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Abstract 

Sodium-ion batteries (SIBs) have collected major interest 

recently and are believed a possible replacement for lithium-ion 

batteries (LIBs). SIBs have a price-benefit over LIBs for two major 

causes. Sodium, not like Lithium, does not make alloy with 

Aluminium in the region of anodic potential. Therefore, anodic 

current collector copper is utilized as the in LIBs, can be changed 

with the less expensive Aluminium for SIBs. Another reason is that 

reserves of sodium are more extensive and plentiful than Li-based 

raw materials. One of the encouraging groups for cathode materials 

is layered metal oxides, NaxTMO2 (TM = transition metal). In this 

group, there are various dominant subclasses, which are specified 

based on the coordination of the sodium ions between the layers of 

TM and oxygen. Following the terminology proposed by Delmas et 

al., in P-phase materials, sodium ions (Na+) is coordinated by 

oxygen in prismatic way, however in O-phase materials, the 

coordination is octahedral manner. Variations in filling, i.e., layers 

shifting comprised of edge-sharing MO6-octahedra opposed to one 

another, are shown by digits. In a P2-structure, two layers of MO6- 

octahedra need to be represented in the unit cell to precisely explain 

the structure. The earliest experiments on insertion procedures into 

these layered oxides have been performed in the 1980s. Newly, 

especially P2-phase materials have obtained significant attention 

since their good capacity and cycling stability. Transition metal 

oxides are examined in terms of their opportunity as cathode 

materials for SIBs. The most recent advancement in research in the 

several structures of the layered oxide cathode material in SIBs are 

charted. Furthermore, their cost, concerns and electrochemical 

performance estimated in detail along with a brief viewpoint on 

prospects. P2 phase Na0.67Ni0.15Fe0.15Mn0.7O2 layered oxide 
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synthesized by sol gel methods and have shown well grown 

morphology at 850 oC and phase have been confirmed by X-ray 

diffraction. Electrochemical performance of the as prepared 

material has been measured by Autolab instrument in three 

electrode system and have shown specific capacity of 353.5 mAh/g 

at 0.002 V/s scan rate and 52.17 mAh/g at 0.1 V/s from cyclic 

voltammetry. From GCD it shows 289.95 mAh/g at 1 mA current 

and 139.13 mAh/g at 3 mA current in 1.38 V voltage range. The 

aluminium doped layered oxide material have performed well in 

electrochemical analysis by three electrode system. The different 

phase of layered transition-metal oxides (NaxTMO2; TM= Mn, Ti, 

Co, Ni, Fe, Al, V, Cr, and a grouping of various elements) show 

good capacity, structural stability, Na+ ion conductivity, and cyclic 

number, which make them a first choice for the cathode materials 

of SIBs. In this work, the structural evolution, and recent 

improvement and certain challenges of NaxTMO2 cathodes for SIBs 

are summarized. This work proposes to give a reference for the 

evolution of many layered transition-metal oxide (LTMOs) cathode 

materials for SIBs, mainly for their promising commercialization.   
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Chapter 1 

A brief introduction 

1.1 Energy storage devices 

Overlooking the problem from a rapid increment in global energy 

expenditure throughout the last two decades, it is required to develop 

energy storage technology with superior performance and sustainability[1]. 

As energy appears in various forms like heat, radiation, electricity, 

chemistry, and gravity, energy storage methods that involve transforming 

energy from forms that are challenging to collect are indispensable for the 

economic usage of energy. Due to the global crisis and the adverse 

awareness of nuclear energy production, energy storage systems (ESSs) and 

electric vehicles (EVs) have developed as potential ecologically friendly 

choices and extended the area of utilization of rechargeable batteries from 

minor devices to grid-size apparatus[2]. Though, huge services need a 

bulky source of power capable of managing MWh or hundreds of kWh of 

energy. 

Thermal storage (latent heat storage, chemical heat storage, sensible 

heat storage etc.), petroleum derivatives/fossil fuel (oil, coal, natural gases, 

and so on), mechanical storage (flywheel energy storage, hydropower 

siphon stockpiling, and so on), electromagnetic/electrical capacity 

(electrical twofold layer capacitor, dielectric capacitor, superconducting 

capacity gadgets), electrochemical energy storage (batteries, super-

capacitors, chemical storage (hydrated salts, biofuels, hydrogen 

stockpiling, and so on)[3]. 

Table 1.1: Different energy storage technology and their respective 

implementation methods. 

Energy storage technology Method/medium of implementation 
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Biological storage Starch, Glycogen. 

Chemical storage Hydrogen storage, Hydrated salts, 

Biofuels, Power to gas. 

Fossil fuels Oil, Coal, Natural gas 

Electromagnetic/Electrical storage Electrical double layer capacitor, 

Dielectric capacitor, Superconducting 

magnetic energy storage, 

Mechanical storage Fly wheel energy storage, hydraulic 

accumulator, compressed air energy 

storage, pumped storage of 

hydropower 

Electrochemical energy storage Faradaic super-capacitor, Flow 

battery, rechargeable battery, primary 

battery 

Thermal storage Latent and sensible heat storage, 

Chemical heat storage. 

 

1.2 Why we need batteries? 

Over the past five decades, the implementation of small-sized sealed 

batteries in the domestic (consumer batteries) have phenomenally expanded 

because of the broad range of energy production from nanowatt-hour to 

megawatt-hour, batteries have obtained a wide application in many 

industries[4]. Figure 1.1 shows the energy demand for estimated number of 

devices working on different sizes of batteries in the upcoming years.  

Nowadays, batteries are available in various sizes. The scale 

extends from tiny button cells of energy all the way to load leveling 

batteries of very high energy content. For transportation and portable 

applications especially, a fuel cell or battery should be able to deliver (and 

store) the maximum energy at the desired power level (rate) from a device 

that has the smallest achievable volume and weight[5]. 
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Nowadays, rechargeable, or small primary batteries are used in an 

immense number of applications. Some examples are as follows, 

1. Household: Clock-radios, telephones, security alarms, portable 

fluorescent lamps, smoke detectors, torches and lanterns, car central-

locking activators and door-chimes. 

2. Entertainment: Keyboards, portable radios, televisions, tape recorders, 

compact disc players, remote controllers for televisions, electronic games 

and toys, compact disc players. 

3. Workshop and garden: Lawnmowers, portable tools (e.g., drills, 

screwdrivers, sanders), hedge trimmers, portable test meters. 

4. Personal health and hygiene: Bathroom scales, toothbrushes, hair 

trimmers, blood-pressure monitors, heart pacemakers, shavers, hearing 

aids. 

5. Medical: In-hospital rechargeable batteries are used to move medical 

instruments like ECG monitors with the patient. 

6. Logistics and construction: Heavy-duty batteries supply power to various 

automobile devices for ignition and start. 

7. Military and submarine Operation: Radios used for communication; 

infrared goggles are powered by batteries. 
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Figure 1.1 Estimated number of devices and related energy demand for 

2016–2050[6]. 

1.3 Working of battery  

A battery is an electrochemical device that have electrochemical 

oxidation-reduction reaction to transforms chemical energy contained in 

active materials directly into electric energy[7]. A cell is the core 

component of a battery, a single cell of the battery is composed of an 

electrolyte, a separator, a negative electrode, and a positive electrode[8]. A 

The electrolyte is an ionic-ally conducting and electronically insulating 

source that permits the red-ox reaction on both electrodes[9]. The separator 

enables the liquid electrolyte to penetrate and separates the anode and 

cathode from contacting each other[10]. Cell functions in two 

electrochemical ways; charging and discharging mode at the state of 

discharging, due to the oxidization of anode ions (Li+/Na+) releases in the 

electrolyte. These ions afterward move towards the cathode. In oxidation, 

electrons move through an electrical path from anode to cathode and attach 

with ions. These electrons move in an electrical circuit. This outside flow 
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of electrons can be used as an energy source to get electricity for appliances 

(discharging) and batteries (charging). Figure 1.2 shows the working 

principal of sodium ion battery. The operation of charging mode is precisely 

the opposite, and it is also achievable that both discharging and charging 

processes occur simultaneously. Two charge carriers are serving in the 

electrochemical cell: ions and electrons. The moving ions transfer towards 

a particular direction in the electrolyte while the cell is operating the 

electrons transfer over the outside circuit.  

In charging a sodium-ion battery, sodium ions are extracted from 

the positive electrode (cathode material) and passed by the electrolyte, 

reached into the negative electrode (anode material)[11]. When the current 

flow in an external circuit, the battery discharges spontaneously, i.e., on the 

anode, the oxidation reaction occurs, related to the sodium ions departs 

from the structure of the negative electrode and reached into the design of 

the cathode, which is decreased by the flow of electron in the external 

electrical circuit. According to the basics of chemistry, a reduction is the 

gain of electrons to an element, oxidation is the extraction of electrons from 

an element, and redox reaction is the gross result, in which there is a 

movement of electrons to one element (acceptor of electron, or oxidant) 

from another (donor of electron, or reductant). The electrode at which 

reduction happens is named the cathode; the one at which oxidation 

happens is known as the anode. 
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Figure 1.2 Schematic showing the working principle of the Sodium ion 

battery[12]. 

Material with constant current GCD plot with clear plateaus and 

CVs that have sharp, visibly divided  reductive and oxidative peaks, should 

be categorized as battery or a faradaic electrode material. Charge storage in 

battery electrodes material shows a nonlinear relation, dissimilar to the 

capacitive charge storage. In sodium ion batteries (SIBs), sodium ion 

deintercalation/intercalation allows the redox reaction to major part of the 

electrode material in a chronological method which is diffusion controlled 

and slow leading to superior energy density[13]. Supercapacitors possess 

high power density because they have surface-controlled reaction and 

quicker diffusion compared to batteries. Figure 1.3 shows the charge 

storage and transfer mechanism of battery, supercapacitors and EDLC. 
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Figure 1.3 Charge storage and transfer mechanism in (a) Battery (b) 

Pseudocapacitor (c) EDLC. 

1.4 Sodium Ion Battery: A replacement to Lithium Ion Battery 

SIBs are counted as the future generation electrochemical 

energy storage system of selection. However, while from the cost 

perspective and sustainability SIBs are the most promising option 

to LIBs, further optimization, and modification in terms of 

electrochemical performance, more often in terms of energy density, 

are necessary. For the flourishing application of Na-ion batteries, 

the price per energy unit should be equal to or even less than that of 

the industrialized Li-ion batteries for the future-generation batteries, 

and thus material for cathode with a better capacity and cyclic 

number essentially be formulated. In the most recent five years, 

research and development on SIBs have gotten dynamic, and quick 

advancement in materials improvement and performance has been 

accomplished[14]. LIBs face hurdles related to mining the ores that 

contains metal and financial concerns attached to material 

insufficiency and the effect of reprocessing toxic chemical 

components on environment[15].  
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Manufacturing high-performance SIBs from harmless and 

abundant materials in earth (figure 1.4), such as a coalition of 

sodium, manganese, iron, titanium, and magnesium ores, decreases 

impact on environment and offers a worldwide opportunity to 

prepare affordable and safe batteries to both the developed and the 

developing nations of the world[16]. There is practically no 

uncertainty that the commercialization of SIBs is conceivable 

(figure 1.5 shows comparison for energy density for the various 

battery prototypes). This may require a market specialty where SIBs 

show explicit benefits over LIBs or another setup kind of batteries. 

Cost-productive batteries dependent on bountiful components may 

be such a specialty that may get applicable later the off chance that 

asset supply chains for LIBs will be tested excessively; obviously, 

this requires an incorporated methodology[17].  

 

Figure 1.4 Earth crust elements abundance comparison[18]. 

In a functional cell, the metal oxide and graphite are coated 

onto foil of aluminum and copper. The foils act as a current 

collector, and it is easy to take out the negative and positive tabs 

from the current collectors. An organic salt of lithium is coated onto 

the separator sheet acts as the electrolyte. The industry of batteries 

is frequently overlooked at a level of research because it is essential 

to find new electrode materials with higher energy, to solve the 
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obstacles in cell chemistries at a small scale. Nevertheless, when 

manufacturing large-scale cells, it is essential to achieve the optimal 

performance of the cell. This helps reduce obstruction to initial 

costs, as it is not required to create new facilities yet; the space 

between laboratory and commercial technologies still requires to be 

linkup to help material advancement and their utilization in more 

giant cells[14]. In addition, research organizations frequently need 

facilities that can be beneficial in large scale production of material. 

Research and manufacturing can be accelerated by improving links 

between academia and industry.  

Slurries of the electrode in the coin-cell also have 

normalized formulations; dry powder blending and metro-logy also 

requires attention. They contain large amounts of carbon and 

binders to get over the Limitations of material, such as less 

conductivity. By Decreasing this quantity energy density of cells 

can be increased at large scales. However, such variation needs 

specific optimization and testing of slurry for every electrode[19]. 

After coating, calendaring, and the influence of drying as a 

technique to improve adherence and electrode density is also not 

habitually advised inside the research environment. Although 

processing and material are essential to the performance of the cell, 

other conditions, such as balancing of electrode, safety prospect, 

geometry related to a greater number of cycle and long-term storage 

that are not habitually studied at a small scale as well become 

essential. SIB technology is less mature, so little research can be 

done for many of the regions. However, it is better that a 

considerable lot of these can be straightforwardly moved from LIB 

exploration, and difficulties can be collectively handled. One of the 

main factors contributing to this ramp in production is the transition 

from internal combustion engine (ICE) automobiles to electric 
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vehicles (EVs) from companies like Audi and GM, which will stop 

producing ICE vehicles in 2026 and 2035 respectively. 

 

Figure 1.5 Comparison for energy density for the various battery 

prototypes[20]. 

Why it is necessary to explore Sodium-Ion Batteries (SIB’s)? 

There are certain serious Limitations exist with Li-Ion Batteries (LIB) 

which are as follows: 

• Safety: Needs protection circuit to keep current and 

voltage within safe limits, as Li is    highly toxic and 

reactive[21]. 

• Aging effect: LIB’s have aging effect, even if not in use 

storage in a cool place, 40% charge decreases owing to self-

discharge[22]. 

• Costly to manufacture: About 40 percent higher in price than 

nickel-cadmium as extra protective layer is needed to fabricate 

the safe LIB’s[23]. 

• Lower operating temperature: Generally operating 

temperature of LIBs are from 5 ºC to 45 ºC, while charging the 

temperature goes up and hence explosion is most common in 
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LIB’s[24]. 

Even though LIBs are good in performance, due to the above 

limitations, restricts the progress and utilization. To overcome these 

problems, we need an alternative to Li ions, and Na is next to Li hence 

research on SIB’s in needed without compromising the performance. In 

secondary battery technologies, when sodium replaces lithium, it requires 

completely new anode materials. The most remarkably suitable anode 

material, graphite in LIBs, is incapable of intercalating sodium metal ions 

between its nanosheets. It has been hard carbon or no graphitizable carbon, 

which can intercalate sodium ions[25]. 

1.5 Working of SIBs 

In charging a sodium-ion battery, sodium ions are removed from the 

positive electrode (cathode material) and passed by the electrolyte, reached 

into the negative electrode (anode material). When the current flow in an 

external circuit, the battery discharges spontaneously, i.e., on the anode, the 

oxidation reaction occurs, related to the sodium ions departs from the 

structure of the negative electrode and reached into the design of the 

cathode, which is decreased by the flow of electron in the external electrical 

circuit. Further discovery regarding the energy density of sodium-ion 

batteries depends on the improvement of high-performance material for 

electrodes. SIBs have been studied again to provide a low-cost option that 

is less prone to risk supply and resources[26]. Theoretically, replacing 

lithium with sodium in a battery appears straight at first, but uncertain 

disruptions are often found in practical applications[27]. A rechargeable 

Na+ ion cell consists of two materials capable of Na+ ion insertion called 

negative electrode (cathode) and positive electrode (anode). A schematic 

representation of the operating principle of sodium ion battery is shown in 

figure 1.6. The electrolyte (pure ionic conductor) electronically isolates 

these electrodes. The stored chemical energy converts into electrical 

energy, and the performance of the entire assembly changes with varying 

the shape, state, composition, alignment of these components.  
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Figure 1.6 Schematic showing sodium ion battery cathode, anode, and 

electrolyte[27]. 

Cell functions in two electrochemical ways; charging and 

discharging mode at the state of discharging, due to the oxidization of anode 

Na+ releases in the electrolyte. These ions afterward move towards the 

cathode. In oxidation, electrons move through an electrical path from anode 

to cathode and attach with Na+. These electrons move in an electrical 

circuit. This outside flow of electrons can be used as an energy source to 

get electricity for appliances (discharging) and batteries (charging). The 

operation of charging mode is precisely the opposite, and it is also 

achievable that both discharging and charging processes occur 

simultaneously. 

The overall chemical reaction for charging and discharging of NaTMO2 is 

shown below, 
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1.6 Organization of Thesis 

This thesis is structured in the following way: 

1. Chapter 1 discusses about the introduction of energy storage 

devices, batteries and working of sodium ion batteries. 

2. Chapter 2 discusses about the different types of cathode materials 

and layered oxides cathode for sodium ion battery and the 

motivation and objectives of the work. 

3. In Chapter 3, experimental techniques have been discussing like 

synthesis of layered oxide, preparation of electrode and the 

characterization of material. 

4. Chapter 4 discussed about the result obtained from different 

characterization methods of the prepared layered oxide material. 

5. Chapter 5 provides the summery of the work done during this 

research and talks about the future scope. 
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Chapter 2 

Review of past work and problem formulation 

2.1 Literature Survey 

In secondary battery technologies, when sodium replaces lithium, it 

requires completely new anode materials. The most remarkably suitable 

anode material, graphite in Li-ion batteries, is incapable of intercalating 

sodium metal ions between its nanosheets. It has been hard carbon or no 

graphitizable carbon, which can intercalate sodium ions[28]. Various 

cathode materials have been suggested to construct SIBs with high 

power/energy density, great energy conversion efficiency and a greater 

number of cycles[6]. table 2.1 shows the benefits and drawbacks of various 

types of cathode materials for SIBs. P2-type manganese-based oxides, 

which holds advantages of high energy density, improved reaction kinetics, 

low-price and eco-friendly, has been largely considered[29]. Though, it’s 

still difficult to obtain an efficient approach to defeat the trouble of 

inadequate cycling stability, which triggered by degradation of structure 

caused from Jahn-Teller effect of Mn3+[30]. Enhanced rate capability of 

SIBs for renewable energy also required for practical use. Furthermore, the 

air stability is also unsatisfactory for storage of materials, shipping and 

battery production due to the most of P2 materials are hygroscopic[31]. 

Figure 2.1 shown the advantages of various cathode materials used for 

SIBs. Inspired by the distinctive electrochemical performance of various 

materials with diverse crystal structure, hybrid type cathode was suggested 

to combine the benefits and overcome the drawbacks of collaborative 

component[32]. The analysis of P2/O3 composite cathode verify that the 

hybrid cathode provided improved electrochemical performance that the 

pure substance. Additionally, partial replacement of Mn with other cations 

(Al, Zn, Co, Mg, Li, etc.) is an efficient approach to report the related Jahn-

Teller effect and increase the electrochemical properties of materials to 

some amount[33].  
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Table 2.1: Benefits and drawbacks of different types of cathode materials 

used in sodium ion battery. 

Cathode Material Benefits Drawbacks 

Prussian Blue 

Analogs[34] 

Three- dimensional open 

structure, Mild and facile 

preparation method,  

Abundant interstitial sites, 

Strong structure stability.  

Water impedes 

performance, 

Numerous vacancies / 

Coordination 

Organic 

Compounds[35] 

Stable redox potential,  

Excellent flexibility, 

Abundant reserve. 

Rapid dissolution, 

Slow kinetics 

Polyanionic 

Compounds[36] 

Fast Na+ diffusion kinetics,  

Prominent cycling stability, 

Strong structure stability, 

High energy density, 

Open 3D framework.  

Poor electronic 

conductivity, 

Low specific capacity.  

Transition Metal 

Oxide[37] 

High theoretical capacity, 

Faster diffusion of Na+ ions, 

Reasonable redox potential 

Low cost, Scalable, Well 

stability crystal structure. 

Hygroscopic nature, 

Low reaction kinetics, 

Multiple phase formation, 

Complex cycling profile. 

 

Figure 2.1 A comparison of different cathode materials for SIBs[38]. 
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2.1.1 Transition metal layered oxide 

Various cathode materials have been suggested to construct SIBs 

with high power/energy density, great energy conversion efficiency and a 

greater number of cycles. Amongst cathode materials for SIBs, layer 

structured NaxTMO2 (TM = Ni, Co, Mn, Fe, etc.) composites are favorable 

due to their long cycle lives and large energy densities. Comparable to the 

cathode materials of LIBs, the layered configuration of these cathode 

materials contains edge-sharing MO6 octahedral packing along with the c-

axis and Na ions inserted in the middle of the MO2 layers[39].  

Different polymorphs are feasible for a layered oxide (NaxTMO2) 

compound dependent on the crystal structure. TMOs usually show high 

reversible capacities. Compact structure makes them well suitable for 

purposes for which a superior volumetric density is necessary. Transition 

metal-based oxide with O3 and P2 type structure with the chemical formula 

of NaxTMO2 (here, TM = Mg, Cu, Zn, Fe, Ni, Co, or sequence of several 

elements.), are being largely utilized for industrial purposes and are 

plentiful in nature. Layered sodium oxide materials can be categorized 

based on the position of Na+ ions. The terminology for these materials is as 

follows: P and O related to Na’s trigonal and octahedral coordination, and 

the number 3 or 2 indicates to the number of repeating layers of transition 

metal in the unit cell. For example, in O3, it’s ABCABC, and in P2, it’s 

ABBA[40]. Categorization of Na−M−O layered materials with sheets of 

edge-shared MO6 octahedral and phase change processes generated by 

sodium removal is shown in figure 2.2. Table 2.2 is a conclusion of the 

basic characteristics, Na content, and benefits/drawbacks of layered oxide 

materials in SIBs. 



17 
 

 

Figure 2.2 Categorization of Na−M−O materials with layers of edge-shared 

MO6 octahedral and phase change processes generated by sodium 

removal[18]. 

Generally, O3-type materials have more Na content than P2-phase 

materials. Layered P2-type compounds have exhibited increased 

electrochemical properties as, in general, they experience less phase 

changes when intercalating/deintercalating Na+ ions than O3-type 

compounds[41]. For the P2 phase, it is much easier to retains its initial 

structure, and at the time of the sodium intercalation process. The 

electrochemical findings indicate that the P2 phase shows better cycling 

stability and rate capability. P2-based systems can meet the best power 

performance due to the specific sodium-ion surroundings that permit facile 

ionic mobility over rectangle-shaped faces between neighbouring trigonal 

prismatic environments[42].  
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P2 type phase with mixed transition metal elements allows 

reversible removal of more Na ion without any deformation in structure. 

More significantly, the larger inter-slab space offers a short diffusion 

barrier, which encourages quick diffusion of Na-ions in the P2 type 

phase[43]. Representation of typical structural growth throughout 

charge/discharge of  O3-phase and P2-phase layered oxides shown in figure 

2.3. 

Table 2.2. A conclusion of the basic characteristics, Na content, and 

benefits/drawbacks of layered oxide materials in SIBs. 

Material 

type 

Structural 

property 

Na 

content 

Benefits Drawbacks 

P2 Prismatic 

sites, 

P63/mmc 

space group, 

ABBA 

stacking 

order. 

0.3-0.7 Fast 

transfer 

of Na+ 

ions,  

High 

range of 

working 

voltage. 

Poor stability 

in air, 

Na+/vacancy 

Ordering, 

O2-P2 phase 

transition. 

O3 Octahedral 

sites, 

R3m space 

group, 

ABCABC 

stacking 

order. 

1 High 

initial 

Capacity. 

Poor air 

stability, 

Inferior 

capacity 

retention, 

Complex 

phase 

transition, 

Low-rate 

performance. 
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Figure 2.3 Representation of typical structural growth throughout 

charge/discharge of (a) O3-phase, and (b) P2-phase layered oxides[44]. 

Table 2.3. Electrochemical performance of various P2 and O3 phase 

layered TMOs. 

Materials Cycle 

number 

Voltage 

(V) 

Current 

density 

(C or 

mA g-1) 

First 

discharge 

capacity 

[mAh g-1] 

Capacity 

retention 

[%] 

Type Ref. 

Na0.6Li0.2

Mn0.8O2 

100 2-4.6 1/15C 190 100 P2 [45] 

Na0.45Ni0.2

2Co0.11Mn

0.66O2 

100 1.5-4.6 0.1C 200 80 P2 [46] 

Na0.55Ni0.1

Fe0.1Mn0.8

O2 

100 1.5-4.3 0.1C 221.5 75 P2 [47] 
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Na0.67Mn0.

65Ni0.2Mg0

.15O2 

100 2-4.3 0.1C 125 94 P2 [48] 

Na2/3Co2/3

Mn2/9Ni1/9

O2 

10 2-4.5 0.05C 140 85 P2 [49] 

Na2/3Ni1/6

Mn2/3Cu1/9

Mg1/18O2 

500 2.5-4.15 0.1C 64 81.4 P2 [50] 

Na[Li0.05(

Fe0.25Ni0.25

Mn0.5)0.95]

O2 

20 1.75-4.4 0.1C 180 90 O3 [51] 

Na0.9Ca0.05

Ni1/3Fe1/3

Mn1/3O2 

200 2-4 0.1C 127 92 O3 [52] 

Na0.75Ni0.8

2Co0.12Mn

0.06O2 

400 2-4 0.1C 171 65 O3 [53] 

Na4FeRu

O6 

100 2-4 0.2C 120 80 O3 [54] 

Na0.67Fe0.4

25Mn0.425

Mg0.15O2 

50 1.5-4.2 0.1C 98 95 O3/P

2 

[55] 

Na2/3Li0.18

Mn0.8Fe0.2

O2 

100 1.5-4.2 0.1C 125 70 P2/O

3 

[56] 

Na0.7Li0.06

Mg0.06Ni0.

22Mn0.67O2 

50 2-4.4 0.2C 129 97 P3/P2 [57] 
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Na0.66Mn0.

5Co0.5O2 

100 1.5-4.3 1C 156 55 P3/P2 [58] 

Na0.6Mn0.7

5Ni0.25O2 

500 2-4.1 0.2C 101 68 P2/P3 [59] 

Na0.66Mn0.

9Mg0.1O2 

100 2-4.5 1C 162.9 65/1C P2 [60] 

Na0.8Co0.4

Ti0.6O2 

100 1.1-4 0.1C 100 80 O3 [61] 

Na2/3[Fe0.2

2Mn0.78]O2 

100 1.5-4.3 0.1C 187 91/0.1C P2 [62] 

NaNi0.5M

n0.5O2 

50 2.2-3.8 4.8 mA 

g-1 

125 75 O3 [63] 

Na2/3Mn0.8

Fe0.1Ti0.1O

2 

300 2-4 0.1C 144.16 87.7/1C P2 [64] 

Na0.67Cu0.2

8Mn0.72O2 

50 2-4.5 0.1C 109 98/1C P2 [65] 

Na1.2Mn0.4

Ir0.4O2 

50 1.5-4.4 0.1C 133 60/0.5C O3 [66] 

Na0.67Al0.1

Mn0.9O2 

100 2-4 12 mA g-

1 

175 86/120 

mA g-1 

P2 [67] 

Na2/3[Mn0.

8Ni0.2]O2 

100 2-4.3 0.1C 162 75/0.1C P2 [68] 

Na0.6Ni0.22

Al0.11Mn0.

66O2 

50 1.5-4.6 20 mA g-

1 

252 80/20 mA 

g-1 

P2 [69] 

NaNi1/3Fe

1/3Mn1/3O2 

100 2-4 0.1C 136 80/1C O3 [70] 

Na0.78Al0.0

5Ni0.33Mn0

.60O2 

50 2-4.5 0.1C 131.9 83.9/0.1C P2 [71] 

Na0.67Fe0.2

0Ni0.15Mn0

.65O2 

900 2-3.8 0.1C 145 55/1C P2 [72] 
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NaNiO2 20 1.25-

3.75 

0.1C 123 93.5 O3 [73] 

Na0.67[Ni0.

1Fe0.1Mn0.

8]O2 

200 1.5-4.3 0.1C 220 80/3C P2 [74] 

Na0.97Cr0.9

7Ti0.03O2 

100 2-3.6 0.2C 125 96/0.2C O3 [75] 

Na0.86Co0.4

75Mn0.475T

i0.05O2 

200 1.5-4 0.5C 111.8 81.4/5C P2 [76] 

Na0.82Mn1/

3Fe2/3O2 

12 1.5-3.8 0.02C 132 92/0.02C O3 [77] 

From the above tables it can be observed that most of the well 

performing materials have doping of Nickel, Manganese, Magnesium, Iron, 

Titanium and Lithium. While the maximum energy density can be 

determined for Li-ion cathodes, various Na ion cathodes showing values 

that make them prospective applicants. TMOs normally possess high 

reversible capacities among all options available for sodium ion cathode. 

The compact structural framework of metal oxides makes them well 

appropriate for applications that requires a high volumetric density [78]. 

With this, a lot of research papers has been published on cathode, anode, 

and electrolyte material for various batteries by prestigious research 

institutes around the world. Future research is oriented for improved 

properties in battery chemistries include, for example, high capacity, high 

conductivity, low cost, large electrochemical stability, wide operating 

voltage range, long storage life, a wide range of operating temperature, long 

cycle life, overall safety, and high thermal stability. 

2.2 Motivation of the work  

Batteries are one of the most flexible energy storage devices, play a vital 

part in the shift from fossil-based fuels to renewable energy. SIBs are highly 

regarded replacement to the current popular LIBs as cost effective energy 
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storing devices with excellent sustainability value with no unnecessary 

sacrifice in electrochemical performance. With the 2019 Nobel Prize in 

Chemistry for developing LIBs, ever-growing importance of portable, 

high-performance energy storage; it is now importance that we consider 

environment friendly and cost-effective solutions to the global energy 

storage demand[79]. Increasing demands for electric vehicles, portable 

electronic equipment and large-scale smart grids, etc. The Government of 

India Vision 2030 is aiming to accomplish full electrification of the public 

vehicle before 2030[80].  

SIBs are considered as the future generation electrochemical energy 

storage system of selection. However, while from the cost perspective and 

sustainability SIBs are the most promising option to LIBs, further 

optimization, and modification in terms of electrochemical performance, 

more often in terms of energy density, are necessary. For the flourishing 

application of Na-ion batteries, the price per energy unit should be equal to 

or even more than that of the industrialized Li-ion batteries for the future-

generation batteries, and thus material for cathode with a better capacity 

and cyclic number essentially be formulated. In the most recent five years, 

research and development on SIBs have gotten dynamic, and quick 

advancement in materials improvement and performance has been 

accomplished. LIBs face hurdles related to mining the ores that contains 

metal and financial concerns attached to material insufficiency and the 

effect of reprocessing toxic chemical components on environment. Figure 

2.5 shows total and annual lithium utilization in 2015–2050 under the belief 

that only the requirement from electric vehicles will grow, although other 

uses stay constant Manufacturing high-performance SIBs from harmless 

and abundant materials in earth, such as a coalition of sodium, manganese, 

iron, titanium, and magnesium ores, decreases impact on environment and 

offers a worldwide opportunity to prepare affordable and safe batteries to 

both the developed and the developing nations of the world.  
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There is practically no uncertainty that the marketization of SIBs is 

conceivable. This may require a market specialty where SIBs show explicit 

benefits over LIBs or another setup kind of batteries. Cost-productive 

batteries dependent on bountiful components may be such a specialty that 

may get applicable later the off chance that asset supply and supply chains 

for LIBs will be tested excessively; obviously, this requires an incorporated 

methodology. The efforts are put together to develop and explore new, 

cheap substitute electrode materials with outstanding energy storage 

properties. Figure 2.4  shows the number of publications on SIBs and 

layered cathodes from 2000 to 2021 Recently, lots of transition metal 

oxides-based nano structure materials like, hydroxides, oxides, phosphates, 

sulphides, and many combinations have been made for energy storage 

pseudocapacitor. Some unique qualities make NFM exhibit rare 

characteristics, like electronic conductivity owning to better structural 

stability, various oxidation states and rich redox reactions, higher reversible 

capacity, and efficiently decreasing the polarization throughout 

charge/discharge.  

 

Figure 2.4 The number of publications on SIBs and layered cathodes 

from 2000 to 2021. (Data are encapsulated from Scopus). 
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Figure 2.5 Total and Annual lithium utilization in 2015–2050 under the 

belief that only the requirement from EV will grow, although other 

uses stay constant. [41] 

 

2.3 Objectives 

  The aimed objectives to develop sustainable sodium ion battery are 

as follows:  

• To fabricate the high cycling performance, thermally stable, layered 

cathode; NaxTMO2, via yield efficient citric acid assisted sol-gel method.  

• Structural and morphological characterization of the synthesized 

material by X-ray diffraction and FESEM. 

• Electrochemical characterization (CV, GCD, and EIS) to determine the 

specific capacity, cyclability and stability test etc.. 

• To design layered cathode; NaxTMO2, to enhance the sodium ion battery 

performance in terms of high delivering capacity as well as high working 

voltage.  
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Chapter 3 

Experimental Techniques 

3.1.  Synthesis of P2 type cathode material 

The P2-type Na0.67Ni0.15Fe0.15Mn0.7O2 (NFM) positive electrode 

material was made by a simple sol-gel method (figure 3.1), and as a 

chelating agent citric acid was utilized. Stoichiometric quantities of sodium 

acetate trihydrate (NaOOCCH3.3H2O, Alfa Aesar, 99%), Manganese 

acetate tetrahydrate (C4H6MnO4.4H2O, Sigma Aldrich, >99%), Nickle 

acetate tetrahydrate (CH3COO)2Ni.4H2O, Sigma Aldrich,>98%) and Iron 

acetate (Fe(CO2CH3)2, Sigma Aldrich) were mixed together and stirred to 

homogenized for 2 h to 5 h. Later, the citric acid (C6H8O7.H2O, Alfa Aesar 

99%) was added for the homogenization of metal acetate solution and was 

permitted to concentrate the procedure by strong stirring at 80 oC for 10 h 

to 12 h. A surplus of the sodium precursor was carried along with the 

stoichiometric quantity, to compensate Na+ ion loss in the high-temperature 

calcination procedure. At last, the attained gel precursor was dried at 120 

oC for 12 h to 15 h and heated at 450 oC to 550 oC for 6 h to 10 h in furnace 

after this material is calcined in muffle furnace at 750 oC to 900 oC 

temperatures to get the P2-type NFM material. 
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Figure 3.1 Experimental method used to synthesize P2 type layered 

oxide cathode material for Na ion battery. 

3.2 Preparation of electrode 

The preparation of electrode is distributed in two major steps. The 

first step implies the blending of the several components within the solvent 

to achieve the electrode slurry. The second step is linked to casting of 

electrode slurry on the current collector, drying and calendaring. The 

appropriate mixture of active material, solvent, conductive additive, and 

binder, gives good electrode slurry, as shown in figure 3.2. The sequence of 

mixing of the various components through preparation of electrode slurry 

crucial and alters the performance of the cell. Usually, conductive additive 

and active material are added and dispersed in the solvent/binder solution. 

The stirring and dispersion of the slurry components affect the rheological 

properties of the electrode, and therefore the battery performance. 

 The chemical and physical properties of the active material are also 

important for achieving high-quality electrodes. The active material 

performs as sodium basin in the electrode slurry, duty of the binder is to 

bind the conductive additive and the active material and to advance the 

mechanical strength and the adhesion between the current collector and 

electrode slurry. After all, the conductive additive is utilized for enhancing 

the electrical conductivity of the electrode. Once the electrode slurry is 



28 
 

ready, it is pasted on the current collector and heated to evaporate the 

solvent.  

 

 Figure 3.2 Electrode slurry preparation process[81]. 

3.3 Physicochemical characterization 

3.3.1 X-Ray Diffraction technique:    

        X-ray powder diffraction (XRD) is the most valuable methods to 

characterise the powder samples. It is efficiently utilized for the phase 

analysis, structural determination, recognition of desired orientation, and 

also determination of crystalline size of the powder samples. The locations 

and the intensities of the peaks are utilized to recognize the phase, structure 

etc., of the material. XRD is a basic method, that is particularly helpful for 

analysing the crystal structure of condensed system. Nanomaterials 

demonstrate crystalline phases, which may be distinct from their bulk 

counterparts. This technique used to know the crystal structure, lattice 

parameters and the average particle size of given powder using XRD. XRD 

instrument is shown in figure 3.3. It provides us data about the lattice 

defects, lattice parameter, crystallite size, lattice strain and the kind of 

molecular bond of crystalline phase. The operating principle of the XRD 

(figure 3.4) is simple in which a monochromatic X-ray generated by the 

impact of accelerated electrons with heavy metal like Cu and which then 



29 
 

filtered and collimated by nickel filters. If these X-rays beam with a 

characteristic wavelength λ hits the solid with an incident angle θ then the 

scattered radiation is defined by Bragg’s law. The XRD patterns will be 

gathered on an X-ray powder diffractometer using Cu Kα radiation (λ = 

1.54050 Å) for the phase formation and to check the crystallinity. In XRD 

pattern very sharp and intense peak suggests that the synthesized material 

is more crystalline in nature and calcination temperature is the optimum for 

the formation of pure phase. This crystalline material is favourable for good 

sodium intercalation and deintercalation. By XRD refinement crystal 

parameters can also be defined and can be compared at different 

temperatures 

 

Figure 3.3 Schematic of X-ray diffraction instrumentation[82]. 

              Bragg’s law is the operating principle of X-ray diffractometer. The 

common correlation between the angle of incidence, wavelength of the 

incident X-rays, and space between the crystal lattice planes of atoms is 

well-recognized as Bragg's Law and stated as: 

nλ = 2dsinθ      ……… (1) 

Where, d = inter planar spacing of the crystal in angstroms 

λ = wavelength of the incident X-rays in angstroms 
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            θ = angle between the surface of the crystal and incident rays in 

degrees 

            n = an integer (Usually equal 1)  

 

Figure 3.4 Working principal X-ray Diffraction (Braggs Law). 

3.3.2 Field Emission Scanning Electron Microscopy (SEM) 

                 FESEM is a kind of electron microscope that generates images 

of a sample by scanning the surface with a concentrated beam of electrons. 

The electrons interact with atoms in the sample, making different signals 

that include knowledge about the composition and surface topography of 

sample. The electron beam is scanned in a raster scan pattern, and the 

position of beam is combined with the identified signal to generate an 

image. FESEM can attain resolution better than 1 nanometre. Specimens 

can be seen in high vacuum in traditional FESEM, or in wet conditions or 

low vacuum in varying pressure or environmental FESEM, and at a broad 

range of cryogenic or high temperatures with specialized instruments. 

FESEM utilizes a focused beam of high-energy electrons to produce a 

various signals at the surface of solid samples. The signals that come from 
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interactions of electron and sample show data about the sample involving 

external morphology, orientation of materials and crystalline structure. 

Figure 3.5 shows the working of FESEM. In many applications, data are 

gathered over a selected area of the surface of the sample, and a 2-D image 

is produced that shows spatial changes in these properties. Areas varying 

from nearly 1 cm to 5 microns in width can be imaged in a scanning mode 

utilizing traditional SEM techniques.    

Fundamental Principles of FESEM 

                  Accelerated electrons in an FESEM bring considerable amounts 

of kinetic energy, and this energy is dispersed as various signals produced 

by electron-sample interactions when the incident electrons are decelerated 

in the solid sample. These signals comprise backscattered electrons (BSE), 

secondary electrons (that produce SEM images), diffracted backscattered 

electrons (EBSD that are used to know orientations and crystal structures 

of material), photons, heat and visible light. Secondary electrons and 

backscattered electrons are usually used for imaging samples. Secondary 

electrons are most valuable for showing topography and morphology on 

samples and backscattered electrons are important for illustrating contrasts 

in composition in multiphase samples (i.e. for rapid phase discrimination). 

The morphology of the surface of the materials was examined by field-

emission scanning electron microscopy (FESEM; Karl Zeiss JEOL). 

Essential components of FESEM include the following:  

• Room free of ambient magnetic and electric fields. 

• Display/Data output devices. 

• Electron Source ("Gun").  

• Electron Lenses. 

• Sample Stage.  

• Signals detectors.  

• Vacuum System. 

• Cooling system. 
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Figure 3.5 Schematic showing working of Scanning Electron 

Microscopy. [83] 

3.4 Electrochemical performance analysis:  

Computer-controlled galvanostat/potentiostat with a typical three-

electrode system coupled to an electrochemical cell is used to perform 

electrochemical measurement. The as-prepared NFM electrode coated on 

Ni foam acting as a working electrode, platinum wire used as a counter 

electrode and saturated calomel electrode used as a reference electrode. 2 

M KOH is used as aqueous electrolyte to carry out the measurements. The 

electrochemical workstation, AutoLab PGSTAT302N, Metrohm is used to 

carry out cycling stability studies, cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS) and galvanostatic charge 

discharge (GCD) at room temperature as shown in figure 3.6. CV analysis 

have assisted to observe the redox performance and electrochemical 

kinetics of NFM. The CV plot for the NFM is shown at several scan rates 

varying from lesser 2 mV/s to 100 mV/s and the voltage range of -1 to 0.42 

V. From the CV plot, the non-rectangular profile explains the faradaic type 

of behaviour which caused in battery-type performance. The CV plot shows 
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the couple of redox peaks, attached to the reversible transformation of 

transition metal due to the reduction and oxidation procedures. 

 

Figure 3.6 A Computer controlled galvanostat/potentiostat with a 

typical three-electrode system linked to an electrochemical cell. 

 

In summery material synthesis and the electrode preparation 

process is successfully established, the basis characterization tools like 

XRD, FESEM and electrochemical analysis have been discussed. 
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                               Chapter 4 

    Results and Discussion 

In this chapter we will discuss the result obtained by various 

physiochemical characterization techniques like XRD, FESEM and 

electrochemical characterization techniques for the P2 type layered oxide 

sample Na0.67Ni0.15Fe0.15Mn0.7O2. 

4.1 XRD Analysis for structural characterization 

X-ray diffraction of the Na0.67Ni0.15Fe0.15Mn0.7O2 at 850°C 

demonstrates phase pure without impurity. The XRD Patterns were indexed 

with space group P63/mmc, hexagonal crystal structure. The materials 

annealed at 850°C shows good crystalline material. From XRD Rietveld 

refinement a and c lattice constants are 2.885±0.007 Å and 11.218±0.008 

Å. In XRD pattern very sharp and intense peak suggests that the synthesized 

material is more crystalline in nature and calcination temperature 850°C is 

the optimum for the formation of pure P2 phase of NFM 

(Na0.67Ni0.15Fe0.15Mn0.7O2). This kind of crystalline material is favourable 

for good sodium intercalation and deintercalation and we expect that the 

synthesized material should exhibit good electrochemical activity during 

cycling. The synthesized material crystallizes into hexagonal crystal phase 

and the pattern is indexed on the basis of P2- Na0.67Ni0.15Fe0.15Mn0.7O2 

phase which matches well with JCPDS file No. 27-0751. Hexagonal cell 

parameters are calculated from XRD Rietveld refinement (figure 4.1) using 

FullProf software. 
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Figure 4.1 Rietveld refined XRD of the Na0.67Ni0.15Fe0.15Mn0.7O2 (NFM) 

at 850 ℃. 

4.2 FESEM Analysis for morphological characterization 

The FESEM studies shows that the material prepared at 850 °C 

shows well grown grain morphology and may lead for good battery 

performance. FE-SEM images of NFM sample calcinated at 850˚C displays 

that particle are evenly distributed and having well specified hexagonal 

shape. The small white marks are present on the surface of the particle that 

may be a slight amount of Na2CO3 phase. The FESEM images of 

Na0.67Ni0.15Fe0.15Mn0.7O2 cathode material shown in figure 4.2 that confirms 

the development of phase by calcination.  
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Figure 4.2 FESEM images of Na0.67Ni0.15Fe0.15Mn0.7O2 synthesized at 

different temperatures  

4.4 Electrochemical analysis: 

The area under curve in the CV plot used to identify reaction 

kinetics and compute the specific capacity of the NFM material. The P2 

type structure of as prepared layered oxide offers a specific capacity 353.5 

mAh/g of at a scan rate of 2 mV/s and 52.47564 mAh/g at the scan rate 100 

mV/s. Typical faradaic battery-like feature can be observed from in the 

typical CV plot, displaying two pair of major redox peaks as indicated in 

figure 4.3. The small variation between cathodic and anodic peaks favours 

the reversibility and pseudocapacitive characteristics of the positive 

electrode, take the lead to a rapid reversible redox process. With increase 

in scan rate, the oxidation peak in the CV moves to more positive potential 

owning to a redox reaction process regulated by a charge transport 

mechanism. The reduction peak indicates nearly no change; the wide redox 

peaks can be linked to high conductivity and to the intercalation nature of 

pseudocapacitive materials consist of a faradaic mechanism with no phase 

change. Various voltage plateaus caused by the presence of biphasic 

domains and first order transition through the de-intercalation and 

intercalation activities.  
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Figure 4.3 CV plot of P2-NFM at various scan rates in 2 M 

KOH solution with 1 mg active mass loading in voltage range 1.42 V. 

At less sodium quantity, single-phase domains are stable, that leads 

to drop in voltage, although the sloped section signifies the solid solution 

behaviour. As the scan rate increases from 2-100mV/s, a peak shift can be 

observed, and this is because of the polarization process at 

electrolyte/electrode interface and ohmic resistance, that is resulted in the 

reduction in specific capacity due to the fast rate of electron transfer 

diffusion/kinetics. Figure 4.4 demonstrates the graph of scan rate vs specific 

capacity, noticing that at smaller scan rate full migration and diffusion of 

electrolytic ions into the NFM electrode recognized. 
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 Figure 4.4 Specific capacity vs scan rate plot for NFM.  

GCD plot for battery type faradaic materials generally exhibit hills 

of constant voltage linked to the redox reactions that are appearing through 

cycling[84]. In battery-type systems due to the different peak potential, the 

potentials of the discharging and charging reactions are not same. This 

change in voltage is described as polarization; the roots of polarization in 

battery appears from variations in the kinetics of the electrochemical redox 

reactions happening through discharging and charging (diffusion-

controlled or/and charge transfer- kinetics)[8]. For NFM electrode from 

GCD plot at different current density (figure 4.5), specific capacity is 

289.855 mAh g-1 at current density of 1 A/g and 139.13 mAh g-1 at high 

current density of 3 A/g respectively in 1.38 V voltage range.  



39 
 

 
Figure 4.5 GCD plot of NFM at different current density from -1V to 

0.38. 

With increases in current density the specific capacity slowly 

reduces (Figure 4.6) and the reduction in specific capacity can be attributed 

as at lesser current densities the ions can enter into nearly all the internal 

holes and entire of the surface of NFM electrode thus, retrieving nearly all 

the active location for storage of charge[85]. While, at higher current 

densities, the consumption of NFM electrode material is limited to the ions 

and surface will not get sufficient period of time to get into the internal 

segment of the structure. The capacity reduction could be ascribed to the 

reduction of active sites, electrochemical dissolution of NFM electrode 

materials, increased resistance, and phase transformation of the electrode 

materials. 
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Figure 4.6 Specific capacity vs. current density plot for NFM. 

EIS is a potential analytical method in characterising 

electrochemical cells in different frequencies. Generally, Nyquist plot have 

real and imaginary impedances at different frequencies in the range within 

10 mHz to 100 kHz in an open circuit model with an AC voltage of 10 mV 

were used for the NFM electrode. EIS spectra of the NFM electrode were 

plotted after and before 1000 number of cycles of discharge and charge to 

achieve a comprehension into the performance. The semicircle at high 

frequency region shows Rct that is related to the electro active surface area 

of the electrode owning to the faradaic redox process of the NFM electrode. 

To compute Rs find the intercept at high frequency on the real axis. Nyquist 

plot of NFM cathode material is shown in Figure 4.7. Before cycling, the 

charge transfer resistance is too high however, after cycling it drastically 

reduces. The increased resistance before cycling is due to the formation of 

stable SEI on the cathode surface which hinders the sodium ion 

intercalation and deintercalation[86]. 
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Figure 4.7 Nyquist graph of NFM and inset displays the enlarged image 

of low-frequency zone. 

In summary, the physicochemical and electrochemical 

characterization of the as prepared material has been done, XRD pattern 

demonstrates phase pure without impurity. The materials annealed at 850 

ºC shows good crystalline material. FE-SEM images of synthesized NFM, 

calcinated at 850˚C and morphology signifies that particle are evenly 

distributed and having well specified hexagonal shape. Electrode material 

shows good specific capacity from CV and GCD and EIS discusses about 

the charge transfer resistance. 
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Chapter 5 

Summery and Scope of Future Work 

Due to the inevitable natural restriction of LIBs, SIBs are believed 

as a major applicant for grid-size storage for renewable energy. SIB was 

studied along with LIBs in the 80s, but SIBs were out of research and 

development because of lower electrochemical performance. Current 

problems related to the demand and supply of lithium and the transition 

metals commonly used to make material for cathode for LIBs have 

accelerated the research and manufacturing organizations to focus on 

alternative chemistries for the battery. Consequently, the irregular and 

limited concentration of the raw materials used in the LIB technology is the 

primary reason for the revived focus in Na chemistry, even though it should 

be mentioned that various studies and future predictions claim that the 

lithium insufficiency supply should not happen within the next five 

decades, which would be even postponed when optimizing the process to 

recycle LIBs. On the other side, the accelerated requirement for lithium is 

the reason for the substantial price increment, which is undoubtedly a 

problem. These favour the SIB technology, which is beneficial because of 

highly abundant and inexpensive raw materials. In many battery 

technologies, layered TMOs (NaxTMO2; here, TM= Mn, Ti, Co, Ni, Fe, Al, 

V, Cr, and a grouping of different elements from earth crust) are used also 

layered O3 | P2 cathode chemistry is at the leading position for the 

substantial improvement of the SIB performance over the past decades. 

PBAs are a challenging set of composites to review for SIBs because of the 

extremely tunable characteristics of their synthesis and the complicated 

network of chemical interactions with the environment and inside the 

material. Yet, their probability as positive electrodes in ahead lithium-ion 

systems are evident in terms of performance and cost. Therefore, the 

considerable difficulty will be to develop a solid basic knowledge of these 

complicated interactions, allowing material advancements that promote 

processes practiced using novel advanced electrolytes. Polyatomic anion 
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cathodes resume providing a path to improve working potential by 

capitalizing on the inductive effect and awarding stable structure of the 

material. There is compensation for the capacities, accomplished with the 

dense polyatomic anion component compared to layered oxides. Still, 

recent efforts to adapt extra Na-ions, for example, the use of proper dopants 

is attractive.  

In summery thesis have five chapters that briefly discusses about 

the SIBs and the layered oxide cathode materials for SIBs. 

Future scope: The close structural similarities between layered lithium-ion 

cathodes and O3 | P2 materials have assist to modify their commercial and 

scientific evolution. However, the higher complexity in the structure of O3 

| P2 materials, emerging from the capability of sodium ions to follow 

elongated octahedral and trigonal prismatic coordination, generate many 

difficulties and gives major opportunities. The difficulties resulting from 

the combinational complication of the cation permutations can also be 

possibilities to produce SIBs that can compete with the good quality LIBs. 

In add-on to synthetic evolution that enables access to superior samples and 

novel polymorphs, shape tailoring, and size of particle will allow further 

modifications, such as better power densities. In future the work will be 

carried out to address these issues. In future the work will be carried out to 

address these issues. 
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