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Abstract 

Sodium-ion batteries (SIBs) have garnered significant interest owing to their potential in 

advancing future energy storage technology. Nonetheless, a major limitation hindering their 

practical deployment is the insufficient performance of cathode materials, particularly Mn-based 

layered oxides, which undergo significant capacity deterioration caused by structural alterations 

during cycling. This thesis provides a comprehensive analysis of the structural and electrochemical 

properties of innovative layered oxides, focusing on doping methods to enhance their performance.  

An in-depth examination of the P3-Na0.62Mn0.75Cu0.19O2 material underscores the notable 

influence of partial doping with Cu on enhancing structural durability and electrochemical 

efficiency. Operando XRD analyses indicate that Cu-doping enhances the stability of the single-

phase reaction and inhibits the unwanted P3-O3 phase transition throughout the cycling process. 

Moreover, operando DEMS verifies that there is no irreversible O2 gas evolution, highlighting the 

reversible oxygen redox stability P3-Na0.62Mn0.75Cu0.19O2. XANES studies, complemented by 

XPS, reveal the active participation of Cu2+/Cu3+, Mn3+/Mn4+, and O2-/On- redox pairs, leading to 

a remarkable discharge capacity of 212.2 mAh g-1 (0.79 Na+). Alongside P3-Na0.62Mn0.75Cu0.19O2 

the present dissertation delves into the synthesis and characterization of a series of Nax(Ni–Fe–

Mn)O2 cathode materials, specifically focusing on varying sodium content (x = 0.75, 0.85, and 

0.95). The Na0.95Mn0.4Fe0.25Ni0.35O2 cathode material demonstrated exceptional electrochemical 

performance exhibited 175.7 mAh g-1 and with 77% capacity retention after 100 cycles. The 

findings indicate that optimizing sodium content significantly lowers charge transfer resistance 

and improves Na⁺ ion diffusion kinetics. Operando XRD validated the reversible O3–P3 phase 

transitions, demonstrating no irreversible structural degradation, while in situ Mössbauer 

spectroscopy offered valuable insights into the iron redox behavior at elevated voltages, which 

observed quick oxidation process to 4+. This study shows that Cu-doping and precise composition 

tuning are key to improving oxygen redox activity and structural stability in Mn-based layered 

oxides. The progress made in this area leads to improved cycling stability, increased energy 

density, and the possibility of commercializing sodium-ion batteries, setting the stage for 

sustainable and efficient energy storage options.  
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CHAPTER 1: Introduction 

1.1 Intention of research 

Recently, the fast rise of renewable energy technologies and the rising need for better 

energy storage have shown that we need improved battery technologies. Lithium-ion batteries 

(LIBs) are popular because they can store a lot of energy and are well-developed. However, they 

have serious issues like limited resources, high prices, and adverse environmental effects1.  

Sodium-ion batteries (SIBs) are becoming an attractive option because sodium is more readily 

available and more affordable than lithium. SIBs present an opportunity for cost-effective and 

environmentally sustainable energy storage, especially for large-scale energy grids2. New 

developments in sodium-ion battery technology have centered on designing new materials and 

optimizing current varieties to enhance performance parameters comprising energy density and 

cycle life. Among its components, cathode materials are crucial in influencing the overall 

performance of a battery. While substantial improvements have been made, numerous current 

cathode materials still encounter challenges related to structural integrity and capacity. The optimal 

cathode material for sodium-ion batteries must be both economically viable and environmentally 

friendly, while also demonstrating strong battery performance and extended cycle life1,3. 

Layered transition metal oxides (NaxMO2) are currently being thoroughly investigated as 

potential cathode options for SIBs, owing to their affordability and comparatively high specific 

capacity. Following the sodium content, NaxMO2 can be classified to two major structural types : 

P2-type (with x ≤ 0.7) in which Na+ occupies by prismatic sites and O3-type (with 0.7 ≤ x ≤ 1), 

which features an octahedral Na+ environment, as defined by Delmas4. O3-type layered oxides 

exhibit a high initial capacity; however, they undergo structural degradation during cycling as a 

result of irreversible phase changes. The process of sodium extraction/insertion in O3-type 

materials typically leads to a phase transition from O3 to P3, accompanied by significant volume 

alterations that impact structural integrity and cycle longevity5. Nonetheless, P2-type layered 

oxides exhibit enhanced stability throughout the cycling process, thereby enhancing structural 

integrity and rate performance.  

Recent research efforts have concentrated on altering the composition and structure of 

these layered oxides to achieve an acceptable compromise involving capacity and stability. 

Approaches consisting of elemental doping, surface coating, and the incorporation of oxygen 
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vacancies have been investigated to improve their electrochemical performance6. Moreover, the 

incorporation of oxygen vacancies can boost electronic conductivity and promote quicker sodium-

ion diffusion, thus enhancing rate capability. The Jahn-Teller distortion, particularly occurs as a 

result of the existence of Mn3+ ions, while the dissolution of passive Mn2+ at the cathode-electrolyte 

boundary over the discharge are two of the obstacles that LTMOs encounter. On the contrary, these 

obstacles have not yet been thoroughly handled7. 

In order to tackle these challenges, a range of strategies has been investigated in the past 

several decades. One method includes the partially replacing of Mn with various electrochemically 

active or inactive cations, including Ni, Co, Li, Mg, Co, Fe, and Al8–12. This substitution seeks to 

reduce the Jahn-Teller distortions and enhance the overall stability of cathode materials. 

Furthermore, there is a growing interest in improving the capacity of cathode materials by utilizing 

anionic redox activity in Mn-based TMO. This strategy, usually  integrated with doping, offers 

encouraging prospects for charge storage on oxygen ions, thus enhancing the entire capacity and 

durability of sodium-ion batteries13. 

1.2 Thesis hypothesis 

1. Elemental doping (Cu) into P3-type layered cathodes will improve the electrochemical 

properties of cathodes by strengthening structural stability. 

2. The incorporation of Mn, Ni, and Fe into layered oxide cathodes improves structural 

integrity and suppresses distortions, thereby enhancing capacity retention.  

1.3 The aspiration and novelty of the research 

This PhD study focuses on investigating and advancing high-capacity cathodes for sodium-

ion batteries, with the intention of enhancing their overall performance significantly. This involves 

researching novel materials and structural configurations that have the potential to improve the 

energy density, stability, and cycle life of SIB. The aims of the investigation in the doctoral study 

are divided into three sections. Multiple tasks were identified to achieve every aspect. 

Objective 1: Cu-doping in Na0.62CuxMn1-xO2 system. 

The first objective is to investigate the impact of Cu-doping on the Na0.62CuxMn1-xO2 

system to improve structural stability and electrochemical performance. This will involve the 

following: 
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1. Synthesizing a sequence of Cu-doped Na0.62CuxMn1-xO2 materials with different doping 

concentrations  

2. Studying the effects of doping on crystal structure, oxygen redox processes and on the 

electrochemical performance. 

Objective 2: The integration and Fe in NaxMO2 cathodes. 

The second objective aims to integrate Mn, Ni, and Fe into the NaxMO2 cathode to achieve 

effective balance among capacity, cycling stability, and cost-effectiveness. This will comprise: 

1. Developing a range of NaxNiyFezMn(1-(y+z))O2 cathode materials in various compositions. 

2. Performing comparative analyses to assess the impact of Mn, Ni, and Fe integration on 

electrochemical performance and to determine the most promising material compositions.  

Objective 3: Comprehensive studies of Mn, Fe and Ni-substituted cathode. 

The third objective involves conducting an in-depth investigation of Mn, Fe and Ni-

substituted cathode material for extended cycling. This will be accomplished using sophisticated 

characterisation methods, which include: 

1. Applying in situ Mössbauer spectroscopy to investigate the reduction behavior of Fe 

throughout the cycling process. 

2. Using ex situ XANES to explore local structural alterations and oxidation states. 

3. Performing operando XRD to observe phase transitions and assess structural stability. 

It should be noted that throughout this thesis, the term “doping” is used in a broad sense and 

refers specifically to the substitution of one transition metal ion for another within the host lattice 

structure. 

1.4 Research contribution   

During the PhD program 4 research papers, 3 review papers and 2 patents were published. 

The list of papers is listed below: 
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1. L.Rakhymbay, Z.Zhakiyeva, Z,Bagindyk, S.T. Myung, Z. Bakenov and A.Konarov, 

Durable Cu-Doped P3-Na0.62Mn1-XCuxO2 Cathodes for High-Capacity Sodium-Ion 

Batteries. Journal of Materials Chemistry A: 2025. DOI 

https://doi.org/10.1039/D4TA07432G  (Q1. IF=11.9). 
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waste to high-capacity hard carbon for rechargeable sodium-ion batteries, 2024, Carbon 

Resources Conversion. https://doi.org/10.1016/j.crcon.2024.100225 (Q1. IF=6.4). 

3. B.Shugay, L.Rakhymbay, A.Konarov, S.T.Myung, and Z.Bakenov Enhanced 

electrochemical performance of sodium cathode materials with partial substitution of Zr, 

2023, Electrochemistry Communications. https://doi.org/10.1016/j.elecom.2022.107413 

(Q1. IF=5.7). 

4. L.Rakhymbay, A.Namazbay, M.Karlykan, M.Abilkairova, A.Konarov and Z.Bakenov. 

Preparation of Fe-doped Na2Mn3O7 and its Application as a Cathode Material for Sodium-

ion Batteries, 2022, International Journal of Electrochemical Science.  

https://doi.org/10.20964/2022.12.28 (Q3. IF=1.2). 

5. A.Namazbay, M.Karlykan, L.Rakhymbay, Z. Bakenov,  N. Voronina, S.T Myung and 

A.Konarov. Towards High-Performance Sodium-ion Batteries: A Comprehensive Review 

on NaxNiyFezMn1-(y+z)O2 cathode materials. Energy Storage Materials. (Q1. IF=17.7). 

6. L.Rakhymbay, N.Bazybek, K. Kudaibergenov, S.T. Myung, Z. Bakenov and A.Konarov. 

Present development and future perspectives on biowaste-derived hard carbon anodes for 

room temperature sodium-ion batteries,  Journal of Power Sources, 2024. 

https://doi.org/10.1016/j.jpowsour.2024.234347 (Q1. IF=8.1). 

7.L.Rakhymbay, A.Namazbay, M.Karlykan, M.Abilkairova, A.Konarov and Z.Bakenov. 

Preparation of Fe-doped Na2Mn3O7 and its Application as a Cathode Material for Sodium-ion 

Batteries, 2022, International Journal of Electrochemical Science.  

https://doi.org/10.20964/2022.12.28 (Q3. IF=1.2). 

8. L.Rakhymbay, A.Namazbay, M.Karlykan, B.Shugay, A.Konarov and Z.Bakenov. Recent 

Advances in Layered Na2Mn3O7 Cathode Materials for Sodium-Ion Batteries, 2023, 

Eurasian Journal of Chemistry. https://doi.org/10.31489/2959-0663/1-23-5 

Patents: 

1. L.Rakhymbay, N. Bazybek and A.Konarov. Method of production of hard carbon material 

https://doi.org/10.1039/D4TA07432G
https://doi.org/10.1016/j.crcon.2024.100225
https://doi.org/10.1016/j.elecom.2022.107413
https://doi.org/10.20964/2022.12.28
https://www.sciencedirect.com/science/article/pii/S0378775324002982
https://www.sciencedirect.com/science/article/pii/S0378775324002982
https://www.sciencedirect.com/science/article/pii/S0378775324002982
https://doi.org/10.1016/j.jpowsour.2024.234347
https://doi.org/10.20964/2022.12.28
https://doi.org/10.31489/2959-0663/1-23-5
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for anodes of sodium-ion batteries, CN 106299365 A, 2024. 

2. L. Rakhymbay, Z.Bakenov and A.Konarov. Method of obtaining a layered cathode 

material for sodium-ion batteries CN 108923042 B, 2023. 

1.5 Thesis overview 

This PhD thesis is divided into several main chapters, beginning with the synthesis of 

layered oxide cathode materials, followed by their structural and electrochemical optimization for 

enhanced sodium-ion battery performance.  

Chapter 1 begins with an introduction to the research context, outlining the primary 

objectives, hypothesis, and the research contributions. 

Introduction to the research's objectives, hypothesis, goals, and research contributions 

Chapter 2 provides a comprehensive literature review, offering an overview of SIB 

technology, its working mechanisms, and recent advancements in cathode materials: to layered-

type cathodes and the role of anionic redox in enhancing electrochemical performance. 

Chapter 3 outlines the research methodology used for material synthesis, analytical 

techniques employed throughout this work: structural characterization, and electrochemical 

evaluation. 

Chapter 4 focuses on investigation of Cu-doped Na₀.₆₂Mn₁₋ₓCuₓO₂ where the effects of 

Cu-doping on the structural integrity and electrochemical behavior of the material are thoroughly 

examined. 

Chapter 5 explores Ni/Fe/Mn based layered cathode materials, which compositions are 

evaluated for their structural stability and suitability as viable SIB cathodes. 

Chapter 6 presents advances in O3- Na0.95Ni0.35Mn0.4Fe0.25O2 cathode development for 

SIBs.  

Chapter 7 brings  the main conclusions from each experimental chapter and suggests 

future research ideas to help improve the performance and practical use of sodium-ion battery 

cathode materials. 
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CHAPTER 2: Literature Review 

2.1 General introduction to SIBs and working mechanism 

It is well-established that lithium-ion batteries (LIBs) have dominated the battery market 

due to their outstanding electrochemical characteristics as well as ability to meet the increasing 

requirements of developing markets for laptops, phones and electric vehicles. 

Despite this, limited resources of lithium and cobalt used for cathode materials poses an issue in 

the sustainability of this type of batteries14. In contrary to lithium, sodium, which ranks as the 

fourth most abundant element on Earth, circumvents this issue. However, the abundance of sodium 

is not the only reason, which makes it a potential alternative to LIBs. Taking into account the 

abundance of sodium, being as the second most lightest and smallest alkali metal following lithium 

with a standard electrode potential (- 2.71 V vs SHE), rechargeable sodium-ion batteries (SIBs) 

present themselves as a leading alternative to lithium-ion batteries LIBs2,15.  The mechanism of 

electrical storage and battery components of SIBs and LIBs are essentially identical, except for 

their ion carriers 3. The intercalation chemistry of sodium exhibits similarities to that of lithium 

regarding cathode materials, allowing for the potential use of materials equivalent to those 

implemented in lithium-ion batteries. Nonetheless, in spite of these resemblances, LIBs and SIBs 

exhibit notable distinctions within their systems. The greater size of Na+ (1.02 Å) in comparison 

to Li+ ions (0.76 Å) influences phase stability, transport characteristics, and interphase formation. 

Moreover, sodium possesses a heavier molecular weight of 23 g mol-1 relative to lithium (6.9 g 

mol-1) and exhibits a higher standard electrode potential than lithium (-3.02 V versus SHE), 

resulting in a diminished energy density when contrasted with lithium16. However, it was indicated 

that the mass of sodium represents a little portion of the overall component weight, while capacity 

is predominantly influenced by the characteristics of the host structure. Despite SIBs exhibiting 

the presence of some weaknesses in contrast to LIBs, SIBs are still recognized  attractive as well 

as cost-effective alternative to LIBs. 

There are four main types of cathode material in SIBs that are considered promising: 

polyanionic materials, Prussian blue analogue, layered oxides, and organic compounds. When it 

comes to the former, the majority of the polyanionic cathode materials are phosphate and 

pyrophosphate-based compounds with good cycling stability and industrial viability; however, 

they also frequently include cobalt or vanadium. Issues of cost and environmental impact arise 



18 
 

when expensive rare metals like vanadium, cobalt, or others are used in large-scale energy storage 

projects in the future 17. Next,   the affordable price and long cycle life of Prussian blue counterparts 

are intrinsic benefits, yet their poor specific capacity and facile absorption of interstitial H2O 

severely limit mass manufacturing17. Following this, there are layered oxides which exhibit 

satisfactory cycleability and capacity, structural deterioration and inherent material limitations 

hamper practical full cell fabrication18. When it comes to anode materials in SIBs, due to their 

substantial operating potential, nanostructured metals and alloys, as well as metal sulfides, 

selenides, and oxides, may deliver high capacity or relatively stable cycling performance without 

the formation of sodium dendrites. However, a fundamental issue with practical SIBs is the large 

volume changes in these anode materials during the sodiation/desodiation process19.         

In SIB cells as shown in Fig. 1, during charge, an oxidation reaction takes place at the 

positive electrode with loss of electrons and de-insertion of Na. Following this, the migration of 

Na+ to the negative electrode (e.g., hard carbon) through the electrolyte occurs while there is a 

transfer of electrons to the anode part through external conduction. This in turn results in a 

reduction reaction at the anode with the insertion of Na. During discharge, the opposite process 

occurs20. The associated reaction equations as follow:  

Charge 

  Cathode: NaMO2  → Na1-xMO2 + xNa++xe-  

              Anode: C + xNa++ xe- → NaxC 

  Overall: C +NaMO2 → Na1-xMO2 + NaxC 

             Discharge 

  Cathode: Na1-xMO2 + xNa+ + xe- → NaMO2 

  Discharge: NaxC → C + xNa+ + xe- 

  Overall: Na1-xMO2 +NaxC → NaMO2 + C 
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Figure 1. Schematic operation principle of SIBs21. 

2.2 Cathodes, layered type cathodes, and structures 

Various cathode materials such as polyanionic cathodes, Prussian blue analogues (PBA), 

organic compounds, and layered oxides have been extensively investigated for SIBs (Fig. 2a). 

Their structures can be seen in Fig. 2c. However, successful and practical cathode materials for 

SIBs play a vital role in defining reliable safety, low cost, high specific energy, large specific 

power, and long-term cycling-life. Viable cathode materials should exhibit high specific energy, 

high rate performance, and long cycling life20. The cycling life of SIB cathode materials is 

primarily determined by stability of their structure and electrochemical stability of utilized 

electrolytes.  

Amazingly, throughout the last forty years, Prussian blue (PB) has been investigated in an 

increasing number of novel, completely unrelated, but extremely promising application areas such 

as rechargeable batteries22. Owing to their remarkable redox activity, affordability, and highly 

reversible phase transitions that occur when specific cations are inserted or extracted, PB and PBAs 

have also been extensively researched as potential active materials for energy storage devices, 

particularly for commercial sodium-ion batteries (SIBs). With a theoretical specific capacity of 

170 and 85 mAh g-1, respectively, PB and PBAs might be classified as dual-electron transfer type 
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and single-electron transfer type based on the quantity of redox-active sites for battery 

application23. Even when compared to LiFePO4, the former one is competitive and shows promise 

due to their high average voltage and capacity24,25. However, PBAs are better suited for systems 

that promote sustainable cycle life due to their natural low gravimetric energy density, which 

makes them less appropriate for high specific energy applications. Additionally, PBAs' 

electrochemical performance is certain to be impacted by the intrinsic crystalline water and 

structural voids, as they are products of liquid chemical production. To give better theoretical 

direction, it is still challenging to identify the reaction processes, including any phase change, the 

water sites inside the structure, and the active sodium storage sites during electrochemical 

cycling26. 

When it comes to the polyanion type cathodes for SIBs, they have been a major subject of 

study in recent years due to their unique structure and the benefits of high voltage/high safety. 

Also, polyanion type cathodes can have strong crystal frameworks and good thermal stability. 

Furthermore, because of the special "inductive effect," which is connected to the modifications in 

molecular orbits brought about by the distinct polyanionic groups in these cathodes, polyanion 

type cathodes often have greater redox potentials27. However, polyanionic cathodes have their own 

disadvantages. Firstly, they have relatively intrinsic low electronic conductivity, which results in 

inadequate level of Na+ diffusion. Next, the absence of appropriate electrolytes limits the uses of 

several polyanion-type compounds with voltages higher than 4.2 V since the typical electrolytes 

may oxidize beyond that point. In addition, high voltage and high stability would have to be 

compromised since polyanion-type compounds contain hefty inactive counter cations. The next 

drawback that should be mentioned is that the valuable and hazardous transition metal vanadium  

is present in a range of high-performance polyanion-type compounds. It is still difficult to replace 

element V with less expensive, more ecologically friendly elements without sacrificing their 

excellent performance. Finally, it should be mentioned that  theoretical and practical discharge 

capacities of compounds of the polyanion type still differ significantly28.   While phosphate-based 

polyanionic cathodes such as Na3V2(PO4)3 have been widely studied due to their high operating 

voltage and structural stability, other families of polyanionic frameworks have also shown 

promising characteristics for sodium-ion batteries. Sulfate-based compounds like Na2Fe2(SO4)3 

exhibit high redox potentials, benefiting from the strong inductive effect of the sulfate group29. 

Silicates, such as Na2FeSiO4, have demonstrated structural robustness and stable cycling 
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performance30. Fluorophosphates like NaVPO4F combine the advantages of phosphate and 

fluoride anions, leading to improved voltage output and thermal stability31. Borate-based materials, 

though less common, are considered for their lightweight framework and potential for high 

capacity32. Meanwhile, carboxylate-based cathodes—particularly those utilizing aromatic 

dicarboxylates like Na2C8H4O4—offer tunable redox activity and sustainable design options33. 

Together, these diverse polyanionic systems expand the scope of viable cathode materials for 

sodium-ion batteries by offering varied electrochemical and structural advantages. 

In terms of organic compounds, their flexible molecular structure allows for the reversible 

accommodation of Na+ with minimal spatial impediment. This property facilitates the rapid 

kinetics of the Na+ insertion/extraction process34. Nevertheless, due to their inherently low 

conductivity, the electrochemical performance of organic materials is significantly inferior to that 

of inorganic cathode materials, and their operating mechanisms remain poorly understood. By 

developing organic/carbon hybrid materials, it is anticipated that the electrochemical performance 

of organic cathodes could be improved. Furthermore, the practical use of organic materials is 

severely limited by the synthetic process and the high cost of production. Thus, more sensible 

designs of organic materials with superior electrochemical characteristics might be achieved by 

refining the synthetic pathway and creating a functional mechanism35.   

Considering the aforementioned aspects of other cathode materials, layered oxides, 

composed of alternating transition metal (TM) oxide and sodium layers, are high-profile categories 

of SIB cathode materials due to their relatively high specific energy and better properties compared 

to the other cathode materials (Fig. 2d)36.  The prevalence of two-dimensional lamellar oxides in 

commercially available high energy density Li-ion cells indicates that they represent the most 

significant class of cathode materials for metal-ion batteries. Almost all of the layered lithium 

transition metal oxides have sodium counterparts. In Na-ion vs. Li-ion systems, layered AMO2 (A 

= alkali, M = transition metal) compounds often show different electrochemical behavior. Due to 

sodium greater size, which restricts cation disorder and keeps Na + from occupying tetrahedral 

positions, there are slight structural variations despite their similarities. More research has been 

done on the intercalation chemistry of Na + in these compounds than on any other cathode class15. 

In the 1970s, the structures of the sodium layered ternary transition metal oxides were completely 

studied and explained. The intercalation chemistry of these transitional metal oxides consisting of 

the first-row transition metals was initially investigated in relation to how removal of Na affected 
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the structure of the cathode. A considerable portion of the groundbreaking work was derived from 

studies conducted by Hagenmuller et al. Also, Delmas and Hagenmuller provided specific 

terminology to characterize the stacking configurations of layered transition metal oxides15,37.   

Unlike their lithium counterparts, almost all NaMO2 (M = transition metal) compounds can 

reversibly intercalate Na+38. The larger size of Na+ compared to Li+ helps reduce cation disorder 

among Na+ and TM ions. Furthermore, one can integrate different transition metal elements within 

the transition metal layers, leading to NaMO2 compounds with tunable properties.  For example, 

NaMO2 materials that incorporate Fe and Ni generally demonstrates a high specific capacity and 

high redox potential  due to the Fe3+/Fe4+ and Ni2+/Ni4+ redox couples39. Layered oxides for SIBs 

demonstrate the NaxMO2 formula and the structure is composed of MO2 slabs and edge-sharing 

MO6 octahedra, separated by a layer of Na+. In general, these materials crystallize in the hexagonal 

system and sometimes if M is Ni3+ or Mn3+, a macroscopic distortion results in an orthorhombic 

or a monoclinic phase. There is an ion-covalent character of bonds in the MO2
 slabs, which 

considerably influences their electronic properties (Fig. 2b). An electronic conduction takes place 

through hopping (semiconductor) or through delocalization (metallic-like) which depends on the 

amount of alkali metal. The electronic conduction in layered oxides relies on the nature of M 

cation: i) average oxidation state, ii) the M-M bond distance versus the t2g
 orbital extension, iii) 

the occupation of eg or t2g levels, and iv) the presence of the Jahn-Teller effect In contrast, the Na-

O are considered to be more ionic, enabling Na+ to move within the interslab space if provided 

sufficient vacancies. The layered structures can remain stable over a wide range of compositions, 

at least at room temperature, for certain transition elements. The extent of this compositional range 

relies on the redox potential of Mn3+/4+ couple and the stability of the structure. In order for a 

material to be utilized as a cathode material, it should meet requirements such as electronic and 

ionic conductivities, and a broad compositional range, provided the redox couple possesses a 

sufficiently high potential40.  

The sodium-based layered oxides are classified into two primary categories: P2 and O3 

types which are governed by the surrounding Na+ environment and the number of distinct oxide 

layer stackings, a classification first introduced by Delmas et al.37 (Fig. 2e). The symbol “O” or 

“P” denotes an octahedral or prismatic coordination environment of Na+, whereas “2” or “3” 

indicates the quantity of transition metal layers with various types of oxygen stacking within a 

single unit cell6.  It should be noted that a prime (′) denotes a distorted phase.  The O3 phase, which 
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typically forms when 0.7 ≤ x ≤ 1 (NaxMO2), has oxide layers arranged in an ABCABC pattern, 

with each Na+ sharing one face and one edge. The P2 phase, which occurs when x ≈ 0.7, has an 

ABBA pattern of stacking, where each Na+ shares either all faces or all edges. The P3 phase, 

usually occurs when x ≈ 0.5, follows an ABBCCA stacking pattern, with each Na+ sharing one 

face with a MO6 octahedron and three edges with three other MO6
 octahedra41. Electrochemical 

performance is significantly impacted by the phase structures, not only due to the amount of Na in 

the pristine state but also because of the stability of each layer and kinetics influenced by the 

surrounding Na environment. For instance, the O3 phase typically experiences a series of phase 

transitions due to slab-gliding during charging and discharging processes42. Overall, the P2 phase 

tends to exhibit better electrochemical performance than the O3 phase at or beyond 2nd cycle due 

to its low diffusion barrier and high ionic conductivity4. However, the O3 phase typically 

demonstrates higher 1st charge capacity because it contains more Na in its pristine state. In addition 

to this, it is considered that P2 phase possesses more stable structure than that of O3 phase since 

the latter might experience a series of slab gliding while the process of de/intercalation process at 

room temperature41. However, some studies show that transition from P2 to O2 can take place if 

there is an extensive quantity of Na deintercalated from the host structure implying unstable 

structure of layered oxides comes from a deep charge state43.  

O3-type layered sodium 3d transition metal oxides, which also involves O'3-type ones, 

were found between the 1930s and the 1975s, and Delmas et al. published the first reports on the 

electrode performance of Ti, V, Cr, Mn, Co, and Ni systems in Na cells in 1980–1985. These 

mentioned oxides are active in electrochemical nature, and for the initial tests, they are frequently 

assessed using Na-metal half-cells, which have metallic Na as the negative electrode and the oxide 

as the positive electrode. Electrode materials without Na, including carbon, are placed in the 

negative electrode of practical Na-ion complete cells since NaMO2 includes Na in its structure. 

The Na-extraction method is typically used to begin charge/discharge experiments of NaMO2 

electrodes, which entail the simultaneous oxidation of transition metals in the half-cell and full 

cell15. When it comes to P2-type layered transition metal oxides, they have also been created to 

produce high-capacity, high-power, long-life, and safe Na-ion batteries. The rationales behind it 

was i) boosting operation voltage and a reversible capacity, ii) inhibition of irreversible phase 

changes and substantial interslab reduction, iii) smoothing voltage profiles with suppressed 

Na+/vacancy ordering, iv) mitigation of H2O insertion into interslab spacing, v) protection of the 
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surface from HF attack and moist air . It should be mentioned that P2- and O3-type layered oxides 

with single 3d transition metal systems differ considerably from one another. P2 type phases form 

with only V, Mn, and Co as single 3d transition metal systems, in opposed to O3-type layered 

oxides, where the majority of 3d transition metals may be hosted in the slab. P2-type materials 

typically have low Na concentrations and crystallize around 0.5 ≤ x ≤ 0.8 in NaxMO2. A lot of 

researchers have created P2-type cathode materials with the usual Na2/3MO2 composition15.           

In addition to main P2- and O3-type structures, the extraction of Na from these structures 

results in other phase transitions. In the O3-type structure, Na⁺ ions are initially located at edge-

sharing octahedral sites coordinated with MO6 octahedra. As Na⁺ ions are partially extracted, 

vacancies are created, promoting the stabilization of Na⁺ at prismatic sites. This transition leads to 

a structure resembling the P2-type. It should be noted that this transformation takes place without 

the process of M-O bond breakage and is implemented by the gliding movement of MO2 slabs. As 

a result, the previous arrangement of oxygen atoms “AB CA BC” turns into “AB BC CA” and this 

new structure is defined as P3-type phase (Fig. 2e)21.  In addition to this, P2-type structure can 

change into O2-type phase (Fig. 2e). During the extraction of Na+, it makes the MO2 slabs to glide 

in order to occupy octahedral positions and can be caused by Na+/Li+ ion exchange. The new phase 

“AB AC AB” is formed because of this gliding motion and features unique oxygen packing 

configurations (Fig. 2b). This phase is composed of two distinct MeO2 crystallographic layers, 

denoted by the letters AB and AC for the oxygen arrangements. The O2-type phase forms as a 

result of the octahedral sites created by the vacancies between the AB and AC layers21. 

The first investigated sodium-based layered oxide was sodium cobaltate NaCoO2 and it 

was studied for its electrochemical sodium intercalation chemistry. This material has attracted a 

lot of interest in various fields of study because of its intriguing superconducting, thermoelectric, 

and magnetic characteristics44. The first investigations revealed that within a restricted range Na+ 

could be reversibly intercalated by the different NaxCoO2 polymorphs, with the P2 structure 

exhibiting the maximum capacity of 95 mAh g-1 45. It was demonstrated that during the process of 

de-intercalation of Na+ from NaCoO2, the O3, O'3, and P'3 structures interconvert reversibly46. 

Next, layered sodium iron oxides (NaFeO2) and sodium manganese oxides (NaMnO2) have drawn 

significant attention because they contain inexpensive and generally non-toxic elements. The weak 

electrochemical characteristics of NaFeO2 have limited its application in Na batteries. Although  
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α -NaFeO2 is the structural model for layered materials in the R-3m space group, the 

unstable Fe(IV) oxidation state inhibits its functionality in a Na cell47.  In the α-NaFeO2 type, a 

wide range of transition metals can be accommodated. According to this fact, the synthesis of 

NaMO2 suppresses and avoids cation mixing between Na+ and transition metal ions, and different 

transition metals are simultaneously adopted to form α-NaFeO2-type solid solutions. This is 

beneficial for optimizing the composition of NaxMO2, which represents attractive electrochemical 

properties for Na-ion batteries15. As the Li-ion battery field swiftly grew in the 1990s, the quantity 

of known Na-containing layered oxide materials increased dramatically. The usage of the Na 

compounds as precursors to metastable Li polymorphs that could not be produced via direct solid 

state chemistry was the primary motivator for this interest15. The most investigated layered sodium 

compound for the implementation as a cathode in SIBs is the NaNi1/2Mn1/2O2 material that was 

reported by Komaba and his colleagues. In the potential range of 2 to 3.8 V, the material exhibited 

reasonable reversibility, providing around 120 mAh g-1 for a minimum of 15 cycles; charging to 

4.5 V thereafter enabled the reinsertion of 0.77 Na (185 mAh g-1), but with a substantial irreversible 

capacity48. For the majority of the layered oxide compounds in SIBs, only about 0.5 Na can be 

cycled in the structure, delivering capacities of about 120 mAh g -1 or less at average potentials of 

3.5 V. Therefore, there is an important need for enhancement of the specific capacities of such 

cathode materials, even though over-extraction of Na+ has been demonstrated to trigger structural 

damage in some layered oxides15.       
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Figure 2. a) Proportion of publications on different cathode materials36. b) The general structure 

of layered oxide. c) Structures of different cathode materials. d) Properties of different cathode 

materials36. e) Schematic representation showing the classification of sodium layered oxide40. 
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2.3 Anionic redox mechanism 

As mentioned, for SIBs to be practically viable, they must overcome the challenge of the 

cathode’s relatively insufficient capacity. Numerous studies have been conducted to develop high-

performance cathode materials through various strategies, including doping modifications, surface 

treatments, and composite construction. The capacity achieved through cationic redox is near to 

its theoretical limit and can only be enhanced via other methods such as incorporating anionic 

redox reactions49,50. In fact, anionic redox was first developed for LIBs after it was discovered that 

lithium-rich cathodes could exhibit capacities beyond their theoretical value. Nevertheless, the 

fundamental reaction mechanism is still debated and it might be inappropriate to directly apply 

knowledge of anionic redox from lithium-based systems to sodium-based ones51. When Li-rich 

Li2MnO3 delivered a superior initial capacity of more than 400 mAh g-1, Thackeray and Rossouw 

turned their attention to this material in 1991 and conducted some systematic research52. Then, 

Oishi et al. used soft X-ray absorption spectroscopy (sXAS) to examine the oxygen behavior in 

Li2MnO3 and Li2MnO3-based Li-rich oxides53. Yet, due to the extreme oxygen release and phase 

transition from the cathode material, its electrochemical performance was inadequate. Therefore, 

further investigations on anionic redox reaction of oxygen and modifications have been 

conducted54. It should also be noted that it was not originally thought that anionic redox would 

occur in oxides as they are less covalent than sulfides55. Thus, it was surprising that totally 

delithiated Li0CoO2 could be prepared in 199656 , given that magnetic properties indicated that Co 

had not entirely oxidized to 4+ 56. Following this, in 1999, it was hypothesized that oxygen 

participates in the redox process at high potential of LixCoO2 based on the modest reduction in O–

O interplanar distances inferred by synchrotron diffraction57. After almost two decades of 

investigations, according to Assat et al., as of 2016, it reached a point when the theory behind the 

anionic redox process was applied to several kinds of metal-based cathodes (3d, 4d, and 5d). In 

order to produce reversible anionic redox, the calculations demonstrated the significance of O 2p 

non-bonding states (or Li–O–Li configurations in panel e, top), the prerequisites for O–O 

shortening, and the reductive coupling process (panel e, bottom)55.             

 Anionic redox reaction (ARR) usually involves the O2-/n- redox couple and can provide 

additional capacity beyond the well-known cationic redox58. According to energy band theory, the 

energy band structure of Li/Na-based layered transition metal oxides is primarily defined by the 

overlap between p orbitals of oxygen and d orbitals of transition metals. This overlap is represented 
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in the energy spectrum by the bonding (M-O) and antibonding (M-O)* bands55. The activation of 

ARR includes their localized/delocalized electronic structures and atomic arrangements. This 

activation is anticipated to advance the practical use of SIBs50. The activation of ARR is closely 

correlated to the energy of the (M-O)* antibonding orbitals as well as O 2p orbitals according to 

energy band theory59,60. In cationic redox systems, the (M-O)* close to the Fermi level is inclined 

towards donating electrons for oxidation during charging, while the O 2p states, located far below 

Fermi level, cannot take part in charge compensation61. It is widely accepted that nonbonding O 

2p states are essential for triggering ARR. For example, in Li-rich cathode materials such as 

Li2MnO3, one-third of the TM sites are occupied by Li+ ions, forming configurations of Li-O-Li 

as shown in Fig. 3a62. In these configurations, the O 2p orbitals do not hybridize with either alkali 

metal orbitals or TM orbitals, resulting in orphaned and unhybridized O 2p states. The density of 

states (DOS) for these unhybridized O 2p is proportional to the quantity of configurations of Li-

O-Li60. In terms of the energy of unhybridized O 2p states, it is situated near the Fermi level, as 

illustrated in Fig. 3b, and it is greater than that of the bonding O 2p states55. As a result, the oxygen 

electrons in the Li-O-Li configurations are more mobile and can participate in the process of charge 

compensation during high-voltage operation. Thus, it provides additional capacity beyond that 

provided by the TM redox62. As it was mentioned, nonbonding O 2p orbitals are essential to trigger 

ARR in layered oxides and this principle applies to Na-based TM oxides as well. Similar to what 

occurs in Li-rich cathode materials, in Na-rich materials; the particular Na-O-Na configurations 

promote the formation of nonbonding O 2p states, triggering ARR59. When it comes to Na-

deficient cathodes, the introduction of vacancies or elements with low electronegativity into TM 

layers to create NaxAyTM1-yO2 where A is denoted as those elements. For instance, Mg, Zn, and 

Li63. These elements coordinate with oxygen to form A-O bonds with a strong ionic character and 

this, in turn, leads to lone-pair oxygen electrons and nonbonding O 2p states. The energy of these 

nonbonding O 2p states is near to the Fermi level and when (TM-O)* bands are empty, oxide 

anions can take part in oxidation through donation of electrons, thereby providing additional 

capacity64. From the other perspective, reducing the energy of the nd band of the transition metal 

can also activate ARR. If Na0.67Ni0.33Mn0.67O2 is taken as an example, the manganese in it is in a 

tetravalent (t2g
3eg 

0) results in  lower energy (Mn-O)* bands65. The O 2p bands, which are relatively 

higher energy levels than (Mn-O)* bands are believed to facilitate ARR66.  
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 There is a significant impact of the various coordination environments of oxygen in the 

crystal structures of TM oxides on the behavior of ARR. Through density functional theory (DFT) 

on P2- and O2-NaxMg1/3Mn2/3O2, Tarascon et al. discovered that ARR can become stable in P-

type structure, but is not reversible in the O-type structure67. As illustrated in Fig. 3c, in deep 

dissociation states, O-O dimers that have bond lengths shorter than 2.5 Å are able to be created 

between neighboring Na layers in the P2 structure. The way how different stacking affects ARR 

is also elucidated from the viewpoint of the energy band. During the process of charging, the 

extraction of electrons results in the creation of holes within the narrow nonbonding O 2p band. 

Concurrently, there is a tendency of formation of oxygen pairs from these holes and this leads to 

structural distortion, causing varying O-O distances (Fig. 3d).  This, in turn, leads to the breakage 

of O 2p bonds into antibonding and bonding orbitals. Following this, there is a division of the 

partially filled bands into completely empty and completely filled bands67. 

 Certain Na-deficient manganese-based layered structures are discovered to possess an 

unusually high capacity of a plateau area about 4.2 V in SIBs10. For instance, O3 and P2-type 

layered oxides have been extensively researched as cathodes materials for their great reversible 

capacity and high operating voltage. Because of its abundance of elements, large reversible 

capacity, and operating voltage, the NaxNiyMn1-yO2 layered oxide has been thoroughly explored 

as a potential cathode material. It also provides an intriguing example for studying the chemistry 

of anionic redox reactions in the crystal lattice. According to Ma et al. a relatively novel cathode 

material Na0.78Ni0.23Mn0.69O2 has a stable structure throughout a broad voltage window and a large 

and satisfactory capacity of 138 mAh g-1. With the use of soft X-ray absorption spectroscopy 

(sXAS) and electron energy loss spectroscopy (EELS), the variations in the electronic structures 

of the bulk and surface of electrochemically cycled particles were examined. It was suggested that 

the lattice oxygen site with a surface to bulk gradient TM distribution, which is intimately 

connected to the creation of oxygen vacancies at the material surface, was the location of a portion 

of the charge compensation mechanism during the first cycle68. In addition to this, Susanto et al. 

examined the source of the irreversible capacity of O3-type NaFeO2. It was done by examining 

the oxidation state of Fe and transition of phases of the cathode during the process of charging. 

Through Fe K-edge XAS and O K-edge near edge X-ray absorption fine structure (NEXAFS) 

investigations, it was possible to witness active redox oxygen atoms for charge compensation in 

the electrochemical reaction of NaFeO2. It was shown that oxygen redox activity, rather than the 
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Fe3+/Fe4+ redox process, is the mechanism responsible for charge adjustment. Consequently, Fe3O4 

production and the ensuing oxygen release are what cause electrochemical irreversibility NaFeO2  

since they prevent Na from entering the structure69. It is also appealing for ternary cathode 

materials for SIBs to have anionic redox. According to Hakim et al., there is an extra reversible 

capacity of about 25 mAh g-1 for the P2-type Na0.78Co1/2Mn1/3Ni1/6O2 cathode material between 

4.2 and 4.5 V. This is thought to be caused by the contribution of anionic redox activity during the 

charging process70. Likewise, Maitra et al. studied and verified that some oxygen loss in the 

Na2/3Mg0.28Mn0.72O2 and mechanism of charge compensation by the oxygen redox were the causes 

of the excess capacity. It is paramount to note that Mg2+ ions stabilize and reduce oxygen loss 

throughout the extraction process since they stay dormant in the TM layers. Every O 2p orbital 

interacts with at least one cation, and oxygen is always coordinated by at least three cations. 

Corresponding with the absence of oxygen loss in Na2/3[Mg0.28Mn0.72]O2, even at high 

deintercalation levels, are the absence of non-bonding and very electron-deficient O 2p states71. 

Higher energy density batteries have been created because technology has gotten more advanced. 

In an intercalation cathode material intended for batteries with higher energy densities in the future, 

many 3d TMs (Mn, Fe, Co, and Ni) for layered oxides are thought to be the source of the improved 

charge storage and reversibility. Reversible oxygen redox also offers a promising novel path for 

the development of future intercalation cathodes materials, as recent observations suggest that it 

may offer additional capacity over the theoretical TM redox capacity at a high voltage, potentially 

enabling high energy densities72.  
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Figure 3. a) Local atomic coordination around oxygen in layered Li metal oxides. b) Schematic 

of the band structure for stoichiometric layered Li–M oxides60. c) Crystalline distortion in 

desodiated P2 structure. d) Early states of anionic oxidation process67. 

2.4 NaxNiyFezMn(1-(y+z))O2 cathode 

As noted before, LTMO,NaMO2, (M = Ni, Fe, Co, Mn, Ti, V, and their arrangments) are 

are regarded as highly promising cathode materials because of their high theoretical capacity, ionic 

mobility and  relatively easy synthesis route73. Among TMO cathodes, Mn-based ones have been 
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extensively researched due to the abundance of Mn, its low cost, and significant electrochemical 

properties. Mn3+ in Mn-based layered oxides is inherently unstable, as it tends to disproportionate 

into Mn2+ and Mn4+. The resulting can dissolve into the electrolyte and degrade the solid electrolyte 

interphase (SEI), reducing performance at the negative electrode74. For instance, in 1985 

Mendiboure et al. investigated the P2-type Mn-based layered metal oxide Na0.7MnO2 , however 

material excibited poor electrochemical performance75. After this, Caballero et al. synthesized P2-

type Na0.6MnO2 using the sol-gel method, which delivered 150 mAh g-1 within a voltage window 

of 2.0 - 3.8 V. However, its cycling performance was still unsatisfactory and the material's structure 

deteriorated during Na+ insertion and extraction due to the Jahn-Teller effect76. Researchers 

typically address the Jahn-Teller effect by designing novel structures and/or substituting other 

inactive cations73.  

 Considering the potential large-scale commercialization of SIBs for energy storage systems 

in distributed power grids, effective management of cost of SIBs is crucial. Fe with its low cost 

and abundant resources has been considered suitable for single-transition metal oxide NaFeO2. 

Additionally, the solid-state synthesis method for this material is relatively simple and iron is a 

non-toxic and environmentally friendly element. However, Zhuang et al. reported that NaFeO2 has 

a capacity of 90 mAh g-1 which is less than half of its theoretical capacity of 240 mAh g-1 which 

indicates that only about 35% of Na+ are reversibly extracted during the charging process77. Lee 

et al. investigated the capacity decay mechanism of NaFeO2 using ex situ Mössbauer spectroscopy 

and found that more than 20% of Fe4+ spontaneously reduced to Fe3+ during the charge-discharge 

process which resulted in electrolyte decomposition. In situ synchrotron X-ray diffraction analysis 

confirmed that an irreversible phase transition from O3 to O"3 took place which negatively 

affected  coulombic efficiency and capacity78. These issues with capacity and cyclic instability 

limit the widespread application of NaFeO2 in SIBs. 

 Ni-based NaMO2 has also been extensively studied as a cathode material for SIBs due to 

its satisfactory electrochemical performance and relatively simple synthesis method79. For 

instance, O3-type NaNiO2 exhibits a good reversible capacity of about 123 mA h-1, indicating that 

nearly 50% of Na+ can be extracted and reinserted into the material42. In addition, Ni-containing 

cathodes used for LIBs feature an open layered framework that allows for the extraction and 

insertion of Li+ ions, which provides a high reversible capacity of 200 mAh g-1. This is attributed 

to the multi-electron reaction of the active nickel ions80. Similarly, a comparable oxide is expected 
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to be a promising host for accommodating more Na+ to achieve superior capacity. Some studies 

have shown the high-capacity characteristic of layered oxide cathode materials is strongly 

correlated with adding of Ni to the structure42. Despite having similar elemental composition and 

comparable crystal structure as LIB Ni-containing oxides, it remains a challenging task to 

synthesize a comparable highly reversible cathode material for SIBs. For example, NaNiO2 

encounters significant structural deterioration during Na+ insertion and extraction. The phase 

transitions (O′3–P′3–P″3–O″3–O‴3) lead to irreversible transformations within the material which 

significantly reduces its capacity81 . 

 Overall, it can be seen that Na-based single transition metal oxide cathodes are impractical 

in contrast to LIBs in which LiCoO2 cathode material is still utilized commercially. 

 However, in NaM11-xM2xO2 (M1, M2 - transition metals) compounds, the aforementioned 

problems associated with single transition metal layered oxide structures are significantly reduced 

while ternary compositions exhibit smooth charge-discharge curves with satisfactory cycling 

stability and low overvoltage. For instance, Ni and Mn co-substitution of Fe in O3-NaFeO2 

effectively suppress capacity fading and iron migration. Therefore, the solid solution of NaFeO2 

and NaNi0.5Mn0.5O2 was synthesized to be NaFe0.4(Ni0.5Mn0.5)0.6O2 which showed a reversible 

capacity of 130 mAh g-1 within a voltage range of 2.0 - 3.8 V. It was indicated that this cathode 

material demonstrated smooth charge/discharge curves without considerable voltage hysteresis82. 

In addition to this, the ratio optimization of Ni and Fe with a stable content of Mn of 25% in 

NaNi0.75-xFexMn0.25O2 where x = 0.4, 0.45, 0.5, and 0.55 showed that the increase in nickel content 

positively impacts capacity, but have negative effects on cycling and thermal stability83. The 

increase in the number of d-cations can be considered impractical since it makes synthesis and 

achieving a homogeneous distribution of too many d-cations in the crystal structure challenging. 

Therefore, ternary systems can be considered to possess a good balance between satisfactory 

electrochemical performance and the simplicity and reproducibility of synthesis route. Among 

these, O3-type NaNi1/3Fe1/3Mn1/3O2 is the most widely investigated which demonstrated  

 

130 mAh g-1 and stable cycling with the cutoff voltage of 4.0 V vs Na/Na+. Increasing this cutoff 

to 4.2 - 4.3 V results in the increased capacity of around 160 mAh g-1 because of the presence of 

high voltage plateau. Nevertheless, this increased potential window leads to rapid degradation of 
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the structure during cycling. This degradation might be primarily attributed to the hexagonal-to-

monoclinic phase transition associated with the migration of d-cations into the Na layer84,85.     

2.5 Conclusion 

This chapter provided an in-depth overview of sodium-ion battery (SIB) technology, with 

a particular focus on cathode materials. Among the various types: polyanionic compounds, 

Prussian blue analogues, organic materials, and layered transition metal oxides have emerged as 

the most promising due to their relatively high specific capacity, structural versatility, and 

compatibility with sodium intercalation. The review also discussed the importance of anionic 

redox reactions as a strategy to overcome the capacity limitations of conventional cationic redox 

systems. Lastly, the advantages and challenges of ternary layered oxides, especially Ni-Fe-Mn 

based compounds, were explored, underlining their potential for high performance and structural 

stability. These insights form the foundation for the experimental investigations in the following 

chapters, which aim to improve the electrochemical behavior and long-term viability of layered 

oxide cathode materials for next-generation SIBs. 
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CHAPTER 3: Methodology 

3.1 Chemicals 

The precursors and materials utilized in the synthesis and study of the NNFM and NaMCO 

materials, with subsequent utilization of the produced powder in the cathode production and half 

and full cell-batteries are listed in Table 1.  

 

Table 1. The catalog of chemicals used in synthesis of NNFM and NaMCO materials, 

electrode casting and assembling of the half and full-cells. 

 

Chemicals Brand Molecular 

weight,g/mol  

Purity,% Formula and structure 

Sodium Carbonate Sigma-Aldrich 105.99 99.5 Na2CO3 

Iron Oxide Sigma-Aldrich 159.69 96 Fe2O3 

Manganese Oxide Sigma-Aldrich 157.87 99 Mn2O3 

Nickel Oxide Sigma-Aldrich 74.69 99 NiO 

Sodium Nitrate Sigma-Aldrich 84.99 99.5 NaNO3 

Copper Oxide Sigma-Aldrich 79.55 99 CuO 

Manganese Carbonate Sigma-Aldrich 114.95 99 MnCO3 

Solvent NMP Sigma-Aldrich 99.13 99 C5H9NO 

Sulfuric Acid Sigma-Aldrich 98.08 95 H2SO4 

Nitric Acid Sigma-Aldrich 63.01 65 HNO3 

Ethanol, anhydrous Sigma-Aldrich 52.11 99.5 C2H5OH 

Polyvinylidene 

fluoride 

MTI Corp 64.03   

Sodium cubes Sigma 22.99 99% Na 

Acetylene black MTI Corp   C 

Acetone  Sigma-Aldrich 58.08 99 C3H6O 

 

3.2 Utilized equipment and characterization methods 

This section provides a brief description of the equipment and methods used for the 
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synthesis and characterization of the material and its physical properties. 

Mortar and pestle. The mortar and pestle was used in conjunction with acetone for mixing 

the precursors for synthesis as the first step of the “shake and bake” method and to make slurry 

after obtaining pure phase cathode material.  

Tubular furnace. The International STF 1200 tubular furnace was used to calcine the 

NMCO. The conditions for the synthesis were at 600 °C with 10 °C min-1 heating rate for 5 hours 

and with a naturally cooling step. The prepared materials were stored in the desiccator.  

X-ray diffraction (XRD). The crystalline phase of the materials was studied via XRD 

analysis on a benchtop MiniFlex instrument from Rigaku Co., Japan. The study was done with Cu 

Kα radiation in the range of 10 to 70°. Further FullProf program was used for the Rietveld 

refinement of the data. 

Scanning electron microscopy (SEM). The surface morphology of the samples was 

observed by 5 kV Zeiss Crossbeam 540 SEM (Nazarbayev University). 

High-resolution transmission electron microscopy (HRTEM). Key morphological 

characteristics of crystals was determined using high-resolution transmission electron microscopy 

with the use of JEM-3010 instrument from JEOL (Sejong University, South Korea). 

Energy-dispersive X-ray spectroscopy. Dispersive X-ray analysis was used to further 

determine the morphology and ascertain elemental composition. The instrument used in this 

analysis was 7200-H from HORIBA.  

Inductively coupled plasma–atomic emission spectroscopy (ICP-AES). The 

composition of the material was investigated via inductively coupled plasma–atomic emission 

spectroscopy on Optima 8300, Perkin-Elmer. 

X-ray Fluorescence. The analytical method of X-ray Fluorescence was used to confirm 

the composition of the material with use of PANanalytical (ICGM). 

Operando XRD. Deployment of X’Pert from PANanalytical diffractometer was used to 

examine structural changes during cycling. The angle was set from 14 to 50 ° (2θ).  

X-ray absorption spectroscopy (XAS). O K-edge measurements were done in emission 

mode and K-edge regions for Mn and Cu were performed in the transmission mode on XAS, 

beamline was set at 8C on Pohang Accelerator Laboratory (PAL) in South Korea. Further data 

interpretation was done using Athena software.  

Glovebox. Half- and full-cells assembling took place inside the MBRAUN glovebox (O2 
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and H2O concentration lower than 0.1 ppm) filled with inert gas. 

3.3 Cell configuration and assembly 

3.3.1 Electrode preparation 

The synthesized cathode materials have been mixed with polyvinylidene fluoride (PVdF) 

and acetylene black (AB) in an 8:1:1 weight ratio that use NMP (N-methyl-2-pyrrolidone) as the 

solvent. The consistency of the slurry were adjusted and  was applied to aluminium (Al) foil via a 

doctor blade technique and then dried at 80°C overnight in a vacuum oven. The mass loading of 

the active material was around 3.5–4 mg cm-2. 

3.3.1 Cell assembling process 

The half-cell batteries were constructed by assembling CR2032 type coin cells within the 

MBRAUN glovebox. The assembly of the cell started from the positive cap where the cathode 

(d=14 mm) was carefully placed and 60 MicroL of electrolyte (0.5 M NaPF6 in (PC) and (FEC) in 

a ratio of 98:2.) was added dropwise. The wetted cathode was covered with a glass fiber separator 

and 60 MicroL more electrolyte was added. The sodium disc (d=15 mm) is placed on top of the 

battery, covered with a negative cap, and finally sealed in the press. 

3.4 Electrochemical performance 

3.4.1 Galvanostatic charge/discharge cycling 

WonAtech BTS battery tester was used to conduct constant current charge/discharge tests. 

The batteries were cycled at 0.1C and between voltage windows of 1.5 to 4.7 V and 2.0 to 4.4 V.  

3.4.2 Rate capability (C-rate) 

Rate capability (C-rate) test was conducted via the same instrument as the previous test. 

The batteries were cycled for 5 cycles at 0.1C, 0.2C, 0.5C, 1.0, 2.0 and 5.0C settings. 

3.4.3 Galvanostatic intermittent titration technique (GITT) 
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The diffusion coefficient was calculated via data obtained from GITT. The tester was 

programmed to charge and discharge the battery for 5 minutes and relaxed for 5 minutes at the 

current density of 0.1C. 

3.4.4 Electrochemical impedance spectroscopy (EIS) 

EIS tests were performed on the coin cells using the following settings: sweep from 100 

mHz - 100 kHz at 5 mV amplitude.  

3.4.5 Operando differential electrochemical mass spectrometry (o-DEMS) 

The test was performed using HPR-40 DEMS from Hidden Analytical instrument. 
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CHAPTER 4: Probing the effect of Cu doping on Na0.62CuxMn1-xO2 as cathode material for 

SIBs 

4.1 Introduction 

In contrast to Cu-substitution in LIBs, recent studies have shown that layered Mn-based 

compounds are electrochemically effective in Cu2+/Cu3+ redox processes due to their high 

operating voltage and excellent capacity retention86. Given its slightly lower ionic radius (0.73 Å) 

in relation to sodium (1.02 Å), copper presents an opportunity to serve as a partial replacement for 

transition metals within the layers of TMO2
87. Previous studies, theoretical and experimental, have 

proposed that the β-phase is stabilized by Cu-doping for Mn in NaMnO2. This substitution 

promotes Cu to exist in its divalent oxidation state and Mn in its tetravalent oxidation state88. 

Furthermore, instead of the structure deteriorating during high-voltage charging, an anionic redox 

process can be started in the Na-Cu-Mn-O combination89. For example, Zheng et al. investigated 

the redox activity of oxygen on a layered Na0.67Cu0.28Mn0.72O2 cathode with low voltage hysteresis 

and indicated that the unbound O 2p states along the Cu-O bond increased the redox activity of 

oxygen. P2- Na0.67Cu0.28Mn0.72O2 demonstrated a remarkable reversible capacity of 104 mAh g-1 

with a stable voltage curve, highlighting both cationic and anionic processes90. Subsequently, 

Komaba et al. conducted an in-depth study effectiveness of copper substitution in P′2- and P2-type 

Na0.67[CuxMn1−x]O2, (0 < x ≤ 0.33), focusing on synergistic distortions of Jan-Teller by Mn3+ and 

Cu2+ ions, which includes reversible redox reactions of Mn3+/4+, Cu2+/3+, and O2−/O1−.  A 

comparison shows that the type of Mn substituent has no effect on the activation of oxygen redox. 

The structural alterations occur during the charge and discharge processes, influenced by the 

characteristics and quantity of substituent elements. To avoid O2 voltage hysteresis, the P2-type 

Na0.67[CuxMn1−x]O2 maintains its P2 phase throughout the bulk and at the final point of the charge 

(at 4.5 V) without undergoing any extra phases91.  

Previous studies have primarily focused on Cu-substituted sodium layered manganese 

oxides of type P2, despite the fact that P3-type materials may offer greater environmental 

sustainability because they can be synthesized at lower temperatures. It is suggested that one of 

the key factors contributing to the rapid capacity degradation in P3-type materials. The 

investigation into the effect of Cu-doping on the understanding regarding oxygen redox behavior 

in P3-type LTMO was conducted by Linnel et al. Over the broad voltage range of 1.8–4.3 V the 
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Na0.67Mn0.9Cu0.1O2 produced a greater capacity of 176.3 mAh g-1; however, cycling performance 

decreased significantly and only retained for 71% after 40 cycles. The capacity fading is linked to 

the transformation of the P3 phase to the P′3 phase when charged to 4.3 V, followed by a complete 

phase transformation from P′3 to O′3 upon discharge (at 1.8 V)92.  Nevertheless, the high capacity 

that the P3-type compound may achieve is still preferred. Although there is ongoing discussion on 

the intrinsic mechanism, more materials of P3 type with anionic redox activity are being studied. 

In this chapter, we examine the influence of partial Cu-doping on the structural and 

electrochemical behavior of P3-type- Na0.62Mn0.75Cu0.19O2. Building on recent developments in 

copper-doped layered oxide cathodes, this work aims to understand how Cu incorporation affects 

phase evolution and redox activity during cycling. A combination of advanced characterization 

techniques is employed to gain insight into the material’s structural dynamics and the nature of 

cationic and anionic redox processes. 

4.2 Experimental section 

4.2.1 Material synthesis  

A simple solid-state method was used to produce the Na0.62CuxMn1-xO2 material. Copper 

oxide, manganese carbonate and sodium nitrate were were thoroughly mixed in stoichiometric 

amounts and ground in an agate mortar with acetone for 15-30 minutes. The mixture was 

subsequently pressed into tablets with a diameter of 20 mm and subjected to calcination in an 

oxygen atmosphere at 600 °C, applying a heating rate of 10 °C min-1 for a duration of 5 hours, 

followed by a process of natural cooling. The synthesized materials were kept in a vacuum drawer 

before characterization. 

4.2.2 Material characterization 

A benchtop type MiniFlex (Rigaku, Nazarbayev University) was utilized to perform X-ray 

diffraction (XRD) measurements in a 2θ range of 10° to 70°. The FullProf software was used to 

refine the acquired XRD data. The sample morphology was examined using scanning electron 

microscopy (SEM) (Crossbeam 540, Zeiss, Core Facilities, Nazarbayev University). The oxidation 

behavior states of the elements were observed using a NEXSA XPS spectrometer (Core Facilities, 

Nazarbayev University) fitted with an Al Ka achromatic X-ray source (1486.6 eV). Using energy-
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dispersive X-ray spectroscopy (7200-H, HORIBA, Sejong University, South Korea) and high-

resolution transmission electron microscopy (HRTEM, JEM-3010, JEOL, Sejong University, 

South Korea), morphology of crystals and elemental mapping were determined.  The chemical 

compositions of synthesized powders analyzed via using inductively coupled plasma–atomic 

emission spectroscopy (ICP-AES, Optima 8300, Perkin-Elmer, Sejong University, South Korea) 

and X-ray Fluorescence (PanAnalytical, ICGM, France). Operando XRD was used to conduct 

structural research while cycling (X’Pert, PANalytical diffractometer, 14–50° (2θ) Sejong 

University, South Korea). X-ray absorption spectroscopy (XAS) measurements were performed at 

the 8C beamline of the Pohang Accelerator Laboratory (PAL) in South Korea. Mn and Cu K-edge 

spectra were collected in transmission mode, while O K-edge data were obtained in fluorescence 

mode. The collected spectra were processed using the Athena software. 

4.2.3 Electrochemical measurements 

Polyvinylidene fluoride (PVdF) and acetylene black powders were mixed with powdered 

Na0.62Mn0.75Cu0.19O2  in an 8:1:1 weight ratio, with N-methyl-2-pyrrolidone (NMP) serving as the 

solvent. The homogeneous mixture was applied to aluminum (Al) foil using a doctor blade and 

subsequently dried in a vacuum oven at 80°C overnight. The mass loading of the active material 

was around 3.5–4 mg cm-2. The synthesized Na0.62Mn0.75Cu0.19O2 electrodes were incorporated 

with sodium metal serving as the counter electrode within CR2032 coin cells. These cells used 

glass fiber (AGM) separators and utilized an electrolyte solution with 0.5 M NaPF6 in a volumetric 

mixture of propylene carbonate (PC) and fluoroethylene carbonate (FEC) in a ratio of 98:2. A 

WonAtech BTS operating at room temperature was used to apply a steady current of 20 mA g-1 

throughout a voltage window of 1.5–4.7 V in order to assess electrochemical performance. 

Measurements using the galvanostatic intermittent titration technique (GITT) were performed with 

intervals of 5 minutes for charging and discharging, accompanied by relaxation periods of 5 min 

at a current density of 20 mA g-1 (0.1C). Additionally, the HPR-40 DEMS system from Hidden 

Analytical was used in an R2032 coin cell setup to conduct operando differential electrochemical 

mass spectrometry (o-DEMS).  
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4.3 Results and Discussion 

4.3.1  Structural and morphological characterizations  

A combination of materials Na0.62Mn1-xCuxO2 (x=0.0, 0.09, 0.19 and 0.28) doped with 

copper have been synthesized through a straightforward solid-phase method.  To evaluate the 

chemical composition of the obtained Na0.62Mn1-xCuxO2, XRF and ICP-AES analyses were 

performed. The findings are collected in Table 2-3, which confirms the effective synthesis of the 

designed materials, demonstrating a precise alignment with the intended chemical composition. It 

is noteworthy there are differences in the overall metal composition that are not equivalent to one 

(Mn + Cu ≠ 1). The observed manganese shortage is likely attributable to the formation of metal 

vacancies, as are identified within the undoped material system (Na0.62MnO2). In this context, 

manganese vacancies allow non-bonding 2p oxygen orbitals via oxygen redox processes 

contributing additional capacity93.  

The crystalline structure and phase composition of Na0.62Mn1-xCuxO2 were examined by X-ray 

diffraction (XRD) patterns and corresponding Rietveld refinements, as illustrated in Fig. 4a and 

Fig. 5. According to Fig. 4a, the XRD patterns show diffraction peaks that are ascribed to the P3-

type layered structure, which is primarily composed to R-3m space group alongside a slight 

amount of the P1 triclinic phase. This quantitative phase research reveals a proportion of small 

triclinic to P3 phase is 6.6:93.4%. 

Table 2. ICP-AES result of Cu-doped samples. 

Sample Measured atomic ratios 

Na Mn Cu 

x=0 0.586 0.959 - 

x=0.09 0.644 0.841 0.093 

x=0.19 0.655 0.745 0.191 

x=0.28 0.654 0.641 0.284 
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Table 3. Summary of XRF result 

Sample weight % of elements 

Na Mn Cu O 

Na0.62Mn0.75Cu0.19O2 15.22 40.69 12.90 31.181 

 

FullProf software were used to perform Rietveld refinements. Figure 4a distinctly 

demonstrates that the Na0.62Mn0.75Cu0.19O2 material is devoid of CuO or any other contaminants. 

The calculated cell indexes for Na0.62Mn0.75Cu0.19O2 were a=2.8807 Å, b=2.8807 Å, and c=16.7313 

Å, and comprehensive revised data provided in Tables 4 and 5. The crystal structure scheme (Fig. 

4b) illustrates that the oxygen layers adhere to the ABBCCA stacking pattern characteristic of P3-

type materials. Among the three designed compounds, Na0.62Mn0.75Cu0.19O2 has been selected for 

an extensive structural analysis. 

 

Table 4. Lattice parameters obtained by Rietveld refinement as-prepared Cu-doped 

powders and quantitative phase analysis. 

Sample a(Å) b(Å) c(Å) Ratio of P3:P1 (%) 

Na0.62Cu0.09Mn0.9O2 2.8805 2.8805 16.7103 88:12 

Na0.62Cu0.19Mn0.75O2 2.8807 2.8807 16.7113 93.4: 6.6 

Na0.62Cu0.28Mn0.65O2 2.8903 2.8903 16.749 94.3:5.7 
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Table 5. Detailed structural parameters as-prepared Cu-doped powders. 

Atom            x(Å)          y(Å)              z(Å)         Occup. B 

O1 0 0 0.612/0.62/0.638 1 0.5 

O2 0 0 0.388/0.386/0.38 1 0.5 

Mn1 0 0 0 0.85/0.75/0.65 0.5 

Cu1 0 0 0 0.09/0.19/0.28 0.5 

Na1 0 0 0.838/0.839/0.86 1 0.5 

 

The morphology of the synthesized Na0.62Mn0.75Cu0.19O2 was examined using SEM (Fig. 4c). 

The sample exhibit small irregularly shaped particles (average particle size ~ 0.847 µm Fig.S1) 

with indistinct boundaries, exhibiting features characteristic of layered materials. The reduced 

particle size enhances the electrochemical performance by shortening Na⁺ diffusion paths and 

improving particle-to-particle interactions94. Despite the non-uniform particle morphology 

observed at the microscopic level (1 µm), HR-TEM analysis confirms that the internal 

crystallographic structure retains the characteristic layered configuration of P3-type materials (Fig. 

4d). The electrochemical performance is influenced by its ordered structure, which facilitates Na+ 

diffusion. The HR-TEM image exhibited a distinct and consistent lattice fringe of 0.553 nm in 

length. This fringe corresponds with the d-spacing frequency of the (003) sector in the P3 phase, 

exhibiting strong concordance between the selected area electron diffraction (SAED) pattern.  

Corresponding planes (003) and (006) are identified by the ring SAED pattern (Fig. 4e), 

highlighting a connection with structure refinement.  

The obtained EDS mappings shown in Fig. 4f reveal a uniform distribution of Na, Cu, Mn 

and O throughout the bulk phase, supporting that copper has contributed to the crystallization 

process across the entire component.  
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Figure 4. a) XRD Rietveld refinement of Na0.62Mn0.75Cu0.19O2. b) Illustration of crystal 

structure. c) SEM image of Na0.62Mn0.75Cu0.19O2. d,e) HR-TEM images and SAED pattern of 

Na0.62Mn0.75Cu0.19O2, f) TEM EDS mapping.  
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Figure. 5. XRD Rietveld refinement of Na0.62Mn1-xCuxO2: a) undoped. b) x=0.09 and c) x=0.28. 

The refined cell parameters for undoped material were: a=6.6058 Å, b=6.8190 Å, and c = 7.4781Å. 

4.3.2 Electrochemical properties 

Cu-doped P3-Na0.62Mn1-xCuxO2 cathodes electrochemical performance was evaluated at 

25°C in a sodium half-cell configuration.  Fig. 6a and Fig. S1 illustrate that the cathode materials 

were assessed within a voltage range of 1.5 to 4.7 V at a constant current density of 20 mA g-1 to 

demonstrate their electrochemical behavior during the initial five cycles. P3-Na0.62Mn0.75Cu0.19O2 

demonstrates an initial charge capacity of 148.5 mAh g-1 (0.55 Na+: Na0.86Mn0.75Cu0.19O2) and a 

higher discharge capacity of 212.2 mAh g-1 (0.79 Na+: Na0.86Mn0.75Cu0.19O2). A significant 

variation in the voltage profile is observed after the initial cycle. The failure of Mn⁴⁺ to attain 

further oxidation states in Na0.62Mn0.75Cu0.19O2 during Na+ extraction is attributed to a reversible 

oxygen-redox reactions93. However, a slight decrease in capacity was observed over repeated 

cycles (Fig. 6a). The coexistence of the minor triclinic phase is characterized by intrinsic lattice 

distortion, which is attributed to Mn-vacancies in the structure that generate internal stress 

throughout desodiation and sodiation95,96. The undoped sample exhibited an initial discharge 

capacity of 186.14 mAh g⁻¹. However, performance declined rapidly, showing significant capacity 

loss during the first five cycles (Fig. 6b). 

As illustrated in Fig. S2, the differential capacity profiles reveal a significant oxidation 

peak at 4.5 V, alongside another peak in the range of 3.6-4.2 V. Additionally, there are reversible 

reduction peaks observed at 3.6-4 V, 3.0 V, and 2.0 V, which correspond to the redox reactions of 

Mn4+/Mn3+,  Cu2+/Cu3+, and O2−/On, throughout the initial cycle. Subsequent to the initial cycle, 
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the dQ/dV profiles exhibited an enormous decrease in peak intensity, indicating more uniform 

plateaus with reduced distortions. This behavior can be explained by the copper ions present in the 

crystal structure, which mitigates the Jahn-Teller distortion by decreasing the concentration of 

Mn3+. Previous research has demonstrated that the inclusion of Cu2+ into the structure reduces the 

amount of Mn3+ ions, consequently increasing the quantity of Mn4+ to maintain charge balance. 

The diminished distortion ratio between the Jahn-Teller active (Mn3+, Cu2+) and inactive (Mn4+) 

species indicates structural stabilization91.The irreversible oxidation peak at around 4.5 V, as 

observed in the inset of the dQ/dV graphs, vanished after the fifth cycle. The characteristics of 

anionic redox processes have been thoroughly examined in layered oxides, focusing on the 

generation of superoxo and peroxo species during charging. The superoxo-related species is 

significant due to its instability and propensity to react with the electrolyte solvent, such as 

propylene carbonate (PC), resulting in parasitic outcomes of solvent degradation that further 

intensify capacity loss97–99. The potential for the oxidation peak at approximately ~ 4.5 V to vanish 

in subsequent cycles corresponds with these observations. 
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Figure 6. a,b) Voltage profiles of Na0.62Mn0.75Cu0.19O2 and undoped material between 

voltage range of 1.5-4.7 V.  c) Cycling performance at 20 mA g-1 and 100 mA g-1. d) Rate 

capability. e) GITT profiles during the second cycle. f) Variation of the D Na+   values.  
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Fig. 6c displays the cycling performance of P3-Na0.62Mn0.75Cu0.19O2 at rates of 20 mA g-1 

and 100 mA g-1, correspondingly. Following at low current density 5 cycles of activation, the 

material demonstrates minor degradation. The material demonstrates favorable cycling 

performance, exhibiting no significant reduction in capacity after 30 cycles, with a retention 

capacity of 87%. Fig. 6d presents the analysis and rate capabilities of P3-Na0.62Mn0.75Cu0.19O2 at 

current densities of 20, 40, 100, 200, 400, and 1000 mA g-1. The capacity varies based on the rate 

capability result, ranging from 205.8 mAh g-1 at a discharge rate of 20 mA g-1 to 140.4 mAh g-1 at 

a 200 mA g-1. Despite a high current rate of 1000 mA g-1, the sodium half-cell with the P3-

Na0.62Mn0.75Cu0.19O2 cathode retains a reversible capacity of 88.3 mAh g-1. The performance rate 

indicates a stepwise decrease in capacity with increasing current, followed by a recovery to a high 

level when the current density reverts to the starting value, demonstrating significant ability for 

recovery. 

The electrodes and the kinetics of Na+ diffusion in Na0.62Mn0.75Cu0.19O2 were further 

characterized using the galvanostatic intermittent titration technique (GITT). The cell underwent 

testing at a constant current density of 20 mA g-1 within a voltage range of 1.5 to 4.7 V throughout 

the second charge/discharge processes (Fig. 6e). The collected data can be utilized in Fick's second 

law equation to calculate the corresponding sodium ion diffusion coefficients: 

𝐷𝑁𝑎+ =
4

𝜏𝜋
(

𝑚𝐵𝑉𝑀

𝑀𝐵𝐴
)2(

𝛥𝐸𝑠

𝛥𝐸𝜏
)2     (1)  

In this context, τ represents pulse duration (s), mB (g) denotes the active mass of the 

electrode, VM (cm3 mol-1) indicates molar volume, MB (g mol-1) refers to the molar mass of 

Na0.62Mn0.75Cu0.19O2, and A (cm2) signifies the surface area of the electrode. With the IR drop (V) 

excluded, ΔEs and ΔEτ denote the difference between the steady-state potential (V) and the 

potential change during the current pulse (V), respectively. Fig. 6f presents the calculated diffusion 

coefficients for Na+. DNa+ values generally ranging from 2.6763*10-7 to 2.1503*10-10 cm² s-1. A 

logarithmic transformation is applied to reveal fluctuations in DNa+. Upon the discharge cycle, two 

distinct regions are observed: one sharp region corresponding to vacancy-cation ordering at 

approximately 3.0 V, and a weaker region associated with Mn4+/3+ at approximately 2.1-2.5 V99. 

But during the charging process, the region remains unidentified. These phenomena can be linked 

to the absence of polarization exceeding 4.2 V following copper-doping, which inhibits the phase 
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transition to O3. This is attributed to the high potential polarization associated with the presence 

of O-type stacking, thereby increasing the Na+ diffusion barrier. Within the low voltage region, 

minor polarization may result from the Jahn-Teller-induced phase transferring linked to the rising 

concentration of Mn3+93,100. 

 

Figure 7.  a) The voltage profiles of the Na0.62Mn0.75Cu0.19O2  and commercial hard 

carbon during first cycle. b) Voltage profile of full cell between 1.2- 4.4 V. c) Rate performance 

graph of full cell. d) Illustration of the commercial HC and Na0.62Mn0.75Cu0.19O2. 

Furthermore, to assess the practical effectiveness of the cathode material, the full cell was 

constructed utilizing an anode based on commercial hard carbon. Both electrodes underwent pre-

cycling for three cycles at a current density of 20 mA g-1 to establish stable profiles prior to the 

assembly of the full cell (Fig. 7a). The optimal N/P ratio, determined by the weights of the cathode 

and anode, is calculated to be 1.2. During the first cycle at 20 mAh g-1, the full cell demonstrated 

a significant capacity of 178 mAh g-1 at a cut-off voltage range of 1.2-4.4 V (Fig. 7b).The rate 

performance of the full cell was highlighted across multiple current densities (20, 40, 100, 200, 



51 
 

and 400 mA g-1). At elevated current densities, the full cell capacity consistently attains 50 mAh 

g-1. Additionally, the full cell continues to exhibit reversible capacity capability (Fig. 7c).  

4.3.3   The evolution of structure  

To investigate the alteration in oxidation states of synthesized materials during charge-

discharge cycles, XANES (Fig. 8) and XPS (Fig. 9 and Fig. S4) analyses were conducted. Fig. 8a 

presents for P3-Na0.62Mn0.75Cu0.19O2 Cu K-edge spectra alongside a standard reference for the Cu2+ 

oxidation state. The copper in our pristine sample is divalent, as indicated by the comparison with 

the CuO standard. At a charge of 4.7 V, there is a slight decrease of the Cu K-edge spectra’s 

intensity. A significant change is noted in the shoulder region at approximately 8990 eV. The 

observed flattening of the shoulder (as indicated by an arrow on Fig. 8a) suggests the oxidation of 

Cu2+ to the Cu3+ state101. The observed changes in Cu K-edge spectra upon charge can be attributed 

to the impact of oxygen ligands bonding to Cu metal. The oxidation of O2- leads to diverse Cu-O 

and O-O lengths of bonds and geometries, potentially affecting the configuration of the Cu K-edge 

spectrum. The Cu 2p XPS spectra of the pristine material (Fig. 9a) identifies that Cu is 2+ oxidation 

state. The output signal displays two distinct peaks linked to Cu 2p1/3 and Cu 2p2/3 at binding energy 

levels of 935 eV and 955 eV, respectively, along with characteristic satellites (only one depicted). 

A minor increase in energy is detected during charging to 4.7 V for Na0.62Mn0.75Cu0.19O2, 

indicating that Cu2+ is oxidized to a higher oxidation state, which aligns with our Cu K-edge XAS 

data (Fig. 8a). Upon complete discharge to 1.5 V, the peaks revert to the Cu2+ state, consistent with 

observations of the pristine material. 
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Figure 8. Ex situ XANES result of K-edges of a) copper, b) manganese, and c) oxygen. 
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Fig. 8b presents the collected Mn K-edge spectra for Na0.62Mn0.75Cu0.19O2 alongside 

standard references for Mn3+ and Mn4+. The qualitative contrast among conventional references 

and the pristine material suggests that the valence state that is present of the latter is roughly 

tetravalent100, though it does not precisely correspond to Mn4+. Upon charging to 4.7 V, a subtle 

shift to higher energies is observed, suggesting the oxidation of a pristine sample to Mn4+. This 

inference is supported by a comparison with a reference MnO2 sample. As a result of Mn reduction 

to the 3+ state and additional Na+ insertion, the Mn K-edge spectra of the discharged P3-

Na0.62Mn0.75Cu0.19O2 moves considerably (approximately 4 eV) to lower energies. Fig. 9b and 9c 

display the Mn XPS spectra for the P3-Na0.62Mn0.75Cu0.19O2 samples. The energy ranges of X-ray 

photoelectron spectroscopy for Mn 2p (Fig. 9b) and Mn 3s (Fig. 9c) have been thoroughly 

examined. Manganese oxidation states are identified by the Mn 3s peaks, where ΔMn 3s decrease 

as oxidation states rise (4.4 eV < 5.4 eV < 6.1 eV for Mn4+, Mn3+, and Mn2+, respectively). The 

ΔMn 2p typically exhibits an analogous trend, where a reduced delta signifies elevated oxidation 

states. Nonetheless, the Mn 2p region exhibits reduced reliability owing to the proximity of doublet 

peaks corresponding to Mn2+, Mn3+, and Mn4+ states. The pristine sample exhibits a ΔMn 3s of 

approximately 5 eV, indicating simultaneous existence of Mn3+ and Mn4+ ions. The ΔMn 2p is 

approximately 11.8 eV, consistent with reported values for MnO2 (11.8 eV), suggesting the 

presence of manganese in a tetravalent oxidation state. The XPS spectra of Mn 2p and Mn 3s for 

the charged state demonstrate the presence of the Mn4+ state. A change to lower energies in the 

Mn 2p peaks upon discharge suggests the presence of Mn3+ species. 
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Figure 9. Ex situ XPS spectra a) Cu 2p, b) Mn 2p, c) Mn 3s. 

Fig. 8c shows the oxygen K-edge spectra of pristine, half-charged, charged, half-

discharged, and discharged electrodes. The electronic structure of oxygen redox were analyzed, 

revealing absorption peaks in the spectra below 533 eV at around 529 and 531.5 eV. The electronic 

shifts in the O 1s states to the unoccupied hybridized O 2p TM t2g and eg states can explain the two 

subsequent peaks72,92,102. The spectra exhibit widening, and there is an increase in the intensity of 

the eg peak, accompanied by an increase in energy levels when charged to 4.7 V. Upon discharging 



55 
 

to 1.5 V, reverse changes occur, characterized by a general narrowing of the spectra and a decrease 

in the intensity of the eg peak, resulting in a shift towards lower energies.  These alterations are 

attributed to a reversible oxygen redox process. Three distinct peaks can be seen in the O 1s XPS 

spectra of P3-Na0.62Mn0.75Cu0.19O2 (Fig. S4) at its pristine state: the lattice oxygen (O2-) peak at 

around 530.0 eV, the oxygenated carbonated species (C=O and C−O) at approximately 532.0 eV 

and 535.0 eV, respectively.  Recognized as peroxo-like oxygen (O2n−) appears during the charging 

process as an additional small peak at ~ 530.4 eV (Fig. S4)103. The presence of the latter indicates 

potential oxygen redox activity during the initial processes of charging104,105. 

Operando differential electrochemical mass spectrometry (DEMS) was utilized to examine 

the oxygen movement of Na0.62Mn0.75Cu0.19O2 during the charging process. Fig. 10 demonstrates 

that undetectable O2 release was observed in the high-voltage area, indicating a lack of significant 

oxygen evolution. Research results support the hypothesis of a reversible anionic redox mechanism 

(O2-/O2n-); however, they do not rule out the potential for minor structural alterations or other 

oxygen-related activities that may occur without detectable O2 evolution. Irreversible oxygen 

evolution processes (O2-/O2
n-/O2) are frequently observed in sodium layered oxides and are often 

attributed to the movement of manganese ions and the consequent rearrangement of manganese 

and vacancies within the TMO2 planes upon charging95,106. 

 

Figure 10.  Operando DEMS analysis during 1st cycle. 
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An in situ XRD was used to investigate the phase transition and crystal structure evolution 

of Na0.62MnO2 and Na0.62Mn0.75Cu0.19O2 during the initial Na+ desodiation/sodiation process 

between voltage window of 1.5 to 4.7 V. Fig. 11a depicts the evolution of the contoured 

representation of the structure during the charge-discharge cycles across the right, with the 

corresponding voltage curve shown on the left. The contour-mapping graph reveals that the initial 

desodiation step does not cause in the appearance of new peaks, and the P3 layered structure is 

preserved throughout the entire processes of charge/discharge.  Solid-solution behavior is 

demonstrated by the reported results when charged to 4.7 V and subsequently discharged to 1.5 V. 

The reversible displacement of the peak locations can be influenced by the relative concentration 

of sodium72 . In the initial stages of Na+ extraction, the (003) and (006) reflection values regularly 

shift regarding smaller angles, indicating an expansion of the lattice parameter c. As shown in Fig. 

11b, the observed trend was validated by computing the fluctuation in lattice parameters 

throughout the complete charge/discharge process using the least squares approach. This analysis 

revealed that charging resulted in an increase in the c lattice parameter value, while the a and b 

parameters decreased. The resulting shift can be reversed after subsequent discharge. The reason 

for this phenomenon was the increased repulsive contact of oxygen ions between the adjacent 

layers during the Na+ deintercalation process104. In general, variations in lattice parameters of 

layered cathodes are affected by displacements in transition metal and metal layers. Removal of 

sodium from the structure diminishes the shielding effect among the oxygen layers, resulting in 

increased repulsion and an expanded distance between the layers. A more  significant change in 

the spacing of the sodium layer causes the c lattice parameter to increase during charging, while 

the a lattice parameter decreases as the volume of the transition metal layer decreases105. 

Simultaneously, the (101) and (012) patterns demonstrate a transition to elevated angles. It is 

essential to emphasize that the volume change exhibited merely a 1.54% (Fig. 11b).  Additionally, 

the absence of further peaks indicates a significant suppressive effect on phase transitions from the 

hexagonal P3 phase to the O3 and O3′ phases at elevated voltage. In general, phase transitions in 

cathode materials are typically linked to anisotropy changes in transition TM-O bonding during 

charge and discharge. In line with earlier research, strong Cu-O covalence inhibits phase 

transitions and maintains lattice integrity, promoting the stability of the TM-O structure107–109.The 

stabilization of the TMO2 layer reduces gliding, thereby minimizing volume changes and the 

generation of stress109. Significant shifts of the 15.8° and 32.2° (2θ) peaks towards higher angles 
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are shown in the XRD result for the undoped electrode (Fig. S5) during the Na+ extraction in the 

charging process. The observed alterations indicate a volumetric change due to the gliding of 

[□1/7Mn6/7]O2 layers, as documented in previous studies95. This range of voltage corresponds to 

the Mn4+/Mn3+ redox process when discharged to 1.5 V. This implies that structural alterations 

brought on by the Jahn-Teller distortion, such as phase separation and the creation of biphasic 

domains, are intimately linked to Mn redox activity. The XRD plots (Fig. S5) further support this 

mechanism, as the most prominent peaks show a decrease in intensity, while two new peaks 

emerge, suggesting that the primary peak is becoming unstable and splitting. The observed peaks 

are ascribed to P’2 phases (Fig. S5)99,110. Additionally, ex-situ XRD was performed during the 

initial charge and discharge to further examine the structural evolution.  Fig. S6 shows the XRD 

pattern fresh electrode with distinctive P3 phase peaks. Charging the electrode to 4.7 V reveals 

that most peaks related to the P3 phase remain detectable. Nevertheless, there is a persistent decline 

in intensities. This indicates that the increased removal of sodium may lead to a disruption in the 

atomic arrangement in the lattice106. The material was discharged to 1.5 V, and the resulting 

diffraction patterns revealed a P3 structure phase. Ex situ XRD patterns (Fig. S7) facilitate further 

investigations into the structural development after 30 cycles. It was observed that the structure 

could be sustained after 30cycles. 

 

Figure 11. a) Operando XRD patterns of the Na0.62Mn0.75Cu0.19O2 during first charge/discharge 

at 1.5−4.7 V of. b) Lattice parameters variation. 
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4.4 Conclusion 

In conclusion, the material P3-Na0.62Mn0.75Cu0.19O2 shows significant promise as a cathode 

for SIBs. An initial charge capacity of 143 mAh g-1 was achieved, linked to the redox activity of 

both Cu2+/3+ and O2-/n- pairings. Upon discharge, the material demonstrated an impressive capacity 

surpassing 200 mAh g-1, enabled by the redox pairs Cu3+/2+, Mn4+/3+, and O2-/n-. The redox couples 

continued to participate in subsequent cycles, ensuring reliable functioning. The strength of these 

findings was confirmed using a combination of ex situ X-ray absorption spectroscopy (XAS), X-

ray photoelectron spectroscopy (XPS), and operando differential electrochemical mass 

spectrometry (DEMS) measurements. The introduction of partial Cu-substitution markedly 

improved structural stability throughout cycling, as demonstrated by operando X-ray diffraction 

(XRD) data, which reliably showed a single-phase reaction. Furthermore, the substitution of Cu 

significantly reduced the Jahn-Teller distortion linked to Mn3+, enhancing overall stability. This 

extensive investigation highlights the significant influence of Cu-doping on the electrochemical 

functionality of sodium-ion batteries, especially in balancing oxygen redox activities and 

improving structural integrity. 
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CHAPTER 5: Ni/Fe/Mn based layered cathode materials for sodium ion batteries 

5.1 Introduction 

 

Sodium-ion batteries provide a considerable benefit owing to their affordability. The 

choice of components for cathode materials needs to emphasize cost-effectiveness, great natural 

abundance, and availability. Both iron (Fe) and manganese (Mn) are viable alternatives due to their 

cost-effectiveness and accessibility. Even so, Fe will unavoidably migrate between the sodium 

layer to the transition metal layer throughout the charge-discharge process, obstructing sodium ion 

movement and resulting in capacity deterioration35,111. The presence of Mn3+ induces a significant 

the Jahn–Teller effect, leading to distortion in the crystal structure and contributing to the 

irreversible phase change. Numerous studies have shown that even a small amount of Ni can 

significantly mitigate these drawbacks112. Ni-Mn based oxides outperform other layered oxides, 

but their use is restricted because they undergo irreversible changes in structure and absorb 

moisture as discussed in the Introduction part. Furthermore, the price of nickel has shown a 

consistent upward trend annually, potentially resulting in higher raw material expenses. 

Consequently, optimizing its content is essential, and it is worth exploring the possibility of 

replacing nickel with more cost-effective elements like Mn and Fe. Considering the excellent 

electrochemical properties and cost effectiveness, the Ni–Fe–Mn-based materials are progressing 

rapidly. Recently Yuan developed a series of Fe-substituted NaNi0.5Mn0.5O2 cathode materials, 

demonstrating that the incorporation of Fe into the Ni-Mn layered oxides effectively softened the 

MO2 sliding and Na/vacancy ordering. This led to a reversible O3-P3 phase transformation while 

increasing the interpolate distance, thereby enhancing ion diffusion. The O3-type 

NaFe0.2Mn0.4Ni0.4O2 exhibited smoother charge/discharge curves compared with NaNi0.5Mn0.5O2 

and showed significantly improved cycling stability, retaining 96.4% of its capacity after 30 cycles 

in the voltage range of 2.0–4.0 V113. Sun et al. additionally noted that boosting the Fe content in 

Ni–Fe–Mn based materials led to enhanced thermal properties and cycling stability, although there 

was a minor reduction in the reversible capacity114. This finding validates the stabilizing influence 

of Fe on the crystal structure. Later Guo et al. proposed DFT calculations, that incorporating Fe3+, 

which possesses a marginally larger ionic radius, into NaNi0.5Mn0.5O2 leads to an expansion of the 

transition metal layers and promotes electron delocalization. The NaFe0.3Ni0.35Mn0.35O2 compound 
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experiences a direct O3–P3 phase transformation, maintaining a lack of monoclinic distortion. The 

capacity retention of NaFe0.3Ni0.35Mn0.35O2 material achieved 80% after 100 cycles at 1C within 

the 2.0 − 4.0 V voltage range, and the rate performance showed significant improvement. The 

progress in the commercialization of Ni–Fe–Mn-based materials is rapidly accelerating115. Ma’s 

research team accomplished large-scale production using a co-precipitation technique followed by 

calcination, a method that has gained significant traction for the production of layered oxide 

cathode materials utilized in lithium-ion batteries116. Therefore, it is crucial to properly manage 

the components and valence states of the elements in the Ni–Fe–Mn based material for its 

application. Ni–Fe-Mn-based materials typically demonstrate commendable cycling performance; 

however, notable performance degradation, accompanied by monoclinic structural distortion, 

frequently arises in the high voltage region (greater than 4.0 V). Additionally, it is necessary to 

elevate the plateau voltage to achieve enhanced energy density for practical applications. This 

study focuses on the integration of Mn, Ni, and Fe into the NaMO2 structure to achieve an optimal 

balance among capacity, cycling performance, and cost-effectiveness. The comprehensive impact 

of varying concentrations of Fe and Ni, along with Na, on the electrochemical performance and 

structural alterations of Nax(Ni–Fe–Mn)O2 remains inadequately explored. 

The above-mentioned literature review (in Chapter 2 also) highlights the significance of 

developing the cathode for SIBs. Taking into account the positive effects of each Ni, Mn, and Fe 

transition metal, we would like to develop low-cost, environmentally friendly, and high-capacity 

Nax(Ni–Fe–Mn)O2 (NaxNiyFezMn1-(y+z)O2) with novel stoichiometry cathode material for SIBs. 

5.2 Experimental section 

5.2.1 Material synthesis  

The NaxNiyFezMn1-(y+z)O2 cathode materials were synthesized via solid-state synthesis 

method by mixing the precursors of Na2CO3 (≥ 99.5%, Sigma-Aldrich), NiO (≥ 99%, Sigma-

Aldrich), Fe2O3 (≥ 99%, Sigma-Aldrich), and Mn2O3 (≥ 99%, Sigma-Aldrich) in desirable 

stoichiometric ratios. The precursors were thoroughly mixed in acetone and uniformly grounded 

in an agate mortar. Subsequently, the resulting powder mixtures were pressed into a pellet and 

subjected to calcination in air at 950 ℃ for 12 h, followed by gradual cooling (Fig. 12). The as-

prepared samples were stored in a vacuum drawer.  
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Figure 12. Schematics of the preparation process of the material. 

5.2.2 Material characterization 

X-ray diffraction measurements were carried out with a benchtop MiniFlex (Rigaku, Nazarbayev 

University) in a 2θ range of 10 to 70o. The obtained XRD data were refined by FullProf program. 

The samples morphology were investigated using scanning electron microscopy (Crossbeam 540, 

Zeiss, Core Facilities, Nazarbayev University). The high-resolution transmission electron 

microscopy (HRTEM, JEM-3010, JEOL, Sejong University, South Korea) with energy-dispersive 

X-ray spectroscopy (7200-H, HORIBA, Sejong University, South Korea) was used to determine 

microstructure and elemental analysis. The valence states of the samples were conducted using 

NEXSA X-ray photoelectron spectroscopy equipped with an Al Kα radiation (1486.6 eV) (Core 

Facilities, Nazarbayev University). The compositions of the samples were examined with an 

inductively coupled plasma-optical emission spectrometer (ICP−OES). Structural evolution after 

cycling was monitored using XRD (o- XRD, 6 kW, Cu Kα radiation, PANalytical).  

5.2.3 Electrochemical measurements 

 

The electrodes were prepared by mixing a slurry of active cathode material (80 wt.%), conductive 

agent (AB, 10 wt.%) and polyvinylidene fluoride (PVDF, 10 wt%) in N-methyl-2-pyrrolidone 

(NMP) and casted on aluminum foil. Then the aluminum foil was dried at 80 ℃ in a vacuum oven 

for 12 h. The mass loading of active materials was about 3-4 mg cm2. All the electrochemical 
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performance tests were carried out in CR2032 coin cells. Metallic sodium and glass fibers (AGM) 

were used as the negative electrode and separator, respectively. The electrolyte solution consists 

of 0.5 M NaPF6 dissolved in propylene carbonate (PC) with (98:2) fluoroethylene carbonate 

(FEC). The coin cells were assembled in an Ar-filled glove box (H2O, O2 < 0.1 ppm). Galvanostatic 

charge/discharge measurements were conducted at 25 ℃ using a WonAtech BTS within the 

voltage range of 2.0 - 4.4 V. The EIS measurements were performed using an electrochemical 

workstation (Autolab-M204) between 10 mHz to 100 kHz. During the galvanostatic intermittent 

titration technique (GITT) tests, the cells were charged at 0.1C for 15 min, followed by open-

circuit relaxation of 30 min. The Na+ diffusion coefficient can be calculated according to the 

following equation: 𝐷𝑁𝑎+ =
4

𝜏𝜋
(

𝑚𝐵𝑉𝑀

𝑀𝐵𝐴
)2(

𝛥𝐸𝑠

𝛥𝐸𝜏
)2 , where, τ represents pulse duration, mB (g) 

denotes the active mass of the electrode, VM (cm3 mol-1) indicates molar volume, MB (g mol-1) 

refers to the molar mass of NaxNiyFezMn1-(y+z)O2, and A (cm2) signifies the surface area of the 

electrode.  

5.3 Results and Discussions  

5.3.1 Structural and morphological characterizations  

Since the solid-state reaction method was utilized for synthesizing the materials followed 

by high-temperature calcination, as shown in the material synthesis part  in detail, the oxidation 

state of manganese in the Nax(Ni–Fe–Mn)O2 system was constrained to +4, rendering it a non-

active ion. This restriction ensured that the manganese content could be adjusted to 0.4 within the 

Nax(Ni–Fe–Mn)O2 framework. As a result, we formulated the targeted compositions using specific 

transition metal (TM) ratios, normalizing the total TM content to 1 and designated three 

compositions using the Ni/Fe/Mn ratio for ease of reference in order examine of three TM contents 

on battery performance: Na0.75Mn0.4Ni0.15Fe0.45O2 (NNFM75), Na0.85Mn0.4Ni0.25Fe0.35O2 

(NNFM85), and Na0.95Mn0.4Ni0.35Fe0.25O2 (NNFM95). The atomic composition of all three 

samples were confirmed by ICP-OES analysis, as shown in Table 6. From the ICP-OES results, 

the target stoichiometry of all three cathode materials have been achieved. 

 

Table 6. The ICP-OES results of NNFM75, NNFM85 and NNFM95. 
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Sample Theoretical formula Measured atomic ratios 

Na Mn Ni Fe 

NMFN75 Na0.75Mn0.4Ni0.15Fe0.45O2 0.7120 0.4000 0.1503 0.4317 

NMFN85 Na0.85Mn0.4Ni0.25Fe0.35O2 0.8403 0.3999 0.2547 0.3424 

NMFN95 Na0.85Mn0.4Ni0.35Fe0.25O2 0.9148 0.4000 0.3555 0.2463 

 

Analysis of the X-ray diffraction (XRD) patterns (Fig. 13) confirmed that the predominant 

phase of the synthesized layered metal oxides was the O3 phase. However, a presence of the P2 

phase was detected when the sodium content was set at x = 0.75. In this sample recorded a 

hexagonal lattice with a mix space group of  P63/mmc + R3m and minor NiO impurity. The ratio  

between phases is determined as 61.7: 23.8: 14.5 respectively.  With the increase in Na content, 

the corresponding peak of the O3 phase shows a continuous upward trend, indicating a total O3 

phase fraction. The refinement of the XRD data confirms that samples crystallize in a biphasic 

P2/O3 and O3-type (R3m) structure with hexagonal symmetries, and detailed crystallographic 

parameters are specified in Table 7. 

 

Table 7. Rietveld Refinement calculations of lattice parameters of  NNFM75, NNFM85 and 

NNFM95. 

Sample            a(Å)          b(Å)              c(Å) Volume 

(Å3) 

Phase 

(%) 

Rwp 

(%) 

NMFN75 2.9507/2.9203 2.9507/2.9203 16.3872/16.7104 123.5670 P2/O3 2.6500 

NMFN85 2.9567 2.9567 16.2318 122.8890 O3 1.6900 

NMFN95 2.9677 2.9677 16.0480 122.400 O3 2.6600 
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Table 8. Structure Rietveld Refinement parameters of NNFM75, NNFM85 and NNFM95. 

Atom x(Å) y(Å) z(Å) occup. B 

O1 0 0 0.2685/0.2339 1 0.5 

Mn1 0 0 0.0000/0.5000 0.4 0.5 

Fe1 0 0 0.0000/0.5000 0.45/0.35/0.25 0.5 

Ni1 0 0 0.0000/0.5000 0.15/0.25/35 0.5 

Na1 0 0 0.5/0.0000 1 0.5 

 

The lattice parameters of NNFM cathode materials are affected by various competing 

factors, such as the ionic radius and oxidation state of the metal ions, and M–O bond strength. 

Table 7 indicates that a decrease in Fe content alongside an increase in Ni results in a modest rise 

in the lattice parameter a, which is associated with the larger ionic radius of the TM ions. 

Furthermore, the concentration of sodium is essential in influencing the distribution of oxidation 

states and the spacing between layers, as Na+ act as a shield between neighboring O2 layers. An 

elevated Na content leads to the expansion of the TMO2 layers, resulting in an increase in the 

lattice parameter a. Nonetheless, it also diminishes the electrostatic repulsion among neighboring 

O layers, resulting in a reduction of Na layer spacing. The observed reduction in Na layer spacing 

is considerably more pronounced than the expansion of the TMO2 layers, leading to a decrease in 

the lattice parameter c117,118. 
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Figure 13. XRD Rietveld Refinement of a) NNFM75, b) NNFM 85, c) NNFM 95, d) 

Crystal structure of P2/O3 phase. e) O3 phase.  

 

The scanning electron microscopy (SEM) pictures in Fig. 14e and makes it clear that all 

samples have irregularly plateaued shapes and particle sizes that range from 1 to 2 μm. The samples 

NNFM85 and NNFM95 display a distinct small nanosheet-like morphology. This nanosheet 

structure is particularly advantageous for sodium-ion extraction and insertion processes. Because 

they are, thin and do not put much mechanical stress on them, ions can move through them more 

quickly. This makes the charge-discharge curves more even. These structural features help make 

the electrochemical reversibility and cycle stability better119.  Additionally, HR-TEM images of 

NNFM75, NNFM85, and NNFM95 are shown in Fig. 14a-c, respectively, which clearly 

demonstrate the typical layered hexagonal structure. Their corresponding width of 2.74, 2.70, and 

2.68 Å stand for the d-spacing values of the (006) plane with R–3m spacing group. These values 

also have been confirmed by XRD Rietveld analysis. The selected area electron diffraction 

(SAED) patterns for NMFN95 show the characteristic projected along the (006) zone axis of O3-

type structure and give more evidence to hexagonal structure. The energy dispersive spectroscopy 
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(EDS) images reveal a uniform distribution of five elements within the NNFM95 particle, with no 

signs of segregation (Fig. 14f). 

 

Figure 14. HR-TEM images of a) NNFM75. b) NNFM85. c) NNFM95. d) SAED pattern of 

NNFM95. e) SEM image. f) EDS mapping of NNFM95.  

5.3.2 Electrochemical performance 

Using coin-type C2032 cells with metallic sodium as the counter electrode, the 

electrochemical performance of NNFM75, NNFM85, and NNFM95 were tested within the voltage 

range of 2.0 - 4.4 V. At a current density of 0.1C, the initial stable discharge specific capacity of 

NNFM75, NNFM85, and NNFM0.95 was 144.6, 158.98 and 175.7 mAh g–1, respectively (Fig. 

15a). After 100 cycles at 100 mA g–1, the discharge capacity of NNFM75 was 103.67 mAh g–1, 

with a capacity retention of 72%; NNFM85 exhibited a discharge capacity of 113.57 mAh g–1, 

with capacity retention of 73%; and NNFM95 displayed a discharge specific capacity of 125.5 

mAh g–1, with 76% capacity retention. All three cathode materials demonstrated stable coulombic 

efficiency at around 98–99% after initial cycles. These results suggest that capacity of the cathode 

materials varies considerably with changes in Ni, Fe, and Na contents. As Ni content increases 

(from 0.15 in NNFM to 0.35 in NNFM95) with corresponding Fe content decreasing, the average 
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voltage shifts higher, and the specific capacity increases significantly. Similarly, with an increase 

in Na content (from 0.75 to 0.95), the specific discharge capacity enhances. In addition to improved 

capacity, the capacity retention follows the same trend. NNFM95 shows the highest retention, 

maintaining its performance over extended cycling, while NNFM85 and NNFM75 exhibit 

intermediate retention and the lowest capacity retention, respectively. Furthermore, a series of 

charge-discharge tests were conducted across varying current densities ranging from 0.3C to 5C 

to examine the rate capabilities of the three cathode materials, as demonstrated in Fig. 15c. It can 

be observed that the difference in capacities is more obvious at 5C. Upon returning to a current 

density of 0.3C, the specific discharge capacities of NNFM75, NNFM85, and NNFM95 returned 

to near initial values.  
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Figure 15. Electrochemical properties of a) charge/discharge profile. b) Cycling performance. c) 

c-rate. d) dQ/dV profile. e) EIS spectra (Nyquist plots) of NNFM95. f-g) The calculated 

Dcoefficient. h) Illustration of Mn dissolution result. 

 

The galvanostatic intermittent titration technique (GITT) was performed to investigate the 

Na+ diffusion kinetics. The results of the second cycle (Fig. 15 f-g) offer valuable insights into the 

diffusion behavior of Na+ and the dynamics of phase transitions in the samples under 

investigation.  The observed DNa+ values are linked to the plateau region that is related to phase 

transitions and lattice rearrangements120. The findings suggest that a reduction in Na content leads 

to a decrease in the negative impacts associated with phase transitions and lattice rearrangements. 

In particular, the phase transition is smoother in NNFM75, O3–P3 phase transition mild in 
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NNFM85, and more pronounced in NNFM95.Throughout the discharging process, the overall 

trend remains consistent. Furthermore, the Na⁺ diffusion coefficient for O3-NNFM85 and 

NNFM95 was found to be 8.02 *10-8 cm2 s–1, which significantly surpasses that of P2/O3-

NNFM75 (1.57 *10-10 cm2 s–1). This underscores the improved ionic transport characteristics of 

the optimized composition. 

The investigation of charge transfer at the electrodes was conducted using electrochemical 

impedance spectroscopy (EIS), with the results illustrated in Fig. 15e. A corresponding circuit was 

created to examine the conditions of the cycled electrodes (inset Fig. 15e). The charge transfer 

resistance in NNFM95 seems to be elevated compared to other samples. This phenomenon is 

justifiable, considering that the reaction activity is markedly elevated, as demonstrated by the 

GITT results. 

5.3.3 Structural evolution 

The investigation into the cycling stability mechanism involves collecting ex situ XRD 

patterns at specific voltage points throughout the first charge and discharge. This data is utilized 

to analyze the phase transformations of NNFM75, NNFM85 and NNFM95 (Fig. 16a–c). Upon 

charging to 3.6 V, the distinctive (003)/(006)/(104) diffraction peaks of the O3 phase in NNFM75 

disintegrate, while new diffraction peaks develop at 31.9° (006) and 46.5° (015), signifying an 

O3–P3 phase change. The peak positions of (003) P3 and (002) P2 are remarkably similar, 

complicating the differentiation of these phases based only on their XRD patterns. The heightened 

peak intensity at 15.5° unequivocally indicates the formation of the P3 phase. Once charge 

progresses to 4.4 V, the (002) P2 and (003) P3 diffraction peaks progressively diminish, while a 

new broad diffraction peak appears around 16.0°, indicating that both the P2 and P3 phases 

experience additional phase transitions. The (002) P2 and (003) P3 peaks ultimately disappear 

entirely, while the broad diffraction peak relocates to 16.3°. P2-type oxides are known to 

commonly experience an OP4 phase change. The recently established broad peaks at 16.3° are 

accurately indexed to OP2 and OP4 phases, signifying that the P2 phase transforms to a P2–OP4 

structure, whilst the P3 phase experiences a P3–OP2 transformation121. This phase can be 

described as the OP2 structure that has octahedral and prismatic layers stacked in different ways 

along the c-axis, as reported in work of Yabuuchi et al122. Throughout the discharge process, at  
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3.2 V the broad diffraction peak progressively diminishes, while the (002) P2 and (003) P3 

peaks emerge once more, signifying the shift of the OP4 phase reverting to the P2 phase and the 

OP2 phase reverting to the P3 phase. As the discharge continues to 2.0 V, the diffraction peaks 

associated with the O3 phase gradually reappear, while the peaks of the P3 phase decrease, 

indicating a full return to the original structural state. Therefore, the structural changes of P2/O3-

NNFM75 can be outlined as follows: P2/O3→P2/P3→OP2/OP4→P2/P3→P2/O3.  

 

Figure 16. Ex-situ XRD pattern of a) NNFM75. b) NNFM85. c) NNFM95. d) Crystal structure 

changes. 

In NNFM85, upon charging to  3.6 V, the (003) peak of the O3 phase exhibits a shifting 

accompanied by the emergence of a new set of diffraction peaks that are characteristic of the 

hexagonal P3 phase at lower angles. In addition, new peaks appear at 31.9° and 46.9°, whereas the 

(104) O3 peak decreases, suggesting a two-phase reaction characterized by the coexistence of O3 

and P3 phases. Further the charging till 4.4V, the intensity of the (003) P3 peak rises, whereas the 
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(003) O3 and (104 ) O3 peaks diminish entirely, resulting in the presence of only diffraction lines 

that correspond to the hexagonal P3 phase, with no additional peaks observed. Following 

discharge, the XRD pattern exhibits a precisely inverse trend, with the sharp and well-defined 

peaks of the O3 phase returning entirely to their original positions following a complete cycle. The 

findings indicate that the O3–P3 phase transition exhibits complete reversibility. In the same way, 

the NNFM95 samples demonstrated a comparable pattern; however, at 3.6 V, the electrode 

exhibited a peak splitting at around 15.7° (2θ). The principal distinctive peak of the O3 phase 

retained at this stage. The observed result could have ascribed to experimental errors, wherein the 

battery was not immediately detached from the tester upon reaching 3.6 V, thereby permitting a 

transient unintentional voltage surge exceeding the established threshold. Such aberrations may 

have affected the phase behavior evident in the XRD patterns. 

An additional significant factor that leads to the structure breakdown of Mn-based layered 

oxides during cycling is the dissolution of Mn123. To find out how much Mn is being dissolved, an 

ICP-OES test is used to measure the Mn ratio in the cathode electrodes after the first charge (Fig. 

15h). We can observed that NNFM95 has the lower molar ratio of Mn, which means that a few 

Mn is dissolving. The highest Mn ratio identifies that Mn is dissolving very quickly in other 

samples, which could be linked to the many microcracks from literature124. 

5.4 Conclusion 

This chapter presents the successful synthesis and characterization of a series of 

(NaxNiyFezMn1-(y+z)O2) cathode materials, emphasizing the investigation of their electrochemical 

performance and structural evolution as it pertains to sodium content. The investigation 

demonstrated that different sodium concentrations (x = 0.75, 0.85, and 0.95) led to the 

development of biphasic (P2/O3) and pure O3-type materials. The NNFM95 sample demonstrated 

the most encouraging electrochemical performance among these options. EIS and GITT analyses 

revealed that optimizing sodium content effectively lowers charge transfer resistance and markedly 

improves Na⁺ ion diffusion kinetics. The ex situ XRD analysis provided additional confirmation 

of the reversible O3–P3 phase transition occurring during charge-discharge cycles, demonstrating 

structural integrity without any irreversible degradation. Furthermore, the dynamics of phase 

transformation underscored the importance of a precisely balanced composition of Fe, Ni, and Mn 
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in preserving structural integrity and improving cycling performance. The results offer significant 

insights into the design and enhancement of high-performance cathode materials for sodium-ion 

batteries, highlighting advancements in energy density, cycling stability, and potential for 

commercial application. The following chapter will explore the electronic structure and intricate 

structural evolution of these materials, employing advanced characterization techniques to clarify 

the mechanisms that influence their performance. 
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CHAPTER 6:  Advances in O3- Na0.95Ni0.35Mn0.4Fe0.25O2 cathode development for SIBs. 

6.1 Introduction 

The incorporation of various transition metals in Na-layered oxides has attracted significant 

attention due to its ability to stabilize voltage profiles, enhance average operating voltage, increase 

reversible capacity, and prevent complex phase transformations. O3-structured Nax(Ni–Fe–Mn)O2 

cathodes, utilizing cost-effective and environmentally friendly elements like Mn and Fe, have 

emerged as promising options for next-generation sodium-ion batteries, as discussed in Chapter 5. 

Through the systematic regulation of transition metal ratios, these materials effectively address 

phase transitions, reduce electrolyte degradation, and minimize capacity fading, which are 

common issues in single-transition-metal cathodes. This section delves deeper into the findings 

presented in the previous chapter, providing a more comprehensive analysis related to the multi-

transition metal oxide cathode, Na0.95Mn0.4Fe0.25Ni0.35O2.  

Through careful compositional adjustments, Na0.95Mn0.4Fe0.25Ni0.35O2 must tackle the 

limitations of its constituent elements, achieving a cohesive performance in terms of capacity 

retention and extended cycling durability. This chapter serves as a continuation of the previous 

section, focusing on in-depth characterization methods, including X-ray Absorption Spectroscopy 

(XAS), Mössbauer spectroscopy, and operando XRD. The aim is to provide detailed insights into 

electronic structure, phase transitions, charge compensation mechanisms, and iron migration, 

which are essential for understanding and improving the stability of Fe-containing sodium-layered 

oxides as discussed in Chapter 2. 

6.2 Experimental section  

6.2.1 Material characterization 

Structural analysis during charging/discharging were analyzed using operando XRD 

(X’Pert, PANalytical diffractometer, 14–50° (2θ) Sejong University, South Korea). XAS analyses 

for the Mn and Fi and Ni K-edge regions were performed in a transmission mode, and the O K-

edge measurements in a fluorescence mode at the 8C beamline (Pohang Accelerator Laboratory 

(PAL), South Korea).  The obtained XAS data were analyzed using the Athena. In situ Mössbauer 

spectra (Transmission 57Fe) were obtained at room temperature using a constant acceleration the 



74 
 

method using a 57Co:Rh source. The preparation of the Mössbauer absorbers involved using 

cathode materials in the range of 40 mg cm-2. The isomer shifts are reported relative to Fe metal 

at room temperature.  

6.3 Results and discussion  

  

 The redox process behavior and the changes in local structure during Na+ 

extraction/insertion in Na0.95Mn0.4Fe0.25Ni0.35O2 were examined using ex situ XANES for Mn, Fe, 

Ni, and O K-edges during the first charge-discharge (Fig. 17). The FT magnitudes along with their 

EXAFS fits are presented in Fig.18. The two pronounced peaks in the Mn, Ni and Fe  K-edges are 

detected within the range of 1–3 Å. The initial peak located at approximately 1.5 Å is linked with 

TM–O6 correlations in the initial shell, whereas the subsequent peak at roughly 2.6 Å is associated 

with the follow-up shell TM–TM6 across the ab plane. Generally, the K-edge XANES spectra for 

Fe and Ni exhibit a consistent trend where the average oxidation states of the transition metals rise 

during the charging process, followed by a shift toward a lower energy level during the discharge. 

The XANES spectra for Mn K-edge in Fig. 17a do not indicate the shift of the absorption edge for 

pristine, charged and discharged samples. However, the shift of ~ 2eV on the top of the absorption 

edge is observed as indicated by dashed lines. Still the Mn in Na0.95Mn0.4Fe0.25Ni0.35O2 is in Mn4+ 

state as shown by the comparison with reference MnO2 sample. The Mn3+ lies to significantly 

lower energies from Mn4+.  EXAFS spectra of the Mn K-edge reveal that minor fluctuations in the 

Mn–O interatomic distance result from alterations within the local environment, impacted by the 

presence of Ni or Fe. This is attributed to recognize that all TM ions occupy octahedral sites and 

are distributed at random in O3 layered structure. XPS analysis of pristine (Fig. S8a) 

Na0.95Mn0.4Fe0.25Ni0.35O2 confirms the results of Mn K-edge XAS, and indicates the presence of 

Mn in 4+ oxidation state. Both Mn2p and Mn3s energy ranges have been probed. Generally, Mn3s 

peaks are used to identify the oxidation states of Mn, with ΔMn3s decreasing with rising oxidation 

states (4.4 eV < 5.4 eV < 6.1 eV for Mn4+, Mn3+, Mn2+, respectively). The ΔMn2p is also used to 

assign the oxidation state of Mn, and our value of ~11.5 eV is close to the reported values for 

MnO2 (11.8 eV) (Fig. S8b).  

Ni K-edge XAS indicate a significant shift ~3 eV of the absorption edge from pristine to 

charged states. Upon discharging the spectrum returns back to pristine state.  Ni is in 2+ oxidation 

state in pristine and discharged samples as deduced from the comparison with NiO spectrum. In 
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the charged sample the oxidation state increases, indicating Ni3+, which is the Jahn-Teller active 

state. The EXAFS spectra (Fig. 18b) reveal a reduction in both the interatomic distance of Ft 

magnitude and Ni-O as Na+ is extracted during the initial charge, signifying a rise in the oxidation 

state of the Ni ion from 2+ to 3+. The presence of an effective the Jahn-Teller Ni3+ ion  may result 

in a reduction of the intensity within the first coordination shell84. XPS analysis of pristine 

Na0.95Mn0.4Fe0.25Ni0.35O2 confirms the results of Ni K-edge XAS, and indicates the presence of Ni 

in 2+ oxidation state (Fig. S8c). 

 

Figure 17. Ex situ XANES at the a) Mn K-edge; b) Ni K-edge; c) Fe K-edge; d) oxygen K-edge. 

 

Fe K-edge XAS indicate shift to higher E (shown with an arrow) and higher oxidation 

states upon charging Na0.95Mn0.4Fe0.25Ni0.35O2 in a good accordance with literature that involves 

the oxidation process (Fig. 17c). The absorption edges of pristine and discharged samples coincide, 



76 
 

and indicate Fe in 3+ oxidation state. The EXAFS spectra indicate that the interatomic distance of 

Fe–O decreases following Na+ deintercalation, which indicates the oxidation of Fe ions. During 

the discharge process, the FT magnitudes revert to their original state. This occurrence corresponds 

to the oxidation behavior of the Fe element over the charge and previous studies noted that given 

the O3-type crystal structure it can be hypothesized that iron remains electrochemically inactive 

during the initial stage until the O3-P3 phase transition takes place, which will be clarified with 

Mossbauer experiment results. XPS analysis of pristine Na0.95Mn0.4Fe0.25Ni0.35O2 confirms the 

results of Fe K-edge XAS, and indicates the presence of Fe in 3+ oxidation states (Fig. S8d).  
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Figure 18. FT-EXAFS spectra of a) Mn K-edge; b) Ni; K-edge c) Fe K-edge. 
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The O K-edge showed (Fig. 17d) peak at around 530 eV arises from migrations across 

transition metal 3d and O 2p orbitals, while the edge peak at 534 eV corresponds to oxygen 

vacancies. The edge exhibits a minor displacement towards the lower energy region, and the 

oxygen vacancy peak is absent in the charged samples, attributed to the triggered electron filling 

and removal inside the O 2p band due to oxygen redox89.  

In order to acquire deeper insights into the structural evolution of the prepared material 

during the Na+ (de)intercalation process, operando XRD patterns were obtained in the voltage 

range of 2.0–4.4 V upon 2 cycles (Fig. 19). At the onset of Na+ deintercalation, the (003) peak of 

the O3 phase predominantly shifts to a lower angle, suggesting a two-phase reaction characterized 

by the coexistence of the O3 and P3 phases. The P3 phase (space group: R3m) arises due to sodium 

vacancies, leading to significant oxygen-oxygen repulsions that cause the translation of MO6 layers 

by the (1/3, 2/3, 0) direction. As a result, positions for prismatic sodium are being established. 

Following further desodiation, the hexagonal P3 phase peaks exhibit a consistent shift, with the 

(003), (006), and (108) diffraction peak positions moving towards a lower angle, while the (101) 

and (102) peaks shift towards a higher angle as long as charging to 4.4 V, as illustrated in Fig.19 

This behavior indicates a solid-solution reaction characterized by the expansion of the c-axis and 

contraction of the ab-plane, aligning with the observed electrochemical behavior. In contrast, upon 

completion of the charging process, a new peak corresponding to the monoclinic O'3 phase (space 

group: C2/m) emerged at 17.2° 2θ. The monoclinic distortion identified in the intermediate O’3 

phase aligns with earlier findings for NaNi0.5Mn0.5O2. Interestingly, monoclinic O’3 phase did not 

observed previously in ex situ XRD patterns (Chapter 5).  Furthermore, this phase transition is 

reversible; throughout the discharging process, characterized by intercalation, the P3 phase 

emerges, while the O’3 phase is absent. Following complete discharge, the initial phase O3 is 

reinstated in its entirety positions.  
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Figure 19. Operando XRD data during the first and second cycle. 

Fig. 20 displays the in situ Mössbauer spectroscopy results for various voltages related to 

the Na0.95Mn0.4Fe0.25Ni0.35O2 sample. All obtained spectra were analyzed using an asymmetrical 

doublet and a single line for fitting. The results for the OCV state Na0.95Mn0.4Fe0.25Ni0.35O2 align 

with the XANES measurements discussed in previous section, which demonstrated that iron is 

present solely in the 3+ oxidation state within an octahedral oxygen environment. The regenerated 

distribution p(Δ) of the quadrupole splitting (Δ) exhibits a symmetrical shape (Fig. 20 OCV), 

corroborating that iron ions occupy analogous places within the structure of this complex, 

characterized by an erratic pattern of transition metal ions (Ni, Fe, Mn) in their surrounding125. As 

the cell voltage approaches full charge (4.4 V), there is an observable formation of Fe4+ ions, along 

with peak broadening and asymmetry in the spectral features. When returning to 2.0 V, a reversible 

reduction of Fe4+ to Fe3+ takes place, demonstrating stable redox behavior. Upon charging the cell 

to 3.5 V, a quadrupole splitting akin to that seen at 4.4 V is observed, indicating the continued 



80 
 

presence of high-valence Fe species. It is important to note that iron stays in the Fe3+ oxidation 

state until around 3.9 V, where reductive coupling phenomena could potentially take place. 

 

Figure 20. The in situ Mossbauer spectra at different voltages. 

 After this voltage, it is proposed that unoxidized Fe3+ ions may move into octahedral sites 

within the Na layer. This movement enables the activation of oxygen redox processes within a 

reachable voltage range, indicating a shift from Fe-based redox activity to O-redox. The release of 

O-redox generally relates to layered structures that feature A–O–A dumbbell configurations60. In 

balanced materials featuring a completely occupied transition metal layer, O-redox processes 

typically remain unreachable during the Fe3+/Fe4+ redox differ unless there is migration of the 

transition metal ions. The migration results in the creation of vacancy-O-vacancy (□-O-□) 

arrangements, facilitating O-redox activity126. The observed electrochemical behavior near 3.9 V 

can likely be attributed to these structural changes. 
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6.4 Conclusion 

This chapter provided a comprehensive analysis of the redox reactions and structural 

changes of the Na0.95Mn0.4Fe0.25Ni0.35O2 during the extraction and insertion of sodium ions. By 

employing a combination of ex situ XANES, EXAFS, XPS, operando XRD and in situ Mössbauer 

spectroscopy, we attained a thorough comprehension of the electrochemical behavior and the 

associated structural dynamics. The findings from the XANES and EXAFS analyses indicated that 

Fe and Ni experience reversible oxidation-reduction processes throughout the charging and 

discharging cycles, with Fe shifting between 3+ and 4+ oxidation states and Ni fluctuating between 

2+ and 3+.  The results were validated through XPS measurements, which provided additional 

confirmation of the oxidation states of Mn, Fe, and Ni in the pristine material. The in situ XRD 

analysis demonstrated a reversible O3–P3 phase transition occurring during Na+ deintercalation, 

featuring a solid-solution reaction. Interestingly, a monoclinic O'3 phase was observed at elevated 

voltages (4.4 V), which was not present in ex situ XRD patterns. The application of Mössbauer 

spectroscopy yielded significant findings regarding the iron redox behavior, validating the 

emergence of Fe⁴⁺ ions at elevated voltages and their reversible reduction during discharge. The 

findings indicated that iron stays electrochemically inactive until the O3–P3 phase transition takes 

place, following which unoxidized Fe3+ ions move to octahedral sites within the Na layer. This 

migration enables oxygen redox activity, indicating a transition from iron-based redox processes 

to oxygen redox mechanism. By understanding the redox behavior of transition metals (Fe and Ni) 

and the dynamics of oxygen redox processes, it is possible to design multi-transition metal oxide 

cathodes that optimize capacity retention, cycling stability, and energy density. 
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CHAPTER 7:  Conclusion and Future perspectives 

The doctoral thesis presents research on the synthesis, characterization, and performance 

assessment of novel layered cathode materials for sodium-ion batteries, emphasizing the doping 

strategy, variation of transition metal compositions to improve electrochemical performance and 

structural stability.  

7.1 Conclusion 

The synthesis and characterization of P3-Na0.62Mn0.75Cu0.19O2 revealed the material's 

considerable promise as an electrode for sodium-ion batteries. The addition of Cu significantly 

enhanced the structural stability and electrochemical performance, demonstrated by an initial 

charge capacity of 143 mAh g-1 and a discharge capacity surpassing 200 mAh g-1. The observed 

performance can be linked to the redox activity of the Cu2+/3+, Mn4+/3+, and O2-/O-n pairs, which 

continued to exhibit activity throughout the cycling process. Advanced techniques, such as ex situ 

XAS, XPS, and operando DEMS, validated the stabilization of oxygen redox activities and the 

reduction of the Jahn-Teller distortions commonly linked to Mn3+. The consistent single-phase 

reaction observed through operando XRD underscores the significance of Cu-substitution in 

preserving structural integrity, presenting a promising avenue for improving sodium-ion battery 

performance. 

The comprehensive examination of Nax(Ni–Fe–Mn)O2 cathode materials, featuring 

different sodium contents (x = 0.75, 0.85, and 0.95), yielded essential insights into the interplay 

between composition, structural changes, and electrochemical performance. Among the samples, 

NNFM95 exhibited the most favorable electrochemical performance, which is likely associated 

with its higher sodium content, contributing to lower charge transfer resistance and improved Na⁺ 

diffusion, as indicated by EIS and GITT measurements. The ex situ XRD analyses provided 

confirmation of a reversible O3–P3 phase transition, demonstrating remarkable structural stability 

throughout the cycling process. 

Additionally, study offered an in-depth examination of the redox conduct and structural 

changes in Na0.95Mn0.4Fe0.25Ni0.35O2 throughout the processes of Na+ extraction / insertion. Ex-situ 

XANES and EXAFS analyses demonstrated reversible oxidation-reduction processes for Fe, Ni 

and O, with Fe shifting between 3+ and 4+ oxidation states and Ni fluctuating between 2+ and 3+ 

and confirms reversible oxygen redox. The operando XRD results revealed a reversible O3–P3 
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phase change and the appearance of a monoclinic O'3 phase at higher voltages (4.4 V). The 

application of in situ Mössbauer spectroscopy provided deeper insights into the redox behavior of 

iron, revealing the generation of Fe 4+ ions at elevated voltages and their reversible reduction during 

the discharge process. The movement of unoxidized Fe3+ ions to octahedral sites within the Na 

layer initiated oxygen redox processes, signifying a shift from Fe-based redox to O-redox 

mechanisms. 

7.2 Outlook 

 

Expanding upon the encouraging findings of Cu-doping in P3-Na0.62Mn0.75Cu0.19O2, 

subsequent investigations may delve into the combined effects of multi-element doping to further 

improve electrochemical performance. The activation of oxygen redox reactions seen in 

Na0.95Mn0.4Fe0.25Ni0.35O2 underscores the necessity of comprehending the structural evolution that 

enables this mechanism. Future work may utilize sophisticated DFT calculations and neutron 

diffraction to offer a more profound understanding of how transition metal migration and oxygen 

vacancy formation contribute to the stabilization of O-redox reactions and the effect of Fe 

dissolution to electrochemical performance. In addition, for future commercialization the full cell 

configuration is needed. 

 To improve safety and performance, subsequent studies could explore the feasibility of 

cathode materials with solid-state electrolytes. Considering the rising need for sustainable and 

economical battery technologies, future outlooks must focus on refining synthesis techniques to 

achieve reduced energy usage and minimal ecological footprint. The use of plentiful and safe 

materials, combined with recycling methods for sodium-ion battery parts, will be essential for 

achieving sustainable commercialization. 
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Figure S1. SEM image of Cu-doped material (average particle size identification by Image J). 

 

 
 

 

Figure S2. Galvanostatic charge/discharge profile at the current of 20 mA g−1: a) x=0.09 and b) 

x=0.28. 
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Figure S3. The corresponding dQ/dV plot of Na0.62Mn0.75Cu0.19O2 

 

Figure S4. Cycling performance of Na0.62Mn1-xCuxO2 
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Figure S5. Ex situ XPS spectra of the electrode: O 1s 
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Figure S6. Operando XRD patterns of the first charge/discharge between 1.5−4.7 V undoped 

material  
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Figure S7. Ex situ XRD patterns of Na0.62Cu0.19Mn0.75O2 after 1st charge and 1st discharge 

 

Figure S8. Ex situ XRD patterns of Na0.62Cu0.19Mn0.75O2 after 30 cycles 
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Figure S9. Cycling performance of NNFM cathodes with error bar  

 

Figure S10. The XPS spectra of a) Mn 3s; b) Mn 2p; c) Ni 2p; d) Fe 2p. 
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