in the host structure of the 

material. These Na+ ions travel through the electrolyte to the sodium metal 

chip used as a counter and reference electrode. Meanwhile, e- migrates 

through an external circuit and combines with these Na+ ions to form 

metallic sodium at the counter electrode. During the discharging process, 

Na1.35CrO4 exhibits three prominent reduction peaks at the potentials of 

1.529, 0.669, and 0.061 V with respect to Na+/Na, as shown in the 2nd 

charge/discharge CV profile at 0.05 mV/s. The reverse process occurs 

during the charging process with the oxidation of sodium metal counter 

electrode to Na+ ions and electrons (e-). These Na+ ions travel back to the 

active electrode via the ion-conducting electrolyte and are reinserted into 

the structure. The CrO4
2- framework incorporates these Na+ ions and the 

electrons to restore the original composition of Na1.35CrO4 [25]. This 

process results in the formation of three oxidation peaks at 2.097, 1.299, 

and 0.086 V with respect to Na/Na+. The formation of multiple redox pairs 

indicates that the sodium extraction and insertion process in Na1.35CrO4 

electrode proceeds via complex steps. Further, the redox peaks for the 3rd 

charge/discharge cycle occurred at similar potentials as the 2nd cycle, 

indicating the high electrochemical reversibility and structural stability of 

the Na1.35CrO4 electrode for SIBs.  

Further, we performed the CV analysis at higher scan rates of 0.1 

mV/s and 0.5 mV/s for three cycles, as shown in Figure 6.5 (b). Similar 

redox characteristics are observed at other higher scan rates, such as 0.05 

mV/s. It is observed that with the increase in the scan rates, the oxidation 

peaks shift towards higher voltages, and the reduction peaks shift towards 
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lower voltages. The area under the CV and the magnitude of redox peaks 

increase with the increase in scan rates due to diffusion behavior and fast 

electron kinetics at higher scan rates. At all the corresponding scan rates, 

redox peaks are consistent at a similar potential, further expressing the 

phase stability of Na1.35CrO4. 

The EES behavior of Na1.35CrO4 for SIBs is investigated through 

CV analysis with the help of the Power-law relationship, Figure 6.5 (c). 

Here, slope ‘b’ provides crucial information regarding whether the electrode 

exhibits battery-type or capacitor-type behavior. A value of b as exactly 0.5 

or close to it suggests the pure battery-type charge kinetics of the electrode 

material. In contrast, its exact value of 1 represents the pure capacitive type 

of performance of the electrode, and any value between 0.5-1 corresponds 

to a mixture of battery and capacitive type performance. Na1.35CrO4 shows 

slope values of 0.48 for the charging and 0.59 for the discharging processes, 

indicating Na1.35CrO4 exhibits battery-type performance rather than 

capacitive charge kinetics. The analysis further strengthens the application 

of Na1.35CrO4 as an active electrode for SIBs. Figure 6.5 (d) represents the 

stacking order of elements for cell fabrication and connection with AutoLab 

potentiostat electrochemical workstation for CV analysis. In the setup, the 

working electrode (WE) and sample (S) are connected together to the 

Na1.35CrO4 electrode side of the coin cell, whereas the counter electrode 

(CE) and the reference electrode (RE) are connected together to the Na-

metal chip side of the coin cell. 
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Figure 6.5 CV profile at (a) 0.05 mV/s; (b) 0.1 mV/s and 0.5 mV/s; (c) 

logarithm of peak current vs. scan rates; (d) Coin-cell configuration and Auto-

lab setup for cyclic CV measurement of Na1.35CrO4. 

6.3.2.2 EIS Analyses of Na1.35CrO4 

EIS was performed before and after the CV analyses to observe the 

charge kinetics, resistances due to reactions at the electrode-electrolyte 

interface, and state of health for Na1.35CrO4 as an electrode for SIBs. The 

EIS analyses conducted before and after CV in a frequency range of 100,000 
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Hz to 0.1 Hz are shown in Figure 6.6. As interpreted from Figure 6.6 (a(i)), 

the fabricated cell has several components such as copper foil serving as a 

current collector for the active electrode,  Na1.35CrO4 as active electrode, 

SEI layer at the active electrode side, electrolyte, separator, thin film SEI 

layer at the counter electrode side, Na chip serving as counter electrode and 

reference, and the aluminum foil current collector from the counter 

electrode. Each of these components could be analyzed in different 

equivalent circuits, giving various resistances, as depicted in Figure 6.6 

(a(ii)) [33]. However, the charge resistance contribution from current 

collectors RCu and RAl, electrodes RAct. ele and RCou. ele, electrolyte RElec, and 

separator RSep could be summed up to form a bulk resistance represented by 

R1 [33]. This bulk resistance R1 is also known as the solution resistance and 

provides crucial information about the compatibility of electrolytes with 

electrodes. The value of R1 indicates that the electrolyte is a better choice 

and is desirable. Similarly, the resistance at the interfaces, such as SEI at 

the active electrode (RSEI act. ele) and thin film at the cathode (RSEI cou. ele), can 

be represented together by a single resistance R2 known as resistance due to 

the SEI. Further, the kinetics of electrochemical reactions at the electrode-

electrolyte interface results in an additional and important resistance, R3, 

known as the charge transfer resistance and sometimes represented as RCT 

[33].  With these, the actual impedimetric profile for the real fabricated half-

cell is closer to the equivalent circuit, as shown in Figure 6.6 (a(iii)). The 

resistances R1, R2, and R3 occur at higher, middle, and lower frequencies, 

respectively. 

The Nyquist plot of EIS analysis for before and after CV in Figure 

6.6 (b) represents the formation of two semicircles attributed to interfacial 

characteristics and the charge transfer of Na+ ions. The starting position of 

the 1st semicircles at higher frequencies represents the value of the solution 

or bulk resistance R1. The diameter of the 1st semicircle at high frequencies 

corresponds to interfacial characteristics of the SEI, which resulted in the 

formation of organic layers due to the electrolyte decomposition at 
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electrodes, and its resistance is represented as R2. Similarly, the diameter of 

the 2nd semicircle at lower frequencies represents the charge transfer 

resistance R3. The Nyquist plots before and after CV show similar values 

for the solution resistance. However, the resistance due to the SEI layer and 

charge transfer is higher in the Nyquist plot after CV than before CV 

analysis (Figure 6.6 (b)). 

The individual Nyquist plot and EIS analyses before and after CV 

are represented in Figures 6.6 (c) and 6.6 (d) for a better understanding. An 

equivalent circuit was used to fit experimental data, as shown in their 

respective inset figures. Table 6.4 provides the values for equivalent circuit 

parameters obtained through circuit fitting. 

 

Table 6.4: Equivalent circuit EIS parameters of Na1.35CrO4. 

Elements Units Before CV After CV 

R1  Ω 2.496 2.54 

R2 Ω 115.1 633.8 

R3 Ω 54.32 573.2 

Q2 F sa-1 4.184x10-6 9.933x10-4 

Q3 F sa-1 2.241x10-3 1.025x10-5 

a2 - 0.9073 0.7315  

a3 - 0.6581 0.8486  

fmin Hz 0.1 0.1 

fmax kHz 100 100 

Cdl F 2.93x10-8 2.777x10-9 
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Figure 6.6 (a) Cell components and their respective resistance 

contributions; Electrochemical impedance study analyses of Na1.35CrO4 

electrode (b) combined Nyquist plot for before and after CV;  (c) Nyquist 

plot before CV; (d) Nyquist plot after CV; (e) Bode modulus; and (f) Bode 

phase angle. 

The values of solution resistance R1 before CV (2.494 Ω) and after 

CV (2.54 Ω) remain nearly the same and are relatively small, indicating the 

good conductivity of the electrolyte and its compatibility with the 
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Na1.35CrO4 electrode. The resistance offered by the SEI layers R2 before CV 

is 115.1 Ω, which increased to 633.8 Ω after CV. This increase in the R2 

value is due to the formation of stable SEI layers at both electrode surfaces 

during the charge and discharge processes of the CV analysis. However, 

these R2 values are still low, which signifies good charge kinetics and a 

healthy state of the Na1.35CrO4 electrode. Similarly, the charge transfer 

resistance R2 before CV is about 54.32 Ω, which increased to about 573.2 

Ω after CV due to the decomposition of organic electrolyte and the 

formation of thin film solid organic layers at the electrode. Despite this 

increase, the values remain small, representing the high charge kinetics of 

Na+ ions. Compared to the charge transfer resistance of 311 Ω and 1091 Ω 

before and after cell cycling analyses for Na2CrO4/C as determined by Ali 

et al.[25], the small resistances of our material represent an enhanced 

interfacial conductivity and improved charge transfer of the fabricated cell. 

Further, the R2 values are used to determine the capacitance of the double 

layer (Cdl) [27]. The values of Cdl before and after CV analyses were 

determined to be approximately 2.930x10-8 and 2.777x10-9 F, respectively, 

and are given in Table 6.4.  

Figures 6.6 (e) and 6.6 (f) represent the Bode modulus and Bode 

phase angle, respectively, for Na1.35CrO4 electrode for both before and after 

CV analyses. A slight increase is observed in both the Bode modulus and 

Bode phase angle after CV testing, representing a degradation in 

electrochemical performance after the charge-discharge process during CV 

testing. The rise in impedance modulus magnitude signifies an increase in 

R3 that further results in increased interfacial polarization due to the 

passivation layer at the electrode. Further, after CV analysis, the Bode phase 

angle increase represents a shift toward more capacitive electrode behavior. 

This higher phase angle shifting could be attributed to the thin surface film 

formation.  
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6.4 Conclusions and Future Perspectives of Na1.35CrO4 

 In conclusion, for the first time, phase-pure Na1.35CrO4 has been 

successfully synthesized as an active electrode material for SIBs through a 

simple sol-gel method. Comprehensive physicochemical characterizations 

such as XRD, FESEM, EDS, ICP-OES, and XPS were carried out to 

investigate its various physical and chemical properties. These 

physicochemical analyses demonstrate the phase purity, high crystallinity, 

and well-ordered nature of Na1.35CrO4 with orthorhombic symmetry of the 

Cmcm space group, suitable for SIB application. Sol-gel-based synthesized 

Na1.35CrO4 exhibited a disc-like nanoparticle morphology and controlled 

stoichiometry. The nanoparticles range from 20 to 75 nm, with an average 

particle size of 42.87 nm, providing a highly active electrode-electrolyte 

contact surface. The EDS revealed a uniform distribution of elements all 

over the material surface. The XPS revealed the coexistence of Cr6+ and 

Cr7+ oxidation states, with Cr6+ as the dominant oxidation state. The detailed 

investigation of physical and chemical analyses is mutually supportive, 

signifying the elemental composition and structural integrity of Na1.35CrO4. 

Electrochemical studies, such as CV and EIS for Na1.35CrO4, were 

performed using fabricated sodium half-cells. The CV analysis 

demonstrated a VOC of ~1.842 V and a working voltage window of 0.01 V 

to 3.0 V with multiple redox peaks. CV demonstrated a consistent 

occurrence of redox peaks at similar potential, representing the phase 

stability of Na1.35CrO4. The Power-law analysis of the CV data 

demonstrates diffusion-controlled, battery-type behavior. At the same time, 

the EIS investigation indicated a low resistance from SEI layers and charge 

transfer resistance, revealing good electrolyte compatibility and excellent 

charge transfer kinetics. Furthermore, the low Cdl suggests the potential of 

Na1.35CrO₄ for high-energy-density applications. All the above analyses 

revealed that Na1.35CrO4 could be a potential active electrode material for 

SIBs. 



202 
 

Despite these promising findings for Na1.35CrO4 as an active 

electrode material for SIBs, further research is necessary to fully optimize 

and evaluate the electrochemical performance of Na1.35CrO4 for practical 

applications. The future direction for this material could be focused on 

galvanostatic charge-discharge analysis to investigate the specific capacity, 

rate capability, energy density, stability, and cycle life performance. 

Additionally, further research could investigate the effects of defect 

engineering, such as surface modifications, substitutional doping, and 

composite formation, to improve the Na+ ion charge kinetics, material 

stability, and electrochemical performance. This study primarily explores 

Na1.35CrO4 as an active electrode for SIBs. However, the existence of 

hexavalent Cr in Na1.35CrO4 makes it improbable for industrial 

commercialization for battery technology. Hence, future research could 

focus on exploring stabilization strategies, including surface modification, 

protective matrix encapsulation, and chemical bonding, to significantly 

reduce the toxic nature of Cr(VI)-based compounds by mitigating the 

mobility and bioavailability of Cr(VI). The Cr6+-based compounds are well 

known for their toxicity and environmental impact; hence, a thorough 

investigation could be focused on assessing the possible secondary 

pollution, including battery leakage. Exploring such environmental safety 

regarding the electrodes is important for real-life applications. Hence, more 

future work should focus on the rigorous environmental assessments of 

secondary pollution, including battery leakage, to comprehensively 

understand the safety implications of such materials. Moreover, future 

studies could be conducted on integrating Na1.35CrO4 electrodes into the 

full-cell fabrication of SIBs. 
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Chapter 6 (Part B) 

Tunnel-Structured Na4Mn7.2Cr1.8O18 Metal Oxide Electrodes 

for Sodium-Ion Batteries 

 

Part B of this chapter represents the partial Cr-doping in 

Na4Mn9O18 to synthesize a tunnel-structured Na4Mn7.2Cr1.8O18 through a 

conventional solid-state method, followed by comprehensive 

physicochemical and electrochemical characterizations as a cathode for 

SIBs. Here we have completely replaced Co with Mn and Cr. The additional 

selection of the tunnel structure over the layered structure was preferred 

due to its high structural stability and limited phase transitions. The partial 

substitution of Mn3+ with Cr effectively reduced the Jahn-Teller distortions 

and stabilized the material for efficient Na+ ion diffusion. Detailed 

physicochemical investigations confirmed the phase purity, uniform rod-

like morphology, desired stoichiometry, and favourable bonding 

environment of Na4Mn7.2Cr1.8O18. Its electrochemical characterizations in 

a sodium half-cell configuration revealed charge and discharge specific 

capacities of ~105 mAh/g  and 74 mAh/g, respectively, at 0.05C within a 

2.0-4.0 V and about 76% capacity retention after 200 cycles at 0.2C. CV 

demonstrated a high redox activity, Na+ ion diffusion, and pseudocapacitive 

behavior. The EIS and DRT studies revealed low resistances due to various 

physical processes and stable charge transfer resistance before and after 

cycle life testing, alongside a low double-layer capacitance, representing 

robust interfacial charge migration. These results support 

Na4Mn7.2Cr1.8O18 as a potential cathode for the fabrication of sustainable 

SIBs. 
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6.5 Introduction for Na4Mn7.2Cr1.8O18 Cathode 

Cathode materials, also known as positive electrodes, play a vital 

role in developing SIBs. In the past few decades, various cathode materials 

have been explored for their potential applications in SIBs. Each of these 

materials exhibits distinct properties. Sodiated manganese oxides of the 

chemical form Na4Mn9O18 (also known as Na0.44Mn2) are considered as 

promising positive electrodes for SIBs [34]. NaxMnO2 either exist in the 

tunnel structure such as  Na4Mn9O18 (i.e., NaxMnO2 for 0.22<x<0.66), or in 

P2 structure (NaxMnO2 for x>0.66). Among them, the tunnel-structured 

Na4Mn9O18 is the most promising cathode for SIBs based on its highly 

favorable crystalline framework for Na+ ion intercalation/deintercalation. 

Amongst Na0.44MnO2 (i.e., Na4Mn9O18) is one of the most studied cathodes 

with a tunnel structure lattice framework and provides a high theoretical 

capacity of ~121 mAh/g [35,36]. The Na4Mn9O18 nanowire studied by Anh 

Tan et al. [34] demonstrated a discharge capacity of ~90 mAh/g at 0.2C in a 

2.0 V - 4.0 V voltage window. It retained a consistency in discharge 

capacities for 30 cycles. Zhenzhen et al. [37] investigated the 

electrochemical performance of Na4Mn9O18/carbon-nanotube embedded 

reduced graphene oxide ternary composite cathode with respect to the zinc 

anode. It delivered a discharge capacity of 96.2 mAh/g and retained ~68% 

of its discharge capacity at the 150th  charge-discharge cycle [37]. Similarly, 

the work carried out by Guanghui et al. [38] on Na4Mn9O18/reduced 

graphene oxide cathode and zinc anode exhibited a reversible discharge 

capacity of about 83, 43, 33, 24, 16, and 13 mAh/g at 0.1, 0.2, 0.5, 1. 2, and 

5 A/g current densities, respectively, and capable of retaining ~72% of the 

capacity by 160 cycles. The Na4Mn9O18 cathode material in aqueous 

electrolyte of 1M Na2SO4 and activated carbon counter electrode delivered 

a maximum specific capacity of 45 mAh/g at 0.125C. Similarly, the 

electrochemical process study of the Na4Mn9O18 cathode with respect to the 

Hg/HgSO4 reference electrode by Tevar et al. [39] in aqueous electrolyte 

exhibited a specific capacity of 35 mAh/g at 25 mA/g. The rod-like particle 
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morphology of Na4Mn9O18 as cathode material for SIBs provided a high 

surface area for effective redox reactions and short diffusion paths that 

facilitated rapid ion transport, providing enhanced rate capability and 

charge/discharge efficiency. Furthermore, Na4Mn9O18 is observed to have 

two phases of α-Na4Mn9O18 and β-Na4Mn9O18. The α-Na4Mn9O18 has a 

monoclinic crystal lattice structure with a C2/m space group, and its structure 

is composed of Na atoms sandwiched between the MnO2 layers. On the other 

hand, β-Na4Mn9O18 exhibits the orthorhombic lattice symmetry with a space 

group of Pmnm, and its crystal structure is composed of an arrangement of 

Na atoms and MnO2 slabs in a zigzag pattern, forming a tunnel structure 

[40,41].  

The electrochemical performance of α-Na4Mn9O18, having a layered 

structure, is limited by the Jahn-Teller (JT) effect, which is associated with 

the formation of Mn4+O6 octahedra from Mn3+O6 octahedra during the 

cycling process [40,41].  This JT effect arises from the relatively large ionic 

radius of Na⁺ ions, which induces distortions in the crystal lattice. However, 

the β-Na4Mn9O18, having orthorhombic symmetry, shows a significant 

reduction in the JT effect, which enhances the cathode material’s structural 

stability, cycle life, and rate performance. Although β-Na4Mn9O18 exhibits a 

considerable decrease of the JT effect compared to the α-Na4Mn9O18, it 

undergoes a partial transformation into α-Na4Mn9O18 during prolonged 

repeated cycling [35,36,39–41]. The formation of a tunnel-like structure for 

Na+ ion migration shows a reduction in this JT effect. Several research 

studies have also been extended to explore other strategies to address this 

issue of structural instability due to the JT effect [35,36,39–41]. One such 

promising approach is the partial substitution of cation with Mn3+ ions. The 

studies by Shishkin et al. show that the partial doping of Cu cations can 

reduce this JT effect and provide a stabilized structure [42]. Further, 

theoretical studies revealed that the partial substitution of Mn with other TM 

elements (such as Sc, Ti, V, Cr, Fe, Co, Ni,  and Zn), post-TMs such as Al, 

and alkali metal such as Mg can also stabilize the Na4Mn9O18 cathode [42]. 
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However, a detailed experimental study is required to investigate the effect 

of these TMs in enhancing the structural stability and rate performance of 

Na4Mn9O18 cathode for SIBs. 

The selection of Cr as a partial dopant in Mn-based tunnel structures 

is due to its structural and electronic advantages. Cr3+, having the d3 

electronic structure, is not subject to Jahn-Teller distortion and therefore 

suppresses the instability usually inherent in Mn3+. Its ionic radius is almost 

the same as that of Mn3+, facilitating substitution without severe lattice 

strain, and contributing additionally to electronic conductivity and Na+-ion 

diffusion. These characteristics together stabilize the tunnel structure and 

enhance long-term electrochemical performance. This study successfully 

incorporates Cr as a partial dopant at the Mn3+ site to form β-

Na4Mn7.2Cr1.8O18, with doping levels of 20% of the primary TM atom. The 

selection of Cr as a dopant is based on the consideration of both literature 

analysis and the structural and electrochemical advantages of Cr. The DFT 

calculation performed by Shishkin et al. revealed that the partial substitution 

of several TMs, such as Sc, Ti, V, Cr, Fe, Co, Ni, Cu, and Zn, can effectively 

stabilize the different polymorphs of Mn-based cathodes for SIBs by 

modifying the local electronic environment and influencing the formation 

energy.[42] Among these, Cr was one of the most cost-effective and easily 

available elements that exhibited the highest structural stabilization after Ti. 

However, Ti exhibits a redox couple at a very low voltage that restricts its 

usage for high-voltage cathode synthesis. Further, Ti does not suppress JT 

distortion as Cr3+ does. As a result, in our study, we chose Cr as a dopant in 

Na4Mn9O18 to form Na4Mn7.2Cr1.8O18 cathode.  Several unique properties of 

Cr make it a suitable dopant at the location of Mn. The ionic radius of Cr 

(0.615 Å for Cr3+ with VI coordination) is close to that of Mn (0.645 Å for 

Mn3+ with VI coordination), making it a structurally compatible substitution 

into the MnO6 unit without significant lattice distortion. Further, Cr3+ does 

not exhibit JT distortion due to its d3-electron configuration, and its partial 

substitution helps in significant structural stabilization by reducing the JT 
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effect of Mn3+ during the prolonged cycle life performance. Moreover, Cr 

enhances the electronic conductivity of TM oxide cathodes by lowering the 

bandgap.[43,44] Again, the Cr dopant also improves the Na+ ion diffusion 

by widening the interplanar spacing [45]. All these properties make Cr a 

potential dopant for the synthesis of Na4Mn7.2Cr1.2O18 cathode material for 

SIBs. Further, Cr-doping provided a zigzag-like tunnel structure for Na+ ion 

migration and intercalated and deintercalated maximum Na+ ions in the 

cathode material to enhance the prolonged cycle life performance. In our 

study, Na4Mn7.2Cr1.8O18 as cathode material in SIB configuration achieved 

a notable enhancement in electrochemical performance, Na+ ion diffusion 

kinetics, and long cycle life performance compared to the undoped 

Na4Mn9O18 counterpart. The Na4Mn7.2Cr1.8O18 cathode demonstrated an 

impressive discharge capacity of about 74 mAh/g at 0.05C within the 2.0-

4.0 V voltage range versus Na/Na+. Further, it exhibited excellent rate 

capability and cycling stability. Even after 200 charge-discharge cycles at 

0.2 C, the discharge capacity retention was approximately 76%. CV and EIS 

studies revealed that Cr doping raises the average discharge potential and 

enhances the Na+ ion diffusion coefficient. Moreover, Cr doping in 

Na4Mn7.2Cr1.8O18 cathode mitigated the JT distortion and improved the 

electrochemical stability and performance. 

 

6.6 Experimental Section for Na4Mn7.2Cr1.8O18 Cathode 

The experimental details, such as the materials synthesis approach, 

physicochemical characterization techniques, electrode preparation, cell 

assembly, and electrochemical property analysis techniques for 

Na4Mn7.2Cr1.8O18 cathode in SIBs, are explained in detail in Chapter 2. 
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6.7 Results and Discussion for Na4Mn7.2Cr1.8O18 Cathode 

6.7.1 Physicochemical Analyses for Na4Mn7.2Cr1.8O18 Cathode 

6.7.1.1 Thermal Behavior of Na4Mn7.2Cr1.8O18 

The thermal behavior of Na4Mn7.2Cr1.8O18 material before the 

calcination process was analyzed through TGA and DTG, as shown in 

Figure 6.7. The material exhibited a complex three-stage decomposition 

process between approximately 30°C and 1000°C. The first stage, mass 

loss, was observed between 35 and 135°C with a total mass loss of 4.3% 

and is attributed to the removal of absorbed and trapped water. It is further 

represented by endothermic peaks in the DTG curve at 63 and 109°C. The 

second stage mass loss occurred between 135-550°C, where a substantial 

2.5% mass loss took place owing to the decomposition of precursors, 

accompanied by gas evolution. The peak in the DTG curve at 495°C 

indicates the rapid mass loss rate corresponding to this decomposition 

process.  

The third stage mass loss, spanning 550-920°C, involved only a 

2.3% mass loss due to nucleation and desired Na4Mn7.2Cr1.8O18 phase 

formation, likely represented by a parallel line to the temperature axis of the 

DTG curve, reflecting a more gradual structural reorganization. By the end 

of 1000°C, the material still retained about 89.1% of its initial mass. This 

high mass retention indicated the excellent thermal stability of the material. 

Between temperatures 550-920°C, the DTG curve plateaus approached zero 

and a very low percentage of mass loss (as analyzed through TGA), 

indicating the formation of a stable phase. The stability of the material at 

higher temperatures is important for its performance in SIBs. Based on these 

thermal characteristics, 700, 800, and 900°C calcination temperatures were 

strategically selected for synthesizing materials with enhanced stability. 

These temperatures ensured complete phase formation and stability of 

Na4Mn7.2Cr1.8O18 as a cathode material.  
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Figure 6.7 Thermal behavior of Na4Mn7.2Cr1.8O18 from ~30ºC to ~1000ºC. 

6.7.1.2 Phase Purity and Lattice of Na4Mn7.2Cr1.8O18 

The phase purity synthesis analyses of Na4Mn7.2Cr1.8O18 cathode 

were performed using powder-XRD for the samples calcinated at three 

distinct temperatures of 700°C (black colored pattern), 800°C (red colored 

pattern), and 900°C (green colored pattern) as shown in Figure 6.8 (a). 

These XRD patterns of synthesized Na4Mn7.2Cr1.8O18 materials were 

compared with the standard Na4Mn9O18 CIF file from the Materials Project, 

having orthorhombic crystal symmetry [34,37,46] as shown by the blue-

colored pattern in Figure 6.8 (a). The XRD analysis revealed significant 

variations in the formation of the material’s purity across the calcination 

temperatures, signifying insights into the optimal synthesis calcination. 

 The XRD patterns demonstrated a clear evolution of crystalline 

structure with increasing calcination temperature. The 

Na4Mn7.2Cr1.8O18@700°C sample revealed the presence of all the 

corresponding peaks as those of the reference Na4Mn9O18 material. In 

addition to the phase pure peaks, Na4Mn7.2Cr1.8O18@700°C also showed the 

presence of some additional peaks corresponding to impurities, as 

represented by the “***” symbol. From the Rietveld refinement on the XRD 

data of the sample calcined at 700°C, it was found that these impurity phases 



210 
 

were due to the presence of secondary impurities such as NaCr3O8 and 

Na2Cr4O18, constituting approximately 2.14% of the total composition. 

These impurity phases could be attributed to the incomplete reaction or 

insufficient diffusion kinetics at this lower temperature. This indicates that 

700°C is insufficient for the complete phase transformation and impurity 

elimination. Na4Mn7.2Cr1.8O18@800°C demonstrated the optimal phase-

pure crystalline phase formation, with all observed peaks precisely 

matching the standard Na4Mn9O18, having a tunnel structure for Na+ ion 

migration as reference material with no detectable impurities. The well-

defined prominent peaks and the absence of impurity peaks strongly 

suggested the formation of a single-phase of Na4Mn7.2Cr1.8O18 material at 

800°C [38,39,47]. Conversely, Na4Mn7.2Cr1.8O18@900°C displayed the 

lack of several characteristic XRD peaks represented by dotted circles. This 

degradation of crystallinity at higher calcination temperatures is likely due 

to excessive sodium loss at high temperatures. Sodium volatilizes at higher 

temperatures, which disrupts the structural stability and stoichiometry of the 

material, leading to defects, reduced long-range order, phase impurity, and 

poor crystallinity [48]. This suggests that at this elevated temperature, the 

desired phase of Na4Mn7.2Cr1.8O18 decomposed, and the crystallinity nature 

decreased, emphasizing the importance of not exceeding the optimal 

calcination temperature. The comprehensive XRD analysis revealed 800°C 

as the optimal calcination for phase-pure Na4Mn7.2Cr1.8O18. 

We extended our study on its structural refinement using FullProf, 

as shown in Figure 6.8 (b). The Rietveld-refinement analysis confirmed the 

formation of the orthorhombic phase of  Na4Mn7.2Cr1.8O18@800°C. This 

symmetry possesses the lattice parameters of 2.988, 9.092, and 26.429 Å 

with all the interaxial angles as 90º. The volume and density of the unit cell 

for this material were calculated from refinement as 718.09 Å3
 and 2.715 

g/cm3, respectively. All these obtained lattice parameters are given in Table 

6.5 and are compared with the previously studied Na4Mn9O18 material. 
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Table 6.5: Crystallographic data obtained through refinement for 

Na4Mn7.2Cr1.8O18@800°C. 

Crystallographic 

Parameters 

Reference Na4Mn9O18 This work 

Na4Mn7.2Cr1.8O18 

Lattice 

parameters (Å) 

2.92, 9.224, 26.52, 

9.09, 26.46, 2.82 [47];  

9.084, 26.311, 2.822 [49]  

 2.988, 9.092, 26.429 

α, β, γ (º) 90 [47,49] 90 

Unit cell volume 

(Å3) 

714.452; 

678.27 [47]; 674.6 [49]   

718.09 

Density (g/cm3) - 2.715 

Crystal symmetry Orthorhombic [47,49] Orthorhombic 

Figure 6.8 (c) demonstrates the lattice structure of  

Na4Mn7.2Cr1.8O18@800°C obtained from the XRD structural refinement. 

The unit cell of Na4Mn7.2Cr1.8O18@800°C contains four Na positions as 

represented by Na1, Na2, Na3, and Na4, and single chains of edge-linked 

MnO5 square pyramids, double and triple chains of edge-linked MnO6 

octahedra, and double and triple chains of edge-linked CrO4 tetrahedra as 

shown in Figure 6.8 (c). The single, double, and triple polyhedra formed 

two 3D tunnels: a large S-shaped and a small six-sided tunnel.[47,49]  This 

is attributed to the coexistence of Mn3+ and Mn4+ inside the lattice structure 

of Na4Mn7.2Cr1.8O18. Here, the Na2, Na3, and Na4 reside in these large S-

shaped tunnels, whereas the Na1  occupies the six-sided tunnels, as shown 

in Figure 6.8 (c). The Na1 is coordinated by nine O atoms, and the Na+ ions 

are positioned on the mirror plane perpendicular to the crystallographic c-

axis. In addition to reducing the JT effect, the Cr-doping extends the large 

S-shaped tunnel suitable for Na+ ion migration. 

𝐷 =
0.9 𝜆 

𝛽 cos (𝜃)
     ………. (6.1) 

 The crystallite size (D) of Na4Mn7.2Cr1.8O18@800°C corresponding 

to the highest intense peak through the Debye Scherrer formula[27,28] (as 

given in equation 6.1) was found as ~22.43 nm. Here, λ=0.1542 nm is the 

corresponding x-ray wavelength, β is the FWHM of the highest intense 

peak, and θ is the Bragg’s angle. Hence, the comprehensive XRD analysis, 

structural refinement, and a detailed crystal structure investigation 
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identified that 800ºC is the optimal calcination condition for the phase-pure 

synthesis of Na4Mn7.2Cr1.8O18, containing a similar phase to that of the 

Na4Mn9O18 reference material. These insights are essential for 

understanding the electrochemical performances of Na4Mn7.2Cr1.8O18 as a 

potential cathode material for SIBs and further improving its 

electrochemical activities. 

 

Figure 6.8 (a) XRD patterns of Na4Mn7.2Cr1.8O18 and  reference Na4Mn9O18; 

(b) Structural refinement; and (c) The lattice structure of 

Na4Mn7.2Cr1.8O18@800°C obtained through structural refinement. 

6.7.1.3 Surface Morphology of Na4Mn7.2Cr1.8O18 

Comprehensive qualitative analyses of particle surface morphology, 

shape, size, elemental distribution, and nominal chemical composition of all 



213 
 

the synthesized materials with different calcination temperatures were 

conducted using FESEM and EDS and are compared with the Na4Mn9O18 

material from the literature. Figure 6.9 (a, c, e, g) represents the particle 

morphologies of Na4Mn7.2Cr1.8O18 before calcination, calcinated at 700ºC 

for 12h, 800ºC for 12h, and 900ºC for 12h, respectively, at 30,000 times 

magnification of their original size. All these materials have a smooth 

surface morphology. Na4Mn7.2Cr1.8O18 material before calcination showed 

an irregular particle shape, and most of them were of disc-like shape, as 

shown in Figure 6.9 (a). The particle size distribution of Na4Mn7.2Cr1.8O18 

before calcination in Figure 6.9 (b) indicates that the particles exhibited a 

wide range of sizes varying from 0.4 to 1.7 μm and with 0.918 μm average 

particle size. This indicates that further calcination was required. 

The FESEM images of Na4Mn7.2Cr1.8O18@700°C shown in Figure 

6.9 (c) revealed that the particles at 700°C start to agglomerate and form a 

rod-like morphology. However, most particles still showed an undefined 

shape and size, significantly deviating from Na4Mn9O18, which contains a 

rod-like morphology.  This indicates that a higher calcination temperature 

was needed for better morphology. The diameter size distribution profile of 

Na4Mn7.2Cr1.8O18@700°C spanned over a size range of 0.1 μm to 0.7 μm 

and an average particle diameter of 0.302 μm (Figure 6.9 (d)). On the other 

hand, Na4Mn7.2Cr1.8O18@800°C revealed the formation of smooth surface 

morphology of the particles, with almost all the particles having a uniform 

rod-like shape (Figure 6.9 (e)), like the reference undoped Na4Mn9O18 

material. This morphological analysis supported the XRD results, 

confirming the formation of the desired orthorhombic phase 

Na4Mn7.2Cr1.8O18@800°C with tunnel-like features for Na+ ion migration. 

The diameter of these rod-like Na4Mn7.2Cr1.8O18@800°C particles ranged 

from 0.1 to 0.6 μm, with an average particle size of 0.265 μm as shown in 

Figure 6.9 (f). This particle diameter distribution range was very narrow, 

with a good Gaussian normal distribution function fitting, indicating the 

uniform formation of particles at this calcination temperature of 800°C. 
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Although Na4Mn7.2Cr1.8O18@900°C particles in Figure 6.9 (g) exhibited a 

rod-like morphology as that of undoped Na4Mn9O18 material, [34,47,50] 

their diameter varied significantly from particle to particle. The diameter of 

Na4Mn7.2Cr1.8O18@900°C particles spanned over a wide range of 0.0 to 0.1 

to 0.6 μm (Figure 6.9 (h)), indicating that at this temperature, several 

particles break their symmetry and crystallinity as confirmed through the 

above XRD analysis. Hence, from this qualitative morphological analysis, 

it was confirmed that Na4Mn7.2Cr1.8O18 calcinated at 800°C for 12h showed 

uniform and better morphology like Na4Mn9O18 material. 

  

Figure 6.9 FESEM images (a) before calcination and calcinated at (c) 700°C, 

(e) 800°C and (g) 900°C; (b) particle diameter distribution profile (b) before 

calcination and calcinated at (d) 700°C, (f) 800°C and (h) 900°C;  and EDS 

profiles (i) before calcination and calcinated at (j) 700°C, (k) 800°C and (l) 

900°C of Na4Mn7.2Cr1.8O18 material. 
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The qualitative analysis of elemental composition and distribution 

in Na4Mn7.2Cr1.8O18 before and after calcination at 700°C, 800°C, and 

900°C for 12 h is analyzed using EDS, as illustrated in Figure 6.9 (i-l). The 

EDS spectrum of Na4Mn7.2Cr1.8O18 confirms the presence of elements in 

near-stoichiometric proportions. The primary elements, such as Na, Cr, Mn, 

and O of  Na4Mn7.2Cr1.8O18  materials, are uniformly distributed throughout 

the surface of the synthesized materials. The EDS spectrum of 

Na4Mn7.2Cr1.8O18 before calcination in Figure 6.9 (i) reveals that Na, Cr, 

Mn, and O content is about 20.7, 5.3, 19.7, and 52.2%, respectively. 

Similarly, the EDS study for Na4Mn7.2Cr1.8O18@700°C (Figure 6.9 (j)) 

reveals the existence of Na, Cr, Mn, and O as 19.1, 5.4, 29.7, and 45.7%, 

respectively. These values for Na4Mn7.2Cr1.8O18@800°C (Figure 6.9 (k)) 

materials are about 19.6, 4.1, 25.4, and 50.9%, respectively. And that of 

Na4Mn7.2Cr1.8O18@900°C (Figure 6.9 (l)) is found to be 20.3, 4.6, 25.5, and 

49.7, respectively. Through EDS, it is found that all the Na4Mn7.2Cr1.8O18 

materials before calcination and calcinated at 700, 800, and 900ºC 

possessed nearly the desired stoichiometry of surface elements as shown in 

Table 6.6.  

Table 6.6: EDS-based atomic% in Na4Mn7.2Cr1.8O18. 

% of 

atoms 

Na4Mn7.2Cr1.8O18 

before calcination @700ºC @800ºC @ 900ºC 

Na 20.7 19.1 19.6 20.3 

Mn 19.7 29.7 25.4 25.5 

Cr 5.3 5.4 4.1 4.6 

O 54.2 45.7 50.9 49.7 

 

6.7.1.4 Quantitative Stoichiometry of Na4Mn7.2Cr1.8O18 

 To obtain the exact stoichiometry and true composition of the 

synthesized material, ICP-OES was employed as a quantitative elemental 

analysis technique. The ICP-OES [27] was carried out through an Agilent 

SPS 4 autosampler, with specific wavelengths for metal elements such as 

sodium at 589.592 nm, chromium at 283.563 nm, and manganese at 257.610 

nm. The samples for ICP-OES were prepared by digesting the powder 
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samples in a combination of nitric acid (HNO3) and hydrochloric acid (HCl) 

in a 3:1 volume ratio and diluted in DI water to form about 10 ppm of the 

concentration. The calibration process involved the preparation of three 

standard solutions with concentrations of 5, 10, and 20 ppm to ensure 

accurate quantification of the elements. The quantitative results from the 

ICP-OES analysis are presented in Table 6.7. All three samples of 

Na4Mn7.2Cr1.8O18 synthesized with a calcination temperature of 700ºC, 

800ºC, and 900ºC show almost similar stoichiometry and the empirical 

molecular formula. However, the material synthesized with a calcination 

temperature of 800ºC exhibited the most required stoichiometry with an 

empirical formula of Na4.81Mn6.80Cr1.8O18, suggesting almost the needed 

proportion of TM elements as that of Na4Mn7.2Cr1.8O18 material. Compared 

to Na4Mn7.2Cr1.8O18@700°C and Na4Mn7.2Cr1.8O18@900°C, the 

stoichiometry of the alkali atom Na, chalcogen O and the TM elements Mn 

and Cr in Na4Mn7.2Cr1.8O18@800°C was found to be more similar to the 

reference Na4Mn9O18 material.  

The discrepancy between the stoichiometry obtained through SEM-

EDS and ICP-OES is due to the inherent differences in the working 

principles, sensitivity, and sampling depth of these two techniques. 

Although SEM-EDS is useful for identifying the presence of elements and 

their relative concentrations, it is a semiquantitative and surface-sensitive 

technique whose results can be influenced by grain morphology, surface 

inhomogeneities, Au coating, and local compositional variations. 

Moreover, EDS is prone to overestimating Na content due to its surface 

enrichment and higher mobility under the electron beam [30,51]. In 

contrast, ICP-OES is a highly quantitative and bulk-sensitive analytical 

technique. It involves complete digestion of the sample in acid and analysis 

of the resulting solution, providing highly accurate elemental quantification 

with detection limits ranging from ppm to ppb [29]. Hence, ICP-OES 

reflects the true stoichiometry of the entire bulk material. Therefore, while 
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EDS provides useful information about surface elemental distribution, the 

ICP-OES reflects the accurate compositional analysis of Na4Mn7.2Cr1.2O18. 

Table 6.7: Concentration, stoichiometry, and empirical molecular formula 

for Na4Mn7.2Cr1.8O18 materials through ICP-OES analysis. 

Na4Mn7.2Cr1.8

O18 calcinated 

at 

Concentration 

(ppm) 

Stoichiometry 

 (Na : Mn : Cr) 

Probable Molecular 

formula 

Na Mn Cr 

700ºC for 12h 1.32 4.74 1.20 2.49 : 3.74 : 1 

≈ (4.482 : 6.732 : 1.8) 

Na4.48Mn6.73Cr1.8O18 

800ºC for 12h 1.97 6.67 1.67 2.67 : 3.78 : 1 

≈ (4.81 : 6.804 : 1.8) 

Na4.81Mn6.80Cr1.8O18 

900ºC for 12h 2.02 6.08 1.68 2.72 : 3.43 : 1 

≈ (4.896 : 6.174 : 1.8) 

Na4.9Mn6.17Cr1.8O18 

6.7.1.5 Raman Scattering of Na4Mn7.2Cr1.8O18 

 The critical insight of the crystalline framework and vibrational 

properties of Na4Mn7.2Cr1.8O18 material was investigated through Raman 

spectroscopy, as shown in Figure 6.10 (a). The distinct Raman scattering 

vibrational peaks at 550-700 cm-1 and ~850 cm-1
 are attributed to Mn-O and 

Cr-O bonding environments within the crystal matrix of the material. 

Na4Mn7.2Cr1.8O18@700°C exhibited three low-intensity peaks between 550-

700 cm-1, similar to those of the reference Na4Mn9O18. In contrast, 

Na4Mn7.2Cr1.8O18@800°C possessed an additional peak at 848.8 cm-1 

corresponding to the Cr-O vibration in addition to Raman peaks between 

550-700 cm-1
. However, Na4Mn7.2Cr1.8O18@900°C demonstrated a single 

Raman peak at ~636 cm-1. The Raman scattering peaks at 568.2, 647.1, and 

672.1 cm-1
 of the above materials correspond to the A1g vibrational mode of 

Mn-O and Cr-O bonding environments of their respective MnO6 and CrO6 

octahedral units [52]. The Raman scattering peak at ~597 cm-1
 could be 

attributed to the Mn-O vibration in the basal plane of the MnO6 octahedral 

unit [53]. The additional Raman scattering peak of 

Na4Mn7.2Cr1.8O18@800°C at 848.8 cm-1 further corresponds to the Cr-O 

vibration [54]. The lack of Raman Scattering peaks of 

Na4Mn7.2Cr1.8O18@900°C material compared to the Na4Mn9O18 indicated 
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the distortion of octahedral units as explained in the above XRD and 

FESEM sections. Further, the significant number and intensity of 

vibrational modes of Na4Mn7.2Cr1.8O18@800°C are similar to those of 

Na4Mn9O18, revealing a better synthesis of phase-pure material at 800°C.  

 

Figure 6.10 (a) Raman spectra of Na4Mn7.2Cr1.8O18 calcinated at 700ºC (pink), 

800ºC (red), and 900ºC (blue); (b) TEM images; (c) SAED pattern; and (d) 

HRTEM image of Na4Mn7.2Cr1.8O18@800°C. 

From XRD, FESEM, ICP OES, EDS, and Raman scattering, 

Na4Mn7.2Cr1.8O18 synthesized at 800°C exhibited a more well-defined phase 

and superior structural characteristics similar to the undoped Na4Mn9O18, 

compared to its counterparts synthesized at 700°C and 900°C for 12 h. 

Consequently, all the subsequent analyses from this point onwards were 

focused exclusively on Na4Mn7.2Cr1.8O18@800°C material. 
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6.7.1.6 TEM and HRTEM Analyses Na4Mn7.2Cr1.8O18 

The fine TEM images of Na4Mn7.2Cr1.8O18@800°C are shown in 

Figure 6.10 (b), exhibiting the rod-shaped morphology. The particle shape 

and size analysed through TEM are inconsistent with FESEM. The SAED 

pattern in Figure 6.10 (c) represents a well-recognizable spotty diffraction 

pattern consisting of distinct, sharp spots arranged in a regular array. It 

corresponded to the orthorhombic symmetry and the highly single-crystal 

lattice nature of Na4Mn7.2Cr1.8O18@800°C material, similar to that of its 

undoped Na4Mn9O14 counterpart. The further single lattice-based atomic 

plane orientation of Na4Mn7.2Cr1.8O18@800°C was observed via the 

HRTEM, as shown in Figure 6.10 (d). The atomic columns and the lattice 

fringes were found to be arranged in a specific direction with an interplanar 

spacing of 8.3 Å (Figure 6.10 (d)).  The observed d-spacing value 

corresponds to the (011) plane of the material, as indicated in the XRD 

analysis. This strong agreement further substantiated the highly crystalline 

nature of Na4Mn7.2Cr1.8O18@800°C cathode material. The sharp atomic 

column lattice fringes indicated a highly ordered atomic arrangement, 

crucial for enhancing the electrochemical performance.  

6.7.1.7 Chemical State Analysis of Na4Mn7.2Cr1.8O18 

The oxidation states of elements and chemical bonding in 

Na4Mn7.2Cr1.8O18@800°C were analyzed through XPS. Figure 6.11 (a) 

presents the wide-scan XPS spectrum over a BE range of 0–1200 eV, 

confirming the presence of the characteristic peaks in 

Na4Mn7.2Cr1.8O18@800°C. Here, the C-1s peak serves as a reference for BE 

calibration. The core level XPS spectra of Na-1s, Cr-2p, Mn-2p, O-1s, and 

C-1s are given in Figure 6.11 (b-f), respectively. The high-resolution Na-

1s XPS spectrum (Figure 6.11 (b)) exhibits a highly intense peak at 1070.3 

eV corresponding to the core level electrons from Na (i.e., Nae) followed by 

a weak peak corresponding to Na-O-M (where, M = Mn/Cr) coordination 

environments, suggesting the successful incorporation of Na into the crystal 

structure of Na4Mn7.2Cr1.8O18.  
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Figure 6.11 (a) Wide scan XPS spectra of Na4Mn7.2Cr1.8O18@800°C; Narrow 

scan XPS spectra of (b) Na-1s; (c) Cr-2p; (d) Mn-2p; (e) O-1s; and (f) C-1s 

orbitals. 

The oxidation states of TM were identified in the Cr-2p and Mn-2p 

spectra, as shown in Figure 6.11 (c) and 6.11 (d), respectively. The high-

resolution Cr-2p XPS spectra demonstrated characteristic spin-orbit 

splitting with Cr-2p1/2 at 588.6 eV and Cr-2p3/2 at 579.25 eV. Its 

deconvolution revealed the coexistence of Cr3+ and Cr4+ oxidation states 

with BE separation values (ΔE) of 9.35 eV and 9.3 eV, respectively. At the 
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same time, the high-resolution XPS spectrum of Mn-2p revealed a spin-

orbit splitting with Mn-2p1/2 at 653.5 eV and Mn-2p3/2 at 641.85 eV, 

respectively. Its deconvolution results represented the coexistence of Mn3+ 

and Mn4+ oxidation states with ΔE values of 11.35 eV and 11.3 eV, 

respectively. The mixed-valence oxidation state character of Mn and Cr is 

advantageous for obtaining high redox activity during cell operation. 

The high-resolution XPS spectrum of O-1s spectrum Figure 6.11 

(e) was situated at 529.7 eV and revealed its various chemical environments. 

The deconvoluted components represented the Mn-O-Mn, Cr-O-Cr, and 

Mn-O-H bonding environments, confirming the formation of the polyhedral 

structure of metal-oxygen coordination in the crystal framework. The 

occurrence of hydroxyl groups (Mn-O-H) indicated minor surface 

hydration, commonly resulting in oxide materials. The high-resolution 

deconvoluted spectrum of C-1s (Figure 6.11 (f)) with a central peak at 

284.8 eV corresponded to the C-C bonding environment. Meanwhile, the 

secondary C-1s peak at 288.75 eV represented the C=O=C bonds [55]. 

Overall, the XPS analysis confirmed the successful synthesis of 

Na4Mn7.2Cr1.8O18 with the expected oxidation states and bonding 

environment. Moreover, the BE for XPS peaks of Na4Mn7.2Cr1.8O18@800ºC 

sample was found to be situated at a BE almost similar to that of the XPS 

peaks in the undoped Na4Mn9O18 material. This further correlated the 

oxidation states and the structural bonding environment similarity of Cr-

doped Na4Mn7.2Cr1.8O18 with its undoped Na4Mn9O18 counterpart. 

 

6.8 Electrochemical Analyses for Na4Mn7.2Cr1.8O18 Cathode 

6.8.1 CV Analysis for Na4Mn7.2Cr1.8O18 Cathode 

To further obtain a deeper understanding of the redox mechanisms 

for the electrochemical behavior of Na(s) | 1M NaClO4(solvent) | 

Na4Mn7.2Cr1.8O18 half-cell, we conducted a CV study through the AutoLab 

electrochemical workstation by connecting the coin cell as shown in Figure 

6.12 (a). CV analysis is a widely utilized electroanalytical technique that 
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makes it easy to characterize redox-active materials by probing electron 

transfer-driven chemical transformations. In addition to identifying redox 

processes, the CV analysis technique provides essential information about 

the charge kinetics and thermodynamics of the ions taking part in the redox 

reactions. Figure 6.12 (b) represents the CV profile of the synthesized half-

cell at a scan rate of 0.1 mV/s within a potential window spanning from 2.0 

V to 4.0 V. It showed the existence of five pairs of redox peaks, the 

oxidation (i.e., anodic) peaks are represented by O, and the reduction (i.e., 

cathodic) peaks are represented by R, respectively. The redox peaks at 2.625 

V/2.276 V, 2.796 V/2.535 V, 3.136 V/2.823 V, 3.338 V/ 3.163 V, and 3.526 

V/3.379 V corresponded to the Mn3+/Mn4+ and Cr3+/Cr4+ redox couples that 

play an essential role in charge storage mechanisms. These peaks 

represented the redox processes during the forward and reversed potential 

scans and confirmed the electrochemical reversibility of Na4Mn7.2Cr1.8O18 

cathode material. Similarly, Figure 6.12 (c) corresponds to the CV curves 

at potential scan rates of 0.2, 0.5, and 1.0 mV/s within the same potential 

window. The peak current and the area under the CV increased with the 

scan rate and could be attributed to the high electron exchange and ion 

diffusion rate in the Na4Mn7.2Cr1.8O18 cathode with an increase in scan rate.  

The linear correlation between anodic/cathodic peak current (iₚ) and 

the square root of scan rate (ν1/2), as represented in Figure 6.12 (d), provided 

the value of ip/ν
1/2. By considering the Na+ ion diffusion as the rate-limiting 

step and the interface charge transfer resistance as negligible, the Na+ ion 

diffusion coefficient DNa+ value can be calculated from the Randles-Sevcik 

equation [56] (equations 6.2 and 6.3). 

𝑖𝑝 = 2.69 × 105 𝐶 𝐴 𝑛
3

2 𝜐
1

2 𝐷𝑁𝑎+

1

2  ………. (6.2) 

Or the Na+ ion diffusion constant DNa+: 

𝐷𝑁𝑎+ = [
1

(2.69×105)  𝐶 𝐴 𝑛
3
2

(
𝑖𝑝

𝜐
1
2

)]

2

  ………. (6.3) 

The DNa+ for Na4Mn7.2Cr1.8O18 cathode for the highest anodic and cathodic 

peaks of the charging and discharging processes were calculated as 
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3.713×10-11 and 5.42×10-11 cm2/s, respectively. We used the power law 

equation[28,56,57] as given below in equation 6.4,  to understand the 

underlying charge storage mechanism of Na4Mn7.2Cr1.8O18 cathode material 

quantitatively and to distinguish between surface-controlled (pseudo-

capacitive) and/or diffusion-controlled (Faradaic) nature. 

𝑖𝑝 = 𝑎𝜐𝑏 ………. (6.4) 

By taking the logarithm of both sides, the above equation reduces to, 

log 𝑖𝑝 = 𝑏 log (𝜐) + log (𝑎)  ………. (6.5) 

Here, a and b are the empirical constants and are obtained from the 

intercept and slope from the linear graph of log (ip) on the y-axis and log (ν) 

on the x-axis, respectively, as represented in Figure 6.12 (e). The value of 

slope b signifies the nature of the charge storage mechanism of the electrode 

in the cell. If the value b = 0.5, it indicates a purely diffusion-controlled 

Faradaic charge storage process, whereas b = 1 indicates a diffusion-

controlled charge storage process. Values between 0.5 and 1 represent the 

hybrid pseudo-capacitive behavior with the coexistence of surface-

controlled and diffusion-controlled charge storage [28,56,57]. The 

calculated b values for Na4Mn7.2Cr1.8O18 cathode material were found to be 

about 0.789 and 0.801 for the anodic and cathodic processes, respectively, 

clearly reflecting the pseudo-capacitive energy storage characteristics of 

Na4Mn7.2Cr1.8O18 cathode. The incorporation of Cr into the Mn-based 

cathode materials significantly influences the pseudocapacitive behavior 

through synergistic structural and electrochemical effects [58]. The partial 

substitution of Mn3+ with Cr3+ into Na4Mn9O18 to form Na4Mn7.2Cr1.8O18  

stabilizes the lattice structure by reducing the JT distortion. This structural 

stabilization improves cycling performance and elevates the average Mn 

oxidation state, enhancing Mn3+/Mn4+ redox activity. Further, Cr3+/Cr4+ 

redox introduces additional redox-active sites and local lattice distortions, 

which enhance Na+ ion diffusion kinetics and promote surface-controlled 
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faradaic reactions. These effects contribute to an increased 

pseudocapacitive contribution, as evidenced by CV analysis showing higher 

b-values. These modifications collectively position Na4Mn7.2Cr1.8O18 as a 

high-performance cathode for SIBs. 

To further quantitatively analyze the pseudo-capacitance 

contribution, we evaluated the percentages of capacitive and diffusive 

contributions at a particular voltage using the following relationship of 

equation 6.6 [56]. 

𝑖 = 𝑘1𝜐 + 𝑘2𝜐
1

2   ………. (6.6)  

On further rearranging, 

𝑖

𝜐
1
2

= 𝑘1𝜐
1

2 + 𝑘2  ………. (6.7) 

The above equation 6.7 provides a linear relationship between i/ 𝜈1/2 

and 𝜈1/2 as shown in Figure 6.12 (f), whose slope 𝑘1 and intercept 𝑘2 

facilitate the quantitative calculation of diffusive and faradic contributions. 

By the approach of the above method, the capacitive and diffusive 

contribution portions of the total current at 0.1 mV/s scan rate are shown by 

the blue and green shaded regions, respectively, in Figure 6.12 (g). 

Quantitatively, at the lowest scan rate of 0.1 mV/s, Na4Mn7.2Cr1.8O18 

cathode material demonstrated a diffusive and capacitive contribution of 58 

and 42%, respectively, of the total current contribution for the anodic 

process. Similarly, Figure 6.12 (h) represents the bar diagram for capacitive 

and diffusive contributions of anodic current with respect to scan rates, and 

Figure 6.12 (i) demonstrates the bar diagram for capacitive and diffusive 

contributions of currents, respectively, at all the scan rates. At low scan rates 

of 0.1 mV/s, diffusion-controlled processes dominated; however, with the 

increase in scan rate, the capacitive contribution progressively becomes 

more prominent. This trend was because, under high scan rates, ions do not 

get sufficient time to penetrate the electrode fully, which increases the fast 

surface redox reactions [56].  
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Figure 6.12 (a) AutoLab electrochemical workstation connection for CV  

study; CV at scan rates of (b) 0.1 mV/s; (c) 0.2, 0.5, and 1.0 mV/s; (d) 𝑖p vs. 

ν1/2; (e) log(𝑖p) vs. log(𝜈); (f) ν1/2 vs. ip/ν
1/2; (g) anodic capacitive and diffusive 

contribution at 0.1 mV/s; bar diagram for capacitive and diffusive contributions 

for (h) anodic current (i) cathodic current. 

6.8.2 GCD Analyses for Na4Mn7.2Cr1.8O18 Cathode 

The GCD performance analyses of Na4Mn7.2Cr1.8O18 cathode were 

thoroughly investigated in Na/1M-NaClO₄/Na4Mn7.2Cr1.8O18 cell at varying 

current densities corresponding to different C-rates within the potential 

range of 2.0 V to 4.0 V, as illustrated in Figure 6.13. The results 

demonstrated the good rate performance and high structural stability of the 

cathode under a wide range of current rates. Figure 6.13 (a) represents the 

GCD profile for five consecutive charge and discharge processes. At 0.05 

C, Na4Mn7.2Cr1.8O18 demonstrated the highest discharge capacity value of 

73.86 mAh/g, corresponding to the charge capacity of 105.4 mAh/g, and by 

the end of the 5th cycle, its discharge capacity became 68.42 mAh/g, 
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corresponding to a charge capacity of 72.73 mAh/g. The charge and 

discharge capacities for all five GCD cycles of the respective C-rates are 

shown in Figure 6.13 (a). Here, 1C corresponds to the current density of 

~263.4 mA/g. Interestingly, the value of charge and discharge specific 

capacities for all five cycles remained almost the same, with a high value of 

Coulombic efficiency approaching ~100%, indicating high electrochemical 

reversibility and structural stability of the material. The formulas for 

calculating the theoretical and experimental specific capacities of the 

electrode material are given in equations 6.8 and 6.9, respectively. 

Theoretical specific capacity (Cth) in mAh/g:   𝐶𝑡ℎ =
𝑛 𝐹

𝑀
……. (6.8) 

Experimental specific capacity (Cexp) in mAh/g:  𝐶𝑒𝑥𝑝 =
𝐼.𝛥𝑡

𝑚
…. (6.9) 

In the above equations, ‘n’ is the number of electrons transferred, ‘F’ is the 

Faradays constant in (26801.39 mAh/g), ‘M’ is the molecular weight of the 

electrode in g/mol, ‘I” is the charge/discharge current in mA, ‘Δt’ is the 

charge/discharge time in hours, and ‘m’ is the electrodeactive mass in mg. 

To further assess the rate tolerance of Na4Mn7.2Cr1.8O18 cathode, the 

rate performance providing charge/discharge capacities and Coulombic 

efficiencies were performed at increasing C-rates of 0.05 C, 0.1 C, 0.2 C, 

0.3 C, 0.5 C, 1 C, 2 C, and further back to 1 C and 0.1 C, as shown in Figure 

6.13 (b). A constant trend in the decrease in both charge and discharge 

capacities was observed with an increase in the C-rates from 0.05 C to 2 C. 

This type of electrochemical behavior is due to the limited availability 

period for deintercalation/intercalation of Na+ ions at higher C-rates, which 

hinders the complete extraction and insertion of Na+ ions from/to the active 

cathode material. On further reducing the C-rates from 2C to 1C and then 

back to 0.1C, the cathode material exhibited similar values for 

charge/discharge capacities, revealing the high-rate tolerance of the 

Na4Mn7.2Cr1.8O18 cathode. The values of specific discharge capacities of all 

five discharge cycles concerning current densities remained at the same 

level during the C-rate performance analysis, indicating the excellent 

electrochemical stability of Na4Mn7.2Cr1.8O18. Furthermore, a good 
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Coulombic efficiency approaching 100% was observed during all the C-

rates. Coulombic efficiencies are calculated as per equation 6.10. 

 Coulombic Efficiency (CE):     𝐶𝐸 =
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐶ℎ𝑎𝑟𝑔𝑒  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
× 100…. (6.10) 

Average voltage Vavg:       𝑉𝑎𝑣𝑔 =  
1

𝐶𝑚𝑎𝑥
∫ 𝑉(𝐶) 𝑑𝐶

𝐶𝑚𝑎𝑥

0
      …. (6.11) 

The curve shown in Figure 6.13 (c) demonstrates the average 

voltage for the charging and discharging processes of the Na4Mn7.2Cr1.8O18 

cathode for all the current density calculations. The average 

charge/discharge voltage (Vavg) in volts was calculated with the help of 

equation 6.11, where Cmax is the maximum charge/discharge specific 

capacity in mAh/g and V(C) is the voltage as a function of a particular 

capacity. It could be observed that the value of the average voltage increased 

with an increase in the value of C-rates, whereas its value decreased with 

an increase in the C-rates for the discharging process. The discharge energy 

densities of the cathode material with respect to their corresponding current 

densities are given in Figure 6.13 (d). The high energy densities associated 

with these specific capacities further supported Na4Mn7.2Cr1.8O18 as a 

promising cathode for SIBs. The highest discharge energy density of 193.51 

Wh/kg was achieved at 0.05C, followed by discharge energy densities of 

154.66, 126.95, 116.63, 98.15, 78.42, and 53.45 Wh/kg at 0.1, 0.2, 0.3, 0.5, 

1, and 2C, respectively, as illustrated in Figure 6.13 (d). This signified the 

potential of Na4Mn7.2Cr1.8O18 cathode in lightweight, compact, and high-

energy SIBs. Here, the experimentally obtained values for discharge energy 

densities were calculated through equation 6.12, where ‘Cexp’ is the 

experimentally obtained discharge specific capacity in mAh/g and ‘Vavg’ is 

the average discharge voltage in volts. 

Discharge energy density in Wh/kg: 𝐸 = 𝐶𝑒𝑥𝑝 × 𝑉𝑎𝑣𝑔 ………. (6.12) 

Again, Figure 6.13 (e) demonstrates the dQ/dV vs. V pattern. It 

showed similar charge/discharge patterns to those of the CV curve. This 

result further reinforced the high consistency of CV with GCD and the high 

reversibility of the electrochemical features of Na4Mn7.2Cr1.8O18  cathode. 
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Similarly, Figure 6.13 (f) corresponds to the evolution of charge and 

discharge durations across C-rates. At all the C-rates, the charge and 

discharge durations were almost symmetric, indicating stable Na+ ion 

kinetics. The charge and discharge duration profile of Na4Mn7.2Cr1.8O18 

cathode in the fabricated sodium half-cell at different C-rates from 0.05C to 

2.0C revealed its significant rate-dependent electrochemical features. At the 

lowest 0.05C rate, the material demonstrated a prolonged charging profile 

that extends nearly 6 hours to reach 4.0V, followed by a gradual discharge 

lasting approximately six more hours until reaching 2.0V, exhibiting the 

whole voltage range and electrochemical kinetics of the cathode. As C-rates 

increased from the lowest 0.05C to the highest 2C, the charging-discharging 

times gradually decreased, with the highest rates at 1C and 2C completing 

the full charge and discharge cycles within 30 minutes. The characteristic 

slopes and plateaus in the voltage profiles between 2.0 - 4.0 V correspond 

to the reversible structural phase transitions of Na4Mn7.2Cr1.8O18 cathode 

material during the Na+ ion intercalation/deintercalation.  

The capacity retention and the cycle life performance of the 

Na4Mn7.2Cr1.8O18 cathode in Na|1M-NaClO4|Na4Mn7.2Cr1.8O18 half-cell is 

performed at 0.3C (~79.02 mA/g) as shown in Figure 6.13 (g), revealing 

an impressive electrochemical stability of the material over prolonged 200 

charge/discharge cycles. With over 200 charge and discharge cycles, the 

cathode retained a high value of its initial capacity. Notably, 

Na4Mn7.2Cr1.8O18 retained about 86-88% of its initial discharge capacity by 

the end of 150 charge/discharge cycles. By the end of the 200th cycle, it 

retained ~76% of its initial discharge-specific capacity, representing its 

excellent cycling performance and capacity retention behavior. 

Na4Mn7.2Cr1.8O18 cathode consistently demonstrated a remarkable 

coulombic efficiency, approaching 100% throughout 200 charge/discharge 

processes. This represents the highly reversible Na+-ion insertion/extraction 

in the cathode material, formation of a stable electrode-electrolyte interface, 

and negligible parasitic side reactions, which are crucial for long-term 
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battery performance. The excellent capacity retention of over 75% after 200 

cycles for Na4Mn7.2Cr1.8O18 highlights its long-term and efficient cathode 

performance for large-scale, cost-effective energy storage applications in 

SIBs. Table 6.8 provides a comprehensive comparison of the synthesis 

methodology and the electrochemical performance, including the highest 

initial discharge capacity and capacity retention of the Na4Mn7.2Cr1.2O18 

cathode with previously reported pristine Na4Mn9O18 and its various 

composite derivatives for energy storage applications. In contrast to 

Na4Mn9O18 and its different composite forms, the Na4Mn7.2Cr1.2O18 cathode 

material explored in this work exhibited significantly enhanced 

electrochemical performances, including excellent capacity retention.  

Table 6.8: Features of Na4Mn7.2Cr1.2O18 & Na4Mn9O18 derivatives. 

Material name Synthesis Discharge 

Capacity 

Capacity retention Ref. 

Na4Mn9O18/RGO Hydrothermal 83 mAh/g@0.1 A/g 68% at 160th@0.2 

A/g 

[38] 

Na4Mn9O18 Solid state ~50 mAh/g@0.1C - [47] 

Na4Mn9O18 Precipitation 73.8 mAh/g@4C 68.6% at 150th@4C [55] 

Na4Mn9O18/CNT/RGO Spray drying 96.2 mAh/g@4C 68.3% at 150th@4C [37] 

Na4Mn9O18 Ball-mailing 45 mAh/g@0.125C - [46] 

Na4Mn9O18 NRs Hydrothermal ~90 mAh//g@0.2C ~100% for 30@0.2C [34] 

Na4Mn9O18 Solid state ~35 mAh/g@0.9C ~ 93% at 50th@0.9C [39] 

Na4Mn9O18/RGO Spray drying 61.7 mAh/g@4C 95.5% at 150th@4C [50] 

Na4Mn9O18 Pechini 65 mAh/g@0.1C - [59] 

Na4Mn9O18 Spray drying 62.5 mAh/g@4C 64.5% at 150th@4C [60] 

Na4Mn7.2Cr1.8O18 Solid state 

method 

73.9 mAh/g@0.05C 88% at 100th@2C 

76% at 200th@2C 

This 

work 

RGO = Reduced graphene oxide, CNT = Carbon nanotube, NRs = Nanorods 

The rebound of capacity in Figure 6.13 (g) following multiple decay 

phases can be attributed to a combination of structural and electrochemical 

recovery processes that become prominent during the extended cycle life 

performance of Na4Mn7.2Cr1.8O18. The intermittent capacity rebounds are 

primarily due to progressive structural rearrangement within the tunnel 

structure framework [61]. Repeated sodiation/desodiation causes local 

lattice distortion, defect formation, and partial inaccessibility of active sites, 

leading to initial capacity fading. However, continued cycling permits 

progressive lattice strain relaxation and reorganization of disordered 
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regions, effectively restoring the Na+ ion pathways and reactivating redox-

active sites. Cr is electrochemically available over a prolonged charging and 

discharging process. This delayed redox activation, in addition to the 

primary Mn3+/Mn4+ redox process, supports the resulting capacity rebound. 

Notably, the consistency in high coulombic efficiency (approximately 

100%) during 200 cycles strongly suggests that capacity fluctuations are not 

caused by parasitic reactions or irreversible degradation but by reversible 

electrochemical and structural changes. Thus, the capacity rebound in 

Figure 6.13 (g) occurs due to lattice reorganization, redox reactivation, and 

enhanced electrode-electrolyte interface dynamics upon long-term cycling. 

 

Figure 6.13 (a) GCD profile at various current densities; (b) C-rate 

performance; (c) Average voltage profile; (d) Energy density profile with 

respect to current densities; (e) The dQ/dV pattern profile; (f) Charge-

discharge time profile; (g) Capacity retention over 200 charge-discharge 

cycles and their Coulombic Efficiency for Na4Mn7.2Cr1.8O18 cathode in SIB 

configuration. 
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6.8.3 EIS Analysis for Na4Mn7.2Cr1.8O18 Cathode 

A comprehensive EIS study of Na4Mn7.2Cr1.8O18 cathode material 

in Na half-cell was performed to obtain critical insight into the electrode 

kinetics, state of health, charge transfer processes, and stability 

mechanisms. The EIS was carried out through the PGSTAT032N 

potentiostat electrochemical workstation with a frequency range of 0.01 Hz 

to 100 kHz. EIS spectra were obtained at three stages: (1) before CV 

analysis, (2) after CV analysis, and (3) after stability testing. In EIS, the 

total impedance was comprised of complex nonlinear least squares, as given 

in equation 6.13. 

𝑍(𝜔) = 𝑍𝑟𝑒(𝜔) + 𝑗𝑍𝑖𝑚(𝜔)  ………. (6.13) 

Here, Z(ω) is the total complex impedance as a function of frequency ω, j 

is the imaginary number, and Zre and Zim are the real and imaginary parts. 

Figure 6.14 (a) depicts the Nyquist plots of Na4Mn7.2Cr1.8O18 at different 

stages of electrochemical testing. The impedance spectra demonstrated the 

existence of characteristic features consisting of a high-frequency intercept 

with the real impedance axis, formation of semicircles in the high-to-

medium frequencies, and a sloping line in the low-frequency region, 

corresponding to various electrochemical processes occurring at the 

electrode/electrolyte interfaces and within the bulk Na4Mn7.2Cr1.8O18 

electrode. The equivalent circuit (given in equation 6.14) illustrated in 

Figure 6.14 (b) fits the experimental impedance data. Corresponding to the 

equivalent circuit, the total impedance in the form of resistances and CPEs 

was given by equation 6.15. 

Equivalent Circuit:  𝑍(𝜔) = 𝑅1 +
𝑄1

𝑅2
+

𝑄2

𝑅3
+

𝑄3

𝑅4
  ………. (6.14) 

𝑍(𝑓) = 𝑅1 +
𝑅2

1+(𝑅2 𝑄1 (𝑖2𝜋𝜔)𝑎1)
+

𝑅3

1+(𝑅3 𝑄2 (𝑖2𝜋𝜔)𝑎2)
+

𝑅4

1+(𝑅4 𝑄3 (𝑖2𝜋𝜔)𝑎3)
  

 …. (6.15) 

The above equivalent circuit comprises four resistance elements (R1 

to R4), three CPEs (Q1 to Q3), and a1, a2, and a3 dimensionless exponent 

constants (0 ≤ a ≤ 1). The value of R1 represents the combined resistance 
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resulting from the electrolyte and electrical contacts of the electrodes with 

the current collectors. The 2nd part, as the parallel connection of R2/Q1, 

represents the resistance from the SEI layer formed at the electrolyte and 

electrodes. The 3rd part R3/Q2 corresponds to the charge transfer resistance 

at the electrode-electrolyte interface, and the parallel connection of the 4th 

part R4/Q3 is attributed to the solid-state diffusion process of 

Na4Mn7.2Cr1.8O18 cathode. The value of impedance offered by the respective 

CPS is given by equation 6.16: 

𝑍𝐶𝑃𝐸 =
1

𝑄(𝑗𝜔)𝑎
    ………. (6.16) 

The fitted values are shown in Table 6.9. R1, commonly known as 

the solution resistance, remained almost the same and relatively very small 

in the range of 0-4 Ω before and after CV and after stability analyses, 

indicating the compatibility of electrolyte with the Na4Mn7.2Cr1.8O18 

cathode. The R2 (resistance offered by the SEI layer and R3 (resistance due 

to charge transfer) are particularly critical for evaluating the ionic 

conductivity of the electrolyte and the kinetic efficiency of charge transfer 

processes. The resistance value due to the SEI layer R2 remained almost the 

same as before CV and after CV, which were 31.08 and 39.71 Ω, 

respectively. However, this R2 value increased significantly to 360.34 Ω 

after stability testing of the cell. This is due to the stable SEI layer formation 

during the charging and discharging process of the cell. The EIS before CV 

indicates a moderate charge transfer resistance R3. After CV, the impedance 

profile changed notably, with the increase in R3 value, suggesting enhanced 

charge transfer kinetics due to electrode activation. However, after the 

stability analysis, this charge transfer resistance R3 remained slightly higher 

than before the CV analysis. This slight increase in R3 after stability testing 

was due to structural changes or the growth of surface films during the long 

charging/discharging process.  
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Table 6.9: Fitted EIS parameters for CR-2032 type Na/1M NaClO4/ 

Na4Mn7.2Cr1.8O18 cell. 

Fitted EIS 

Parameters 

Cr-2032 type Na/1M-NaClO4/NCMO cell 

Before CV After CV After Stability 

R1 (Ω) 2.120 3.646 0.103 

Q1 (F.s(a-1)) 0.162 0.044 0.001 

a2 0.966 0.545 0.602 

R2 (Ω) 31.084 39.705 360.341 

Q2 (F.s(a-1)) 0.001 26.092 29.939 

a3 0.467 0.812 0.904 

R3 (Ω) 51.310 167.566 67.779 

Q3 (F.s(a-1)) 10.169 14.741 0.922 

a4 1 0.831 0.986 

R4 (Ω) 21.9939 26.790 4.023 

The value of charge transfer resistance R3 derived from EIS analysis 

was further expanded for the calculation of double layer capacitance (Cdl) 

of the system at all three stages using the following equation 6.17 [27].  

𝐶𝑑𝑙 =
1

2𝜋𝑅3𝜔𝑚𝑎𝑥
   ………. (6.17) 

Through the above equation, the value of double-layer capacitance Cdl, 

before and after CV, and after stability testing, was calculated to be 

3.102x10-9, 9.498x10-10, and 2.348x10-9 F, respectively, significantly 

indicating the charge accumulation capability of the electrode interface. The 

combination of low R values before and after stability testing and double-

layer capacitance indicated that the Na4Mn7.2Cr1.8O18 cathode exhibits 

robust Na+ ion transport properties and electrochemical stability, making it 

a potential electrode for SIBs in energy storage applications. 

6.8.4 DRT Analysis for Na4Mn7.2Cr1.8O18 Cathode 

Although the EIS is a potential electrochemical tool capable of 

understanding the interfacial and bulk properties of the electrode, analyzing 

the complex impedance involving the overlapping of semicircles within the 

same frequency domain becomes difficult or inaccurate. The EIS typically 

uses the models of equivalent circuits composed of several resistive and 
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capacitive elements; however, their interpretation becomes increasingly 

difficult due to the problem of isolating the individual contributions of 

distinct electrochemical processes [56]. To tackle these limitations, the 

DRT, an advanced mathematical tool, has evolved to deconvolute the 

impedance spectra into discrete relaxation processes in the time domain 

[56]. Mathematically, the DRT assumes an infinite Voigt circuit composed 

of an infinite series of resistance and constant phase (RQ) elements, each 

RQ pair contributing to a unique relaxation process whose time constant (𝜏) 

could be derived from equation 6.18 [56].  

𝜏 = (𝑅𝑄)
1

𝛼   ………. (6.18) 

The DRT approach calculates a normalized distribution function γ(τ) 

representing the contribution of each relaxation process across the time 

constant (τ) domain. The relation between impedance Z(ω) and the DRT 

function γ(τ) is given in equation 6.19 [56]. 

𝑍(𝜔) = 𝑅𝑠 + 𝑅𝑝 ∫
𝛾(𝜏)

1+𝑗𝜔𝜏
𝑑 ln 𝜏

∞

−∞
  ………. (6.19) 

Rs represents the uncompensated solution resistance at the high-frequency 

range, and Rp represents the total resistance due to the polarization 

contribution at the low-frequency range. To ensure that the area under each 

DRT peak corresponds quantitatively to the associated relaxation process, 

the DRT function γ(τ) is normalized as in equation 6.20. 

∫ 𝛾(𝜏)𝑑 ln 𝜏
∞

−∞
= 1   ………. (6.20) 

Considering any ith DRT peak representing a discrete electrochemical 

process, the location of each peak reveals the characteristic relaxation time, 

while its area and intensity correspond to the magnitude of the resistance Ri. 

The capacitance Ci of the corresponding DRT peak is calculated by 

equation 6.21. This decomposition allows for the identification and 

understanding of individual kinetic processes [56]. 

𝐶𝑖 =
𝑇𝑖

𝑅1
    ………. (6.21) 

From the literature, it is evident that the time constant τ domain 

represents various resistances and their respective physical processes. For 
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example, the location of τ ≤ 10-3 s corresponds to the resistance between the 

particle-current collector and the particle-particle of the electrode. The τ  in 

between 10-3 and 10-2 s represents the resistance by the active ion transport 

through SEI (i.e., resistance due to SEI layer formation), 10-2 < τ < 10-1 s 

represents the charge transfer resistance, and τ ≥ 10-1 s corresponds to the 

active ion diffusion process in the bulk electrode. Figure 6.14 (c), 6.14 (d), 

and 6.14 (e) represent the DRT results for Na4Mn7.2Cr1.8O18 cathode before 

CV, after CV, and after stability testing, respectively, obtained by 

pyDRTtools [62]. The DRT before CV (Figure 6.14 (c)) possessesd five 

distinct DRT peaks (P1-P5). The DRT peaks P1 and P2 belong to the high-

frequency domain and represent the electronic transport processes at the 

current collector-electrode interface and the particle-particle bulk electrode. 

The DRT Peak P3 at the mid-frequency range corresponds to the SEI layer 

properties. The peak P4 represents the charge transfer reaction at the 

electrode/electrolyte interface. The peak P5 at the low-frequency domain 

corresponds to the solid-state diffusion processes [56,62]. 

After the CV analysis, the DRT profile (Figure 6.14 (d)) changed 

significantly with the appearance of peaks P6-P10. Notably, peaks P6-P8 

shifted towards a higher time constant with a significant increase in intensity 

compared to their corresponding DRT peaks before CV. This could be 

attributed to electrode activation during the CV analysis, creating additional 

active sites for Na+ ion intercalation. The DRT peaks P11-P15 after stability 

(Figure 6.14 (e)) demonstrated higher impedance contributions with highly 

intense peaks at P13-P15. This increase was attributed to the formation of 

SEI, charge transfer resistance, and the resistance of the solid-state diffusion 

process due to electrolyte decomposition. This indicated the formation of 

additional resistive components during the long charging/discharging, 

resulting in irreversible structural changes or resistive SEI films. 

Figures 6.14 (f), 6.14 (g), and 6.14 (h) represent the DRT results 

with MAP analysis for before CV, after CV, and after stability, respectively. 

The MAP analysis revealed the mean values and confidence bounds for 
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each DRT peak and provided statistical reliability by estimating the 

uncertainty in the deconvoluted peaks [63].  The confidence bounds 

(represented by light grey shading) showed the reliability of the DRT peak 

through relaxation time distributions and the corresponding physical 

process of the electrode. The MAP analysis before CV (Figure 6.14 (f)) and 

after CV (Figure 6.14 (g)) revealed the occurrence of five distinct processes 

having relatively narrow confidence bounds, representing high reliability. 

The MAP profile after stability analysis (Figure 6.14 (h)) exhibited 

relatively broader confidence bounds, particularly in the mid and low-

frequency domains, representing the increased uncertainty in the 

identification of physical processes at these time constants after a prolonged 

cycling process. 

 

Figure 6.14 (a) Nyquist plots of Na4Mn7.2Cr1.8O18 before CV, after CV, and 

after stability; (b) Equivalent circuit; DRT spectra of Na4Mn7.2Cr1.8O18  (c) 

before CV, (d) after CV, and (e) after stability; MAP spectra of 

Na4Mn7.2Cr1.8O18  (f) before CV, (g) after CV, and (h) after stability 
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6.9 JT Distortion Mitigation via Cr-Doping in Na4Mn7.2Cr1.8O18  

The mechanism by which Cr doping mitigates JT distortion in 

Na4Mn7.2Cr1.2O18 involves a sophisticated interplay of electronic 

configuration modification and structural stabilization. The mitigation of 

the JT is fundamentally attributed to the substitution of JT active Mn3+ ions 

(containing high-spin d4 electrons in t2g
3 eg

1 configuration) by JT inactive 

Cr3+ ions (having d3 electrons in t2g
3 eg

0 configuration). The Mn3+ centered 

MnO6 octahedra units exhibit spontaneous asymmetric distortions 

(elongation in the z-axis) due to asymmetric occupation of degenerate high-

energy eg orbitals (dz2 and dx2-dy2), resulting in the lattice strain as shown 

in Figure 6.15 (a) [64]. The Cr3+ substitution in the place of Mn3+ 

introduces electronically symmetric octahedra, as its d3 electronic 

configuration is fully occupied by the lower energetic half-filled t2g orbitals 

and avoids occupation of the high-energy eg orbitals [65]. This electronic 

stabilization eliminates the axial distortion, which mitigates the JT effect, 

as shown in Figure 6.15 (a). Again, Cr3+ has an ionic radius of 0.615 Å, 

which is compatible and smaller than that of Mn3+ (with an ionic radius of 

0.645 Å). This reduces the bond-length mismatching and suppresses the 

structural distortion by inducing a local lattice contraction. Figure 6.15 (a) 

visually demonstrates this effect through the transition from an elongated to 

a more regular octahedron upon Cr substitution. The resulting symmetric 

bond length-based regular CrO6 octahedral in Na4Mn7.2Cr1.8O18 not only 

reduces local strain but also enhances its structural stability.  

Figure 6.15 (b) represents the ligand field orbital degeneracy 

diagrams. Cr3+ with its stable electron configuration, does not cause orbital 

degeneracy as Mn3+ does. This helps to maintain a more symmetrical 

octahedral structure and prevents the elongation-related destabilization of 

the dx2-y2 and dz2 orbitals, which is common in MnO6 octahedral units. The 

synergistic effect of these mechanisms resulted in significantly improved 

structural stability, enhanced capacity retention, and superior 

electrochemical performance of the Na4Mn7.2Cr1.2O18 cathode. 



238 
 

 

Figure 6.15 (a) Octahedral elongation in MnO6 unit due to JT effect and 

mitigation of JT effect due to Cr-doping; (b) Pictorial representation of 

orbital degeneracy in MnO6 and CrO6 units.   

 

6.10 Conclusions for Na4Mn7.2Cr1.8O18 Cathode 

The partial incorporation of the Cr dopant at the Mn3+ site reduced 

the JT effect, resulting in a stable phase formation of the material with a 

zigzag-like tunnel structure for efficient Na+ ion diffusion. Thorough 

physicochemical analyses, including TGA, DTG, XRD, FESEM, EDS, 

ICP-OES, Raman, TEM, SAED, HRTEM, and XPS, confirmed the phase 

purity, uniform rod-like morphology, appropriate stoichiometry, and 

needed bonding environment of Na4Mn7.2Cr1.8O18. It exhibited a notable 

discharge-specific capacity of ~74 mAh/g at 0.05C within a 2.0-4.0 V 

voltage vs. Na/Na+. It also showed excellent rate capability and cycling 

stability, retaining about 76% of its initial discharge capacity even after 200 
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cycles at 0.3C. EIS and CV studies demonstrated that the partial Cr-doping 

enhanced structural stability, redox behavior, and average discharge 

potential and reduced resistance toward the cell. It also increased the Na+ 

ion diffusion coefficient. CV analyses indicated the pseudocapacitive 

energy storage characteristics. Na4Mn7.2Cr1.8O18 exhibited a diffusive and 

capacitive contribution of 58% and 42%, respectively. The consistent 

coulombic efficiency, along with the low values of resistances, underscored 

the robust Na+ ion migration and electrochemical stability of 

Na4Mn7.2Cr1.8O18. In this study, we have investigated a single doping level 

of 20% of Mn with Cr. This choice was inspired by previous studies [66]. 

However, a thorough analysis of a range of Cr doping levels is necessary to 

determine the optimal substitution amount. 
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CHAPTER 7 

Conclusions and Scope for 

Future Work 

 

 

The primary focus of this thesis work was to engineer, synthesize, optimize, 

and characterize high-performance cathode materials for SIBs with a 

special focus on sodiated layered/tunnel-structured TM oxides and 

polyanionic materials. By adopting the techniques of sol-gel and solid-state 

synthetic approaches, a wide range of layered, tunnel-type TM oxides and 

polyanionic cathode materials, including NaCoO2, Na0.8Fe(SO4)2, 

NaxCo0.5Fe0.25Mn0.25O2, Na1.35CrO4, and Na4Mn7.2Cr1.8O18, have been 

synthesized and thoroughly evaluated for SIBs. Focus was given on 

understanding the role of synthesis conditions, structure, compositional 

tuning, reducing Co content, and TM substitution in influencing the 

electrochemical properties, rate performance, energy density, and long-

term cycling stability. The cathode materials exhibited encouraging 

properties such as high specific capacity, energy density, and excellent 

capacity retention, thus justifying their potential for real-world SIB 

applications. Special emphasis was given to understanding the correlations 

between physicochemical and electrochemical properties, allowing 

valuable insights into the structure-performance relationships. Hence, the 

outcomes of this thesis not only broaden the potential cathodes for SIBs but 

also contribute towards the basic understanding of principles of material 

design for future ESS. 
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7.1 Brief Summary and Outcomes of the Thesis  

Chapter 1 provided a comprehensive introduction to rechargeable battery 

technologies with a specific focus on SIBs as a potential substitute for the 

current LIBs for large-scale storage applications. The chapter discussed the 

fundamentals, history, working principles, components, and benefits of 

SIBs with a specific focus on the essential role of cathode materials in 

determining the battery performance. A detailed review of literature was 

presented on the different types of cathode materials, with special focus on 

layered oxides, tunnel-structured oxides, and polyanionic frameworks, 

discussing their structural properties, redox chemistry, and electrochemical 

features. The chapter concludes with the determination of the important 

research gaps and establishment of the objectives and scope of this thesis 

work that focuses on rational design and optimization of next-generation 

cathode materials for high-performance SIBs. 

 

Chapter 2 briefly explained the experimental methods and sophisticated 

characterization techniques used in the synthesis and characterization of the 

cathode materials. Cathode materials such as NaCoO2, Na0.8Fe(SO4)2, 

NaxCo0.5Fe0.25Mn0.25O2, Na1.35CrO4, and Na4Mn7.2Cr1.8O18 were prepared 

through sol-gel and solid-state methods under optimum conditions. A 

variety of physicochemical and electrochemical characterization techniques 

used to study the structural, morphological, and electrochemical attributes 

through XRD, SEM/TEM/HRTEM, EDS, ICP-OES, Raman spectroscopy, 

FTIR, XPS, TGA/DTG/DSC, CV, GCD, EIS, and DRT are discussed in 

detail to access a comprehensive insights into the sodium storage behaviour, 

redox activity, charge transport processes, and diffusion kinetics of the 

cathode materials. 

 

Chapter 3 reported on Na0.8Fe(SO4)2, a sodium-deficient 3D polyanionic 

material that was prepared through a citric acid-mediated sol-gel process. 

The material demonstrated a sturdy framework for improved Na+ ion 
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kinetics, moderate specific capacity (~41 mAh/g), high voltage window, 

excellent Na+-ion diffusion, and stable cyclic performance with up to 98% 

retention after 45 cycles. The 20% sodium vacancy was observed to 

enhance the Na+-ion diffusion and rate performance, making it a cost-

effective and environmentally friendly material for SIBs. 

 

In Chapter 4, phase-pure NaCoO2 was synthesized through a citric-acid-

assisted sol-gel process by improving the calcination temperature. Various 

sophisticated structural characterization verified its high crystalline 

hexagonal symmetry (space group P63/mmc), and electrochemical analyses 

demonstrated high initial discharge capacity of ~156 mAh/g at 0.1C, 

consistency in capacity retention, superior rate capability, and an impressive 

energy density of 466 Wh/kg due to the improvement in the calcination 

temperature during the material synthesis. The material exhibited multiple 

redox transitions with the Co3+/Co4+ couple and superior structural stability, 

which emphasized its possibility for lightweight and compact SIB 

applications. 

 

In Chapter 5, NaxCo0.5Fe0.25Mn0.25O2, as a multi-TM co-substituted layered 

oxide, was synthesized via solid-state reaction to reduce the Co content and 

understand the synergistic effect of multiple TM co-substitution. The 

physicochemical characterizations revealed its P3-type layered structure 

with superb crystallinity and structural reversibility. The cathode material 

for SIBs exhibited a high initial capacity of ~94 mAh/g at 0.05C, and 

superior cycle life by retaining ~92% of its capacity after 100 cycles and 

~28% after 500 cycles, respectively, due to the synergistic redox activity of 

Co, Fe, and Mn. The synergistic effect of multiple TM co-substitution 

significantly reduced the irreversible phase transition and enhanced the 

cycling life performance during long-term cycling. 
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Chapter 6 represented the complete removal of Co with either Cr or the 

combination of Cr and Mn. Part A reported the synthesis of nanoparticle-

structured Na1.35CrO4 with orthorhombic crystal structure. The study shows 

that the particle nano-structuring approach in Na1.35CrO4 materials makes 

it a suitable electrode for SIBs by demonstrating an VOC of ~1.842 V and 

multiple redox peaks in 0-3 V for SIBs. Na1.35CrO4 material coexists with 

the Cr6+ and Cr7+ states and demonstrates good conductivity suitable for 

battery applications. Part B of Chapter 6 reported the successful 

incorporation of Cr doping in the tunnel-structured Na4Mn7.2Cr1.8O18 

synthesized through a high-temperature solid-state method. Partial 

replacement of Mn3+ by Cr3+ significantly suppressed the Jahn-Teller 

distortions of Mn3+, stabilized the tunnel structure, and enhanced the Na+-

ion diffusion kinetics. Na4Mn7.2Cr1.8O18, as a potential cathode material for 

SIBs, exhibited a specific charge/discharge capacity of ~105/74 mAh/g at 

0.05C and ~76% capacity retention at the 200th cycle. EIS and DRT 

analyses confirmed its low charge-transfer resistance and superior 

interfacial stability, making it suitable for sustainable and long-life SIBs. 

In summary, this thesis work can effectively demonstrate the 

engineering, synthesis, and optimization of the performance of several 

structurally different cathode materials for SIBs. The outcomes indicate 

how the material engineering techniques, such as improvement in the 

calcination temperature, stoichiometric tuning, multivalent replacement, 

framework stabilization, nano-structuring, and control over the phases of 

the cathode material, can effectively improve the sodium storage and 

electrochemical performance. The outcomes of the thesis provide useful 

information on structure-property relationships and open the pathway for 

future work on the development of low-cost, high-capacity, and long-cycle-

life cathode materials for SIBs. These outcomes contribute to the 

development of secure, sustainable, and scalable SIB technologies as the 

next generation of future energy storage solutions, mainly in the integration 

of renewable energy, grid storage, and electric mobility. 
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7.1.1 Comparative Benchmarking of Cathode Materials 

To further emphasize the importance of this work, the 

electrochemical performance of the as-synthesized cathode materials has 

been compared against other comparative representative sodium-ion battery 

cathode materials given in the literature. The comparative results are 

compiled in Table 7.1. 

Table 7.1: Comparison of electrochemical performance of as-synthesized 

cathodes with some reported cathode materials for SIBs. 

Materials Max. Specific 

Capacity 

(mAh/g) 

Voltage 

Range 

(V) 

Capacity 

Retention 

(%@cycle@C) 

Ref. 

NaFe(SO4)2 63@0.1C 2.0-4.25 -  

 

Ch.3 
NaFe(SO4)2 78@0.1C 1.5-4.5 - 

NaFe(SO4)1.5(SeO4)0.5 45@0.1C 2.0-4.25 ~50@5@0.1C 

NaFe(SO4)1.5(PO3F)0.5 39@0.1C 2.0-4.25 ~70@30@0.1C 

NaFe(SO4)1.5(HPO4)0.5 39@0.1C 2.0-4.25 -10@30@0.1C 

Na0.8Fe(SO4)2 41.17@0.2C 1.5-4.5 ~70@45@0.1C 

~98@45@1C 

This 

work 

P2-NaxCoO2 116.7@0.4C 2.0-3.8 -  

 

 

 

 

Ch.4 

NaCoO2 89@0.1C 0.0-1.0 - 

P2-NaCoO2 99@0.1C 2.0-4.0 - 

NaxCoO2 161@0.1C@ cycle 

129@0.1C@4 cycle 

 

2.0-4.2 
- 

Na0.71CoO2 120@0.02C 2.0-3.9V - 

Na0.74CoO2 110.2@0.05C 2.0-3.8 - 

NaxCoO2 126@0.1C 2.0-4.2 - 

P2-Na0.7CoO2 125@ 0.04C 2.0-3.8 - 
P2-Na0.7CoO2 137.7@10 mA/g 2.0-3.8 - 

Na0.57CoO2 57@0.7C 0.0-1.8 - 
NaCoO2 156@0.1C@1 cycle 

153@0.1C@5 cycle 
2.0-4.0 - This 

work 
O3-NaFeO2 ~91 @ 30 mA/g 2.0-3.8 ~52@11 cycles  

 

 

 

 

 

Ch.5 

NaFeO2 ~80 @ 0.05C 2.0-3.8 25@50 cycle 
NaFeO2 ~85 @ 0.2 mA/cm2 1.5-3.6 - 

O3-NaFeO2 ~123 @ 80mA/g 2.0-4.0 53@20 cycle 
α-NaMnO2 ~146 @ 0.2C 1.7-4.0 73@20 cycle 
β-NaMnO2 ~144.3 @ 1C 2.0-4.0 41@35 cycle 
Na0.7MnO2 ~101 @ 0.1C 2.0-3.8 59 @50 cycle 

Na0.67Mn0.64Al0.06Co0.30O2 114.1@1000 mA/g 1.5-4.0 81@200 cycle 
NaMn0.33Fe0.33Ni0.33O2@TiO2 ~160 @ 0.1C 1.5-4.2 38.6@500  cycle 

Na0.67Ni0.2Co0.2Mn0.6O2 132.2 @ 0.2C 1.5-4.2 83@200 cycle 
NaxNi0.33Co0.33Mn0.33O2 142.8 @ 0.1C 2.0-4.4 93@50 cycles 

NaFe1/3Co2/3O2 199.6 @ 0.2C 1.5-4.4 83.06@50 cycle 
NaFe1/2Co1/2O2 148.1 @ 0.2C 1.5-4.4 72.7@50 cycle 

mailto:39@0.1C
mailto:41.17@0.2C
mailto:116.7@0.4C
mailto:89@0.1C
mailto:99@0.1C
mailto:120@0.02C
mailto:110.2@0.05C
mailto:126@0.1C
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NaFe2/3Co1/3O2 111.2 @ 0.2C 1.5-4.4 55.3@50 cycle 
NaTi2(PO4)3/Na0.67Co0.2Mn0.8O2 70.7 @ 20C 1.5-4.5 86.7@150 cycle 

NaFeO2@C 89.6 @ 0.1C 2.0-3.4 87.3@100 cycle 
NaxCo0.5Fe0.25Mn0.25O2 94.22 @ 0.05 C 

~86 @ 0.1 C 

2.0-4.2 92.2@100 cycle 

78.4@200 cycle 

54@300 cycle 

This 

work 

Na4Mn9O18/RGO 83 mAh/g@0.1 A/g [38] 68@160@0.2A/g  

 

 

 

Ch.6 

Na4Mn9O18 ~50 mAh/g@0.1C [47] - 

Na4Mn9O18 73.8 mAh/g@4C [55] 68.6@150@4C 
Na4Mn9O18/CNT/RGO 96.2 mAh/g@4C [37] 68.3@150@4C 

Na4Mn9O18 45 mAh/g@0.125C [46] - 

Na4Mn9O18 NRs ~90 mAh//g@0.2C [34] 100@30@0.2C 

Na4Mn9O18 ~35 mAh/g@0.9C [39] 93@50@0.9C 

Na4Mn9O18/RGO 61.7 mAh/g@4C [50] 95.5@150@4C 

Na4Mn9O18 65 mAh/g@0.1C [59] - 

Na4Mn9O18 62.5 mAh/g@4C [60] 64.5@150@4C 

Na4Mn7.2Cr1.8O18 73.9 mAh/g@0.05C  88@100@2C 

76@200@2C 
This 

work 

From Table 7.1, it can be seen that cathode materials synthesized in 

the present work exhibit good competitive specific capacity and excellent 

cycle life against various reported cathode systems. This benchmarking 

comparison enhances the significance of the current work and establishes 

its potential impact on the improvement of SIB technology. 

 

7.2 Outlook and Future Prospects  

The research in this thesis significantly contributes to the 

advancement of SIBs, especially toward the synthesis of structurally varied 

and electrochemically stable cathode materials. By following a methodical 

design, synthesis, physicochemical, and electrochemical investigations of 

various cathodes, the present research lays a solid foundation for future 

SIBs. The materials studied in this thesis work possessed desirable 

properties like good reversible capacity, high cycle stability, improved 

redox activity, rapid Na+-ion diffusion, and minimal interfacial resistance, 

suitable for sustainable, economical, and safe battery technologies. 

Although significant advancements have been made, future work could be 

focused on further investigating the sophisticated material design methods, 

such as heterointerface engineering, surface passivation, lattice substitution, 

carbon-based coating, and defect modulation to reduce irreversible phase 
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transitions, prevent volume expansion, and stabilize the electrode-

electrolyte interfaces. The logical engineering of multicomponent TM 

systems with improved redox synergies and pathways for charge 

compensation can enhance structural stability, electronic conductivity, and 

Na+-ion kinetics. Furthermore, the half-cell-based assessment of the 

cathode material synthesized in this thesis work needs to be performed in a 

full cell configuration with the optimized anodes, such as HC, high-voltage, 

and heat-stable electrolytes for real-world applications. At the same time, 

priority needs to be given to scalability, cost-effectiveness, and eco-

friendliness of the cathode synthesis. Further, the computational 

thermodynamic calculation can accelerate the advancement and 

optimization of new cathode materials by tracing intricate structure-

property-performance correlations over a variety of thermodynamically 

stable cathode materials. 

 

 


