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Abstract 

Lithium-ion batteries (LIBs) have led the energy storage market for decades due to 

their excellent performance. However, the increasing scarcity and cost of lithium 

resources have shifted research interest toward alternative technologies. Sodium-ion 

batteries (SIBs), with their abundant sodium resources and competitive 

electrochemical properties, have emerged as promising candidates. In particular, O3-

type layered oxide cathodes are attractive for practical applications due to their high 

sodium content and potential for high reversible capacity. 

This dissertation focuses on optimizing Ni- and Mn-rich O3-type layered oxide 

cathodes for SIBs. Using NaNiO2 (NNO) as a prototype material, the work first 

addresses the challenges associated with irreversible phase transitions caused by 

Na+-de/intercalation-induced interlayer gliding and Jahn-Teller (JT) distortion from Ni3+. 

To improve the structural reversibility and electrochemical performance, Ti4+ was 

introduced to produce NaNi0.9Ti0.1O2 (NNTO), which was successfully synthesized via 

a solid-state reaction for the first time. NNTO exhibited a high specific capacity of 190 

mAh/g, but suffered from chemo-mechanical degradation and irreversible lattice 

oxygen loss. To further address these limitations, Ca2+ was introduced as a pillaring 

ion. Among the various substitution levels explored, Na0.95Ca0.025Ni0.9Ti0.1O2 (CaNNTO) 

exhibited the largest interlayer spacing, along with best capacity retention and rate 

performance. In situ X-ray diffraction (XRD), scanning electron microscopy (SEM), 

acoustic emission (AE), and differential electrochemical mass spectrometry (DEMS) 

analyses confirmed that Ca2+ effectively mitigates interlayer gliding and volume 

collapse, thereby enhancing the reversibility of both nickel and oxygen redox reactions 

and increasing the structural and interfacial stability during electrochemical cycling. 

The study was further extended to Mn-rich O3-type layered oxides. NaMnO2 (NMO), a 

cost-effective and environmentally friendly cathode candidate, is also known to 

undergo complex and irreversible phase transitions, along with significant manganese 

migration at high potentials. In this work, precipitated Mn3O4 was employed as a 

precursor for NMO synthesis. To enhance its structural and electrochemical properties, 

Ti4+ was introduced to form NaMn0.9Ti0.1O2 (NMTO). Titanium substitution effectively 

stabilized the O3 phase, suppressed the JT distortion associated with Mn3+, and 

facilitated the transformation from polycrystalline to quasi-single-crystalline 

morphology. The optimized NMTO also exhibited an enlarged interlayer spacing, 

enhanced capacity retention ([42-70] % after 50 cycles), and suppressed oxygen 

evolution, while effectively preventing the formation of the O1 phase, as confirmed by 

in situ XRD and DEMS measurements. 

In conclusion, this dissertation demonstrates effective strategies for improving the 

structural and electrochemical stability of both Ni-rich and Mn-rich O3-type layered 

oxides. The mechanistic insights and material design principles presented herein 

provide valuable guidance for the development of high-performance sodium-ion 

cathode materials. 
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Zusammenfassung 

Lithium-Ionen-Batterien (LIBs) haben den Energiespeichermarkt über Jahrzehnte 

hinweg aufgrund ihrer hervorragenden Leistung dominiert. Mit der zunehmenden 

Verknappung und den steigenden Kosten von Lithiumressourcen richtet sich das 

Forschungsinteresse jedoch verstärkt auf alternative Technologien. Natrium-Ionen-

Batterien (NIBs) gelten aufgrund der reichlich verfügbaren Natriumressourcen und 

ihrer wettbewerbsfähigen elektrochemischen Eigenschaften als vielversprechende 

Kandidaten. Besonders O3-Typ Schichtgitter-Kathoden sind für praktische 

Anwendungen attraktiv, da sie einen hohen Natriumgehalt und eine hohe reversible 

Kapazität ermöglichen. 

Diese Dissertation beschäftigt sich mit der Optimierung von Ni- und Mn-reichen, O3-

Typ Schichtgitter-Oxidkathoden für SIBs. Ausgehend von NaNiO2 (NNO) werden 

zunächst die Herausforderungen im Zusammenhang mit irreversiblen 

Phasenübergängen untersucht, welche durch die Na+-Ein-/Auslagerung sowie die 

Jahn-Teller (JT)-Verzerrung von Ni3+ verursacht werden. Um die strukturelle Stabilität 

und elektrochemische Leistung zu verbessern, wurde Ti4+ eingeführt (substituiert), um 

NaNi0.9Ti0.1O2 (NNTO) zu bilden. Letzteres wurde erstmals erfolgreich mittels 

Festkörperreaktion synthetisiert. NNTO lieferte eine hohe spezifische Kapazität von 

190 mAh/g, litt jedoch unter chemo-mechanischer Degradation und irreversiblen 

Sauerstoffverlusten. Zur weiteren Verbesserung wurde Ca2+ als „pillaring 

ion“ eingeführt. Unter den untersuchten Substitutionsgraden zeigte 

Na0.95Ca0.025Ni0.9Ti0.1O2 (CaNNTO) den größten Schichtabstand sowie den besten 

Kapazitätserhalt und Ratenverhalten. In situ Röntgendiffraktometrie (XRD), 

Rasterelektronenmikroskopie (SEM), akustische Emissionsmessungen (AE) und 

differentielle elektrochemische Massenspektrometrie (DEMS) bestätigten, dass Ca2+ 

effektiv die Schichtverschiebung und den Volumenkollaps unterdrückt, die 

Reversibilität der Redoxprozesse von Nickel und Sauerstoff verbessert und die 

strukturelle Stabilität während des Lade-/Entladevorgangs erhöht. 

Die Studie wurde anschließend auf Mn-reiche, O3-Typ Kathodenmaterialien 

ausgeweitet. NaMnO2 (NMO) stellt zwar eine kostengünstige und umweltfreundliche 

Kathodenoption dar, weist jedoch bei hohen Spannungen komplexe und irreversible 

Phasenübergänge sowie eine erhebliche Migration von Mangan auf. In dieser Arbeit 

wurde erstmals gefälltes Mn3O4 als Präkursor zur Synthese von NMO eingesetzt. Um 

die strukturellen und elektrochemischen Eigenschaften zu verbessern, wurde 

wiederum Ti4+ eingeführt (substituiert), wodurch NaMn0.9Ti0.1O2 (NMTO) entstand. Die 

Ti4+-Substitution stabilisierte effektiv die O3-Phase, unterdrückte die durch Mn3+ 

verursachte JT-Verzerrung und förderte den Übergang von einer polykristallinen zu 

einer quasi-einkristallinen Partikelmorphologie. Das optimierte NMTO-

Kathodenmaterial zeigte zudem einen vergrößerten Schichtabstand, einen 

verbesserten Kapazitätserhalt ([42-70] % nach 50 Zyklen) sowie eine unterdrückte 

Sauerstofffreisetzung und verhinderte effektiv die Bildung der O1-Phase, wie durch in 

situ XRD- und DEMS-Analysen bestätigt wurde. 
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Zusammenfassend zeigt diese Dissertation wirkungsvolle Strategien zur 

Verbesserung der strukturellen und elektrochemischen Stabilität von sowohl Ni- als 

auch Mn-reichen, O3-Typ Schichtgitteroxiden auf. Die gewonnenen mechanistischen 

Erkenntnisse und Materialdesignprinzipien bieten wertvolle Ansätze für die zukünftige 

Entwicklung leistungsfähiger Natrium-Ionen-Kathodenmaterialien. 
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1. Introduction 

The development and utilization of fossil fuels played a pivotal role in driving the First 

and Second Industrial Revolutions, undoubtedly contributing indispensably to the 

advancement of industry and technology in human society. However, in recent 

decades, the excessive exploitation of fossil energy has led to severe environmental 

consequences on a global scale, such as global warming and ozone layer depletion. 

To address these pressing issues, the exploration of cleaner and more sustainable 

energy sources has become imperative.[1–5] 

Among the promising alternatives, nuclear reactors stand out. Nevertheless, the 

challenge of managing radioactive nuclear waste remains a major concern.[4] 

Renewable energy sources, such as wind, solar, and tidal energy have garnered 

increasing attention due to their environmentally friendly and renewable nature. Yet, 

their inherent intermittency in both spatial and temporal dimensions significantly limit 

direct utilization.[6–10] 

To overcome this limitation, secondary rechargeable batteries have emerged as an 

ideal solution. Among them, lithium-ion batteries (LIBs) have been extensively studied 

for their high energy density.[7,8,11,12] Since the successful commercialization of LIBs by 

Sony Corporation in 1991, they have dominated the field of electricity storage for 

decades and have significantly propelled the development of various sectors, including 

portable electronic devices, such as laptops and smartphones, electric vehicles (EVs), 

hybrid electric vehicles (HEVs), and large-scale energy-storage systems (ESSs).[9,13] 

LiCoO2 (LCO), the first cathode active material (CAM) used in LIBs, was developed by 

Mizushima et al.[14] However, due to the high cost and limited abundance of cobalt, 

alternative CAMs with different compositions were subsequently developed, including 

LiNixCoyMn1−x−yO2 (NCM) and LiNixCoyAl1−x−yO2 (NCA).[15–17] In the field of EVs, the 

continuous demand for higher capacities to ensure longer driving ranges has driven 

the evolution of NCM and NCA materials toward higher nickel content, ultimately 

approaching LiNiO2 (LNO).[13,17,18] LNO, as an isostructural compound of LCO, also 

offers a high theoretical capacity and working potential. Nevertheless, its 

commercialization has been hindered by several issues, such as interfacial and 

structural instabilities during cycling.[19,20] 

In summary, the development and commercialization of various LIB CAMs have 

undoubtedly accelerated the advancement of EVs and other energy-storage 

applications. However, the finite and uneven distribution of lithium resources has 

raised concerns regarding the long-term sustainability of lithium-based 

technologies.[21–24] Sodium, by contrast, is abundantly available in nature, widely 

distributed across the globe, and significantly less expensive.[22,25] Moreover, since 

sodium-ion batteries (SIBs) share similar storage mechanisms with LIBs, they are 

considered one of the most promising next-generation energy-storage technologies. 

Unlike LIBs, which are limited to the choice of a narrow range of transition metal (TM) 

species, layered sodium-ion cathodes can be synthesized using a broader spectrum 

of 3d TMs, ranging from titanium to copper, allowing for the incorporation of more 
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abundant and sustainable elements.[26–30] This compositional flexibility not only 

enhances the material availability, but also contributes to lowering the overall 

production cost. In addition, sodium does not form alloys with aluminum, which enables 

the use of aluminum foil as a current collector on both electrodes, potentially reducing 

production cost further by replacing copper.[31,32] Despite the fact that sodium has a 

higher atomic mass and larger ionic radius (r = 1.02 Å) compared to lithium (r = 0.76 

Å), ultimately leading to a lower energy density, these characteristics make SIBs 

particularly well-suited for applications where volumetric or gravimetric energy density 

is less critical, such as electric two-wheelers, utility vehicles, and grid ESSs.[12,22] 

As a critical component of SIBs, the CAMs play a key role in determining the overall 

energy density of the system. Therefore, research on CAMs is of paramount 

importance. Currently, a variety of cathodes are being extensively investigated, 

including layered oxides,[9,33–36] Prussian blue analogues (PBAs),[37–40] and polyanionic 

frameworks.[41–43] Among them, layered oxides have attracted significant attention due 

to their high theoretical specific capacities and high operating potentials.[9,34,44] 

Layered oxides typically fall into two structural categories, namely Na-rich O3-type and 

Na-deficient P2-type, which will be discussed in detail in section 2.1. The O3-type 

structure, in particular, is considered more suitable for practical full cell applications 

due to its higher sodium content.[1,45] Nevertheless, further optimization of O3-type 

CAMs is required to meet the demands of various application scenarios. For instance, 

high-energy-density variants are desirable for EV batteries, while lower-energy-density 

but more stable variants are better suited for stationary ESSs. 

This doctoral project focuses on the development of high-performance O3-type oxide 

CAMs. The main strategy employed is ion substitution to enhance the reversible 

capacity and cycling stability of NaNiO2 (NNO) and NaMnO2 (NMO), which served as 

prototype materials.  

The first part of this dissertation, inspired by LNO, investigates the electrochemical 

performance of NNO as a prototype cathode material for SIBs, with the goal of 

developing a high-performance Ni-based layered oxide. Previous studies have shown 

that NNO possesses a high theoretical specific capacity of up to 235 mAh/g. However, 

it suffers from several drawbacks during cycling, including low reversible capacity, 

complex phase transitions, and irreversible high-voltage phase changes.[46–48] To 

address these issues, d0 transition metal Ti4+ was introduced to substitute Ni3+. By 

systematically optimizing the solid-state synthesis parameters, including temperature, 

Na/TM ratio, cooling rate, O2 flow rate, and Ni/Ti ratio, NaNi0.9Ti0.1O2 (NNTO) was 

successfully synthesized for the first time. Notably, NNTO exhibited a high reversible 

specific capacity of 190 mAh/g with an average voltage of 3.2 V, yielding an energy 

density comparable to that of commercial LiFePO4 (LFP). However, due to chemo-

mechanical degradation and irreversible lattice oxygen loss, further improvements in 

cycling stability were necessary.[12] 

In a follow-up study, Ca2+ was introduced as a pillaring ion to mitigate these issues. 

Through systematic optimization of the Ca2+ fraction, Na0.95Ca0.025Ni0.9Ti0.1O2 
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(CaNNTO) was successfully synthesized. Structural and electrochemical analyses of 

the CaNNTO system clearly revealed the positive role of Ca2+ as a pillaring ion in 

enhancing the stability of NNTO.[10]
 

The third part of the dissertation shifted focus to the more cost-effective and 

environmentally friendly NMO. Interestingly, a similar substitution of Ti4+ was applied, 

but its function differed significantly from that in the NNO system. In this case, Ti4+ not 

only alleviated the Jahn-Teller (JT) distortion and modified the primary particle 

morphology and size, but also stabilized the polymorphic α-phase of NMO, ultimately 

improving cycling stability.[49,50] 

In conclusion, this work presents both Ni-based layered cathodes with potential for EV 

applications and more sustainable Mn-based layered oxides as promising alternatives. 

 

 

 



 
                             2. Fundamentals  

4 
 

2. Fundamentals  

2.1. Structural Classification and Prototype Materials of Layered Oxide Cathodes 

2.1.1 Crystal Structures of Layered Oxide Cathodes for Sodium-Ion Batteries  

 

Figure 1. Schematic illustrations of O3, P3, O2, and P2 crystal structures and the 

phase transition processes triggered by sodium extraction.[51] 

Layered transition metal oxides are generally described by the formula AxTMO2, where 

A represents an alkali metal (such as Li or Na), x denotes its content, and TM stands 

for one or more transition metals with variable oxidation states.[52] In the case of layered 

sodium oxides, these materials can be typically categorized into two main types, which 

are O3 and P2, according to the classification introduced by Delmas et al.[52] In this 

nomenclature, the letter (O and P) indicates the coordination environment of Na+ ions, 

with “O” referring to octahedral sites and “P” to prismatic sites, and the accompanying 

number corresponding to the minimum number of repeating oxide layers in the unit 

cell.[45,51,52] For instance, O3-type structures exhibit a stacking sequence of AB, CA, 

and BC, while P2-type structures follow an AB, BA order, as illustrated in Figure 1. 

O3-type NaTMO2 share many structural features with their lithium counterparts LiTMO2, 

particularly the cubic close-packed (ccp) stacking of oxygen atoms.[51] In both types of 

materials, the alkali metal and transition metal ions are each coordinated in edge-

sharing octahedra, which alternate to form a layered structure. These materials 

typically crystallize in the hexagonal crystal system with space group (S.G.) 



 
                             2. Fundamentals  

5 
 

R−3m.[9,34,44,53] However, one key distinction is the difference in ionic radii, as Na+ (r = 

1.02 Å) is significantly larger than Li+ (r = 0.76 Å), thereby effectively avoiding cation 

mixing between the Na+ and TM ions in NaTMO2.
[12,54] In addition, the larger size of 

Na+ also enables it to occupy prismatic sites, giving rise to the formation of P2-type 

structures. In this configuration, the TM ions remain octahedrally coordinated and 

alternate with NaO2 layers, and the resulting structures typically belong to the 

hexagonal S.G. P63/mmc.[3,55,56] This structural diversity, encompassing both O3- and 

P2-type materials, provide valuable design flexibility for optimizing CAMs in SIBs. 

Furthermore, structural variations such as in-plane distortion, which arise from JT 

distortion, are often denoted by the use of a prime symbol (') in the phase notation.[51,57] 

For example, NaNiO2 (NNO) exhibits a monoclinic lattice (S.G. C2/m), while P'2-type 

NaxMnO2 adopts an orthorhombic structure (S.G. Cmcm).[46,48,56] 

It is also important to note that both O3- and P2-type materials often undergo phase 

transitions during sodium extraction. In O3-type structures, the extraction of Na+ ions 

can induce slab gliding within the TMO2 layers, leading to a transformation into the P3 

phase (Figure 1), in which Na+ occupies prismatic sites that are thermodynamically 

more favorable. In contrast, for P2-type materials, Na+ extraction destabilizes the 

prismatic environment, prompting the TMO2 slabs to shift towards octahedral 

coordination, thereby converting the structure into the O2 phase.[45,51,57] This behavior 

plays a crucial role in determining the electrochemical performance and long-term 

stability of sodium cathodes. 

 

2.1.2 Advantages and Limitations of O3- and P2-Type Layered Oxides 

Due to their inherent structural characteristics, O3- and P2-type layered oxides exhibit 

distinct electrochemical properties. One of the most significant differences lies in their 

sodium content per unit cell. Specifically, O3-type materials exhibit the highest sodium 

content (typically 0.7 ≤ x(Na) ≤ 1), whereas P2-type compounds are intrinsically 

sodium-deficient, with typical contents ranging from 0.6 ≤ x(Na) ≤ 0.8.[3,58–60] This 

inherent advantage in sodium content makes O3-type materials more favorable for use 

in practical full cell configurations. In contrast, P2-type materials generally require pre-

sodiation or the addition of sacrificial salts, such as Na2CO3, to compensate for their 

lower initial sodium content.[61–63] 

In addition, the sodium ions in O-type structures are coordinated octahedrally by six 

oxygen atoms. As illustrated in Figure 2, Na+ migration in this structure involves a 

transition through a tetrahedral site located between two adjacent octahedra, resulting 

in relatively high diffusion barriers.[64] In contrast, in P-type structures, Na+ ions occupy 

prismatic sites, and their migration occurs directly through face-sharing prisms, 

facilitating ion transport.[51] Consequently, P-type materials generally exhibit superior 

rate performance compared to their O-type counterparts. 
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Figure 2. Sodium diffusion paths in different structures.[51]  

While both O3- and P-type materials have their respective advantages and have been 

extensively investigated in academic research, challenges remain when it comes to 

large-scale industrial applications. For P2-type materials, the need for pre-sodiation 

and/or the use of sacrificial salts can lead to gas generation and higher production cost, 

limiting their practical feasibility. In contrast, O3-type materials, with their higher sodium 

content and simpler processing requirements, are considered more suitable for 

industrial deployment. Nonetheless, O3-type cathodes still face critical challenges, 

including complex phase transitions during cycling and relatively poor rate 

capability.[59,65,66] Therefore, this doctoral thesis focused on in-depth study and 

optimization of O3-type oxide CAMs, aiming to address the above limitations and 

enhance their applicability in SIBs. 

 

2.1.3. NaNiO2 and NaMnO2 

Due to the larger ionic radius of Na+ compared to that of Li+, NaxTMO2 compounds can 

form layered structures with a broader range of transition metals than their LixTMO2 

counterparts, as shown in Figure 3.[67] Although titanium can produce layered oxides, 

such as NaTiO2, its low redox potential limits any applications to the anode side, and 

thus it is not discussed in detail here.[68] Nevertheless, Ti4+ is frequently employed as 

a structural stabilizer in layered oxide cathodes for SIBs.[69–73] 
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Figure 3. 2D or 3D structural formation of AxTMO2 determined by the ratio of alkali to 

transition metal ionic radii.[67] 

Vanadium- and chromium-based layered oxides (e.g., V: ~120 mAh/g, 1.2-2.4 V vs. 

Na+/Na; Cr: ~120 mAh/g, 2.0-3.6 V vs. Na+/Na) have shown electrochemical activity in 

NaxTMO2 systems.[74,75] However, their inherent toxicity makes them unsuitable for 

large-scale ESSs from a sustainability perspective.[76] Although LCO was the first 

commercialized layered CAM for LIBs, its sodium analogue, NaCoO2, has not achieved 

comparable practical success.[77,78] O3-type NaCoO2 suffers from complex phase 

transitions (O3-O'3-P'3-P3), resulting in unsatisfactory electrochemical performance.[78] 

Additionally, the high cost and toxicity of cobalt reduce the likelihood of layered Co-rich 

oxides being used in future applications. 

 

Figure 4. Proposed mechanism of iron migration upon sodium extraction.[79] 

In contrast, NaFeO2 has drawn increasing attention due to its low cost and 

environmental friendliness. It is often considered the model compound for O3-type 

layered oxides, crystallizing in the S.G. R−3m, and can be readily synthesized via 

conventional solid-state reactions.[80] Unlike in LIBs, the similar ionic radii of Li+ and 

Fe3+ hinder the formation of layered Fe-based oxides through high-temperature 

synthesis, often resulting in rock-salt structures.[51] Despite NaFeO2 having a high 

theoretical specific capacity (241.8 mAh/g), its reversible capacity is limited to around 

80 mAh/g.[81] The reason is that a fraction of Fe3+ ions can migrate into adjacent 

tetrahedral sites, as depicted in Figure 4. During sodium extraction, vacancies are 

generated at the face-sharing tetrahedral sites neighboring the FeO6 octahedra. Owing 
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to the thermodynamic stabilization of trivalent iron in tetrahedral coordination, Fe3+ ions 

readily migrate into these sites, thereby obstructing sodium diffusion and deteriorating 

the electrochemical performance.[79,81] Thus, the development of layered Fe-rich 

oxides remains a considerable challenge. 

O'3-type Mn-based oxides typically crystallize in a monoclinic lattice (S.G. C2/m), 

primarily attributed to the JT distortion induced by Mn3+ ions.[59,82] The initial 

electrochemical investigation of O'3-NaMnO2 (O'3-NMO) has been reported in 1985, 

although at that time, only approximately 0.2 of Na+ could be reversibly extracted.[83] A 

subsequent study in 2011 demonstrated enhanced performance, with reversible 

sodium extraction increasing to around 0.8 of the total sodium content.[82] Despite 

these improvements, the limited cycling stability of O'3-NMO remains a significant 

challenge. Moreover, the synthesis of O3-type Mn-rich oxides with practical 

applicability continues to encounter considerable difficulties, which will be discussed in 

detail in a later section. Nevertheless, Mn-rich materials, owing to their relatively low 

cost and promising reversible capacity, represent a compelling subject for further 

investigation and development. 

LNO, regarded as a benchmark, high-capacity CAM for LIBs, has attracted 

considerable research interest, which has also extended to its sodium analogue, 

NNO.[54] NNO has attracted growing interest due to its high theoretical capacity. 

Previous studies have shown that NNO can deliver an initial specific charge capacity 

of up to 199 mAh/g in the potential window of 2.0-4.5 V vs. Na+/Na, although the 

corresponding discharge capacity was limited to 147 mAh/g. Notably, when cycled 

between 1.25 and 3.75 V at a rate of C/10, NNO exhibited good capacity retention, 

with the Coulomb efficiency increasing to 99.2 % after 20 cycles.[46]  To elucidate the 

origin of irreversible capacity loss, Wang et al. conducted in situ XRD studies and 

attributed the performance degradation to complex phase transitions and irreversible 

gliding of the NiO2 slabs under high-voltage conditions.[48] These structural instabilities 

are likely associated with the JT distortion induced by Ni3+, suggesting that mitigating 

this distortion is essential for enhancing the electrochemical stability of layered Ni-rich 

oxides. Given the intrinsically high theoretical specific capacity and significant research 

potential of Ni-rich systems, NNO and related materials remain promising candidates 

for further in-depth investigations. 

Based on the above analysis, layered Ni- and Mn-rich oxides possess considerable 

research potential. Therefore, in this doctoral research, NNO and NMO were selected 

as prototype materials for systematic optimization and detailed investigations. 
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2.2. Structure, Electrochemical Properties, and Degradation Behavior of NaNiO2 

and NaMnO2 

2.2.1. Structure and Electrochemistry of NaNiO2 

NNO exhibits two thermodynamically stable polymorphs, a high-temperature 

rhombohedral phase (S.G. R−3m) and a low-temperature monoclinically distorted 

phase (S.G. C2/m). In the low-temperature structure, Ni3+ ions occupy edge-sharing 

octahedral sites. However, due to the low-spin electronic configuration of Ni3+ (t2g
6eg

1), 

a pronounced JT distortion occurs, leading to elongation of the NiO6 octahedra along 

the z-axis and resulting in significant structural distortion. Upon heating to about 450 

K, the static JT distortion is thermally relaxed, allowing the structure to transition into 

the more symmetric rhombohedral phase.[84–86] 

 

Figure 5. Crystal structures of NNO: (a) monoclinic phase and (c) rhombohedral phase. 

Panels (b) and (d) illustrate the Ni–Ni bond lengths (gray representing non-elongated, 

green representing elongated) and the JT-elongated Ni–O bonds (pink) in the 

respective structures. In the rhombohedral phase, no elongation of Ni–Ni or Ni–O 

bonds is observed.[84] (e) Voltage profiles of NNO cycled between 2.0 and 4.5 V vs. 

Na+/Na at a rate of C/10.[46] 

The crystal structure of NNO has been determined first in 1954 using film-based 

techniques.[87] However, its electrochemical properties were not thoroughly explored 

until 1982, when it was reported that only 0.2 equivalents of Na+ can be reversibly 

extracted within the potential range of 1.8-3.4 V vs. Na+/Na.[88] Considerable progress 

has been made in a later study in 2013, which demonstrated that up to 0.85 Na+ can 

be extracted and 0.62 Na+ re-inserted per formula unit during the first cycle within a 

wider potential window of 2.0-4.5 V vs. Na+/Na.[46] Although the material exhibited 

limited capacity retention, these findings renewed interest in NNO, particularly due to 

its high theoretical specific capacity and potential as a model system for the study and 

development of layered Ni-based cathodes. 

 

2.2.2. Phase Evolution of NaNiO2 

Due to the larger ionic radius of Na+, NNO undergoes in-plane gliding of the NiO2 slabs 

during sodium-ion intercalation and de-intercalation, which may induce multiple phase 

transitions. In early studies, Braconnier et al. first reported the presence of multiple 
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phase transformations in NNO (O'3-P'3-P''3-O''3) upon electrochemical cycling.[88] 

However, due to the limited sodium extraction (around 0.2 Na+ in the potential range 

of 1.8-3.4 V vs. Na+/Na), the understanding of structural evolution in NNO remained 

incomplete at that time. 

Subsequent studies employing in situ transmission X-ray microscopy-XANES (TXM-

XANES) and in situ high-energy X-ray diffraction (HEXRD) have provided a more 

comprehensive picture of the structural evolution of NNO. As shown in Figure 6, a 

series of complex phase transitions occurs within the potential window of 2.0-4.5 V vs. 

Na+/Na, including O'3 → P'3 (O''3) → P''3 → O'''3 → O''''3.[48] 

 

Figure 6. (a) In situ HEXRD patterns of NNO collected in the initial cycle (2.0-4.5 V vs. 

Na+/Na at C/10 rate). (b) Schematic illustration of the structural evolution of NNO during 

charge and discharge.[48] 

Notably, the high-voltage transition (above 4.0 V vs. Na+/Na) to the O''''3 phase is 

associated with substantial capacity loss. This is attributed to the irreversible gliding of 

the NiO2 slabs, which leads to a permanent change in the c-axis parameter after the 

first charge, preventing the structure from returning to its original state upon discharge. 

Therefore, strategies such as tailoring the upper cut-off potential to avoid irreversible 

phase transitions or introducing dopants to stabilize the framework have been 

proposed to enhance the electrochemical reversibility of NNO. The latter approach will 

be discussed in detail in sections 2.4.1. and 2.4.3. 

 

2.2.3. Structure and Electrochemistry of NaMnO2 

Stoichiometric NMO typically exists in two distinct polymorphic forms, as illustrated in 

Figure 7, a low-temperature monoclinic phase (α-NMO), formed within the 

temperature range of (600-900) °C, and a high-temperature orthorhombic phase (β-

NMO) with a corrugated-layer structure, which is stabilized above 900 °C.[50,65,82] The 

α-NMO phase is isostructural with NNO discussed in section 2.2.1., and its monoclinic 

distortion originates from the JT effect associated with Mn3+, leading to elongated 

MnO6 octahedra.[82,83,89] 

Despite their distinct crystal symmetries, density functional theory (DFT) calculations 

have shown that the formation energies of the α- and β-phases are nearly identical, 
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suggesting comparable thermodynamic stability.[49] However, synthesizing phase-pure 

β-NMO remains experimentally challenging. In a notable breakthrough, Shishkin et al. 

reported the successful preparation of single-phase β-NMO in 2018 by substituting 10 

mol.% of manganese with copper, thereby stabilizing the orthorhombic structure.[49] 

 

Figure 7. Representation of the structure of the two polymorphs of NaMnO2 (red = 

oxygen, purple: MnO6 octahedra, yellow: sodium).[50] 

In terms of electrochemical performance, both polymorphs demonstrate high operating 

potentials and relatively large specific capacities.[50,65,66,82] Nevertheless, due to the 

synthetic difficulty and the inherent tendency of β-NMO to gradually transform into the 

α-phase during cycling, most research has concentrated on α-NMO.[90] While the initial 

electrochemical study of α-NMO has been conducted in 1985, the first clear 

demonstration of efficient and reversible Na+ (de)intercalation has not been reported 

until 2011.[82,83] Although α-NMO can deliver a high initial specific capacity approaching 

200 mAh/g, its capacity retention over extended cycling remains unsatisfactory. 

Moreover, α-NMO exhibits an unusual degradation behavior at low current densities, 

which is hypothesized to arise from prolonged exposure to high potentials during slow 

cycling. This extended residence time at elevated potentials may facilitate interfacial 

reactions and structural degradation.[82] To overcome these limitations, several 

strategies can be exploited, including surface coating, electrolyte formulation 

optimization, and cation doping, all aiming at mitigating side reactions and improving 

long-term performance of α-NMO.[59,91–93] 

 

2.2.4. Phase Evolution of O'3-Type NaMnO2 

Despite the appealing working potential and reversible capacity of NMO, its highly 

complex phase transitions present significant challenges for further optimization.[50,82] 

In comparison to NNO, which shares the same monoclinic structure, NMO exhibits up 

to nine distinct structural phases during cycling, as illustrated in Figure 8. However, 

due to the low crystallinity and weak diffraction intensity of the final manganese-based 

migration phase O'3-O1(9), only eight phases can typically be identified using in situ 

XRD.[65] 

The nine phases, labeled sequentially as O'3(1), O'3(2), O'3(3), O'3(4), O'3(5), O'3(6), 

O'3(7), O'3-O1(8), and O'3-O1(9), exhibit various symmetries. Among them, O'3(1), 

O'3(2), O'3(4), O'3(6), and O'3(7) adopt a monoclinic structure, while O'3(3) and O'3(5) 

crystallize in a triclinic system.[65,66] Interestingly, although layered Mn-based oxides 

are often prone to forming the P3 phase during solid-state synthesis, NMO does not 
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exhibit a P3-type transition during electrochemical (de)sodiation.[94] This behavior 

contrasts with other O3- or O'3-type materials such as NaCrO2, NaCoO2, NaNiO2, and 

NaNi0.5Mn0.5O2, which typically undergo P3 phase formation upon Na+ 

extraction.[12,78,95,96] The absence of a P3 phase in NMO highlights its distinct structural 

evolution during cycling. 

 

Figure 8. 2D XRD contour plot of NMO during charging at 6 mA/g in the first cycle.[65] 

To further understand the structural complexity of NMO, several studies have 

investigated the origin of specific intermediate phases observed during 

cycling.[59,65,66,92,94] It has been proposed that the formation of phases such as O'3(2), 

O'3(4), and O'3(6) is closely related to sodium-vacancy ordering, which is likely driven 

by Mn3+/4+ charge ordering or correlated interactions.[66] A particularly notable phase in 

this sequence is O'3-O1(8), which is believed to result from stacking faults between 

the O'3(7) and O1-type layers.[65] This phase transition also involves partial migration 

of manganese from the TM layer into sodium sites located within the interlayer region. 

These migrated ions are considered to occupy tetrahedral coordination environments 

in the O3-type interlayer space or octahedral sites in the O1-type stacking sequence, 

which can markedly reduce the crystallinity of the resulting O'3-O1(8) phase.[65,94] As a 

result, this phase exhibits weak diffraction intensity and is considerably more difficult 

to detect compared to the earlier monoclinic and triclinic phases. 

Moreover, the structural evolution of NMO during discharge displays unique 

characteristics too. When NMO is discharged within the potential range of 2.0-3.8 V vs. 

Na+/Na, only O'3(2) and O'3(1) phases can be clearly observed, while the remaining 

phases give rise to ill-defined reflections. This behavior is attributed to the formation of 

the low-crystallinity O'3-O1(8) phase at high potentials, which disrupts long-range 

ordering and hinders structural recovery. In contrast, when the upper cut-off potential 

is limited to 3.476 V, a full sequence of transitions from O'3(1) to O'3(7) can be 

identified. Notably, the O'3(3) phase typically appears concurrently with O'3(4), 
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resulting in asymmetric redox features observed in differential capacity 

plots.[50,59,65,82,91] 

Taken together, this rather detailed phase transition analysis indicates that a 

straightforward strategy to improve the capacity retention of NMO is to avoid the 

formation of the poorly crystalline O'3-O1(8) phase. More discussion on this strategy 

will be presented in sections 2.4.2. and 3.3. 

 

2.2.5. Degradation of NaNiO2 and NaMnO2 

I. Phase Transitions 

One of the most critical origins of degradation in both NNO and NMO lies in their 

complex phase transitions, leading to three major consequences. As discussed in 

sections 2.2.2. and 2.2.4., among others, this involves irreversible changes to the 

crystal structure. This includes, for instance, the irreversible gliding of NiO2 slabs near 

4.0 V in NNO, and the severe migration phase(s) observed around 3.8 V in NMO.[48,65] 

Second, phase transitions are often accompanied by significant changes in unit-cell 

volume, typically manifested as a large contraction along the c-parameter.[28,57,72,97] 

This volume variation introduces severe lattice stress, which subsequently results in 

intergranular cracking, particularly when Na-deficient O1-type phases are 

involved.[60,97–99] Third, during the coexistence of multiple phases, the mismatch in 

lattice parameters between adjacent phases can generate large coherency strain at 

the phase boundaries, thus giving rise to intragranular particle fracture.[100–102] Both 

intergranular and intragranular cracks expose fresh cathode surfaces to the electrolyte, 

accelerating parasitic reactions.[96] Over time, such degradation leads to the loss of 

electrode integrity, including particle pulverization and loss of electrical contact with the 

current collector, as well as depletion of active Na+ ions, ultimately resulting in capacity 

fading.[103,104] Therefore, chemo-mechanical degradation induced by phase transitions 

is recognized as one of the primary degradation mechanisms in NNO and NMO. 

 

II. Jahn-Teller Distortion 

JT distortion not only triggers complex phase transitions (e.g., O3 to O'3 and P3 to P'3), 

but also contributes to TM dissolution, ion migration, and surface reconstruction. To 

elucidate the underlying mechanisms, the electronic structures of NNO and NMO are 

discussed as representative examples. 

In an ideal octahedral coordination environment formed by six surrounding oxygens, 

the five degenerate 3d orbitals of a TM ion (each capable of accommodating two 

electrons of opposite spin) are split into two subsets due to crystal field effects, namely 

the eg orbitals (dz
2 and dx

2
–y

2), which point directly toward the oxygen ligands, and the 

t2g orbitals ( dxy, dxz, and dyz), which are oriented between the oxygen ligands, as shown 

in Figure 9a.[29,105–107] 
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Figure 9. (a) Crystal field spitting of d orbitals in an octahedral environment.[105] (b) 

Electronic structures of JT inactive (top row) and active (bottom row) octahedra of 

nickel and manganese.[29,105] (c) The ligand field in NMO distorts the six equivalent 

metal-oxygen bonds (left) into two longer axial bonds and four shorter equatorial bonds 

(right). Charge is transferred from the metal cation to the axial oxygens, thus becoming 

more basic.[106] 

TM cations in layered oxides typically adopt octahedral (Oh) coordination. For low-spin 

Ni3+ and high-spin Mn3+, there is a single electron occupying the eg orbital. This 

configuration is particularly susceptible to JT distortion, which lowers the total energy 

of the system by removing the degeneracy of the eg orbitals. As illustrated in Figures 

9b and c, elongation along one of the octahedral axes causes the eg levels to split, 

such that the occupied orbital lies at lower energy and the unoccupied orbital at higher 

energy.[106,107] 

This distortion leads to the formation of longer TM–O bonds along the axial direction. 

These bonds exhibit increased ionic character, rendering the axial oxygen atoms more 

negatively charged.[102,106] From a Lewis acid-base perspective, the oxygen atoms 

become more basic, making them more prone to react with protons to produce 

H2O.[102,108–110] However, since the oxygen in TM–O bonds is less negatively charged 

than in free H2O, an additional electron must be transferred from the TM dz
2 orbital to 

the axial oxygen to facilitate this reaction. As a result, the TM ion is oxidized to a higher 

oxidation state (e.g., Ni3+ to Ni4+, Mn3+ to Mn4+).[106,110,111] These high-valent cations 
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can then oxidize the electrolyte, leading to the evolution of CO2, and are subsequently 

reduced to lower oxidation states (e.g., Ni2+, Mn2+).[112,113] The divalent cations may 

then undergo several degradation pathways: 

1. Dissolution into the electrolyte, contributing to the formation of intergranular and 

intragranular cracks that promote sodium loss and further degradation;[48,111,114] 

2. Migration to tetrahedral sites in the NaO2 layer, thereby initiating surface 

reconstruction and formation of spinel or rock-salt phases;[111,115] 

3. Retention at tetrahedral positions, where they obstruct the sodium diffusion 

channels.[105] 

These degradation processes are generally more pronounced in layered Mn-based 

oxides, but several reports also indicate the occurrence of ion migration and surface 

reconstruction in Ni-rich systems.[48,116,117] 

 

III. Interfacial Stability 

The interfacial stability of O3-type CAMs is a critical factor governing their structural 

reversibility, particularly in terms of both air|cathode and electrolyte|cathode interfaces. 

This section first focuses on the stability of the air|cathode interface.  

 

Figure 10. A schematic representation of the various degradation mechanisms 

affecting layered oxide cathodes, including air sensitivity, interfacial instability, and 

structural irreversibility.[102] 

Due to the sensitivity of SIB cathodes to ambient moisture and CO2, these materials 

must be handled and stored under dry or vacuum conditions.[118,119] For O3-type 

NaxTMO2 materials, several degradation mechanisms have been proposed upon 

exposure to humid air.[120,121] One of the primary processes involves the spontaneous 
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extraction of Na+ ions from the layered structure, which can occur either via redox 

reactions between the particles and water or through a Na+/H+ exchange 

mechanism.[122,123] Ultimately, this leads to the formation of protonated phases. The 

hydrolysis reaction can be represented as shown in Equation 1.[120] The resulting 

NaOH can further react with atmospheric CO2 to produce a residual layer of carbonate 

species, such as Na2CO3 and NaHCO3, which are detrimental to surface stability.[120] 

These reactions are typically accompanied by TM (Ni or Mn) dissolution at the surface, 

facilitating the formation of a dense rock-salt phase that impedes sodium transport.[111] 

Additionally, the basicity of Na2CO3 and NaHCO3 can trigger the defluorination of the 

PVDF binder, thus leading to particle agglomeration and gelation of the electrode 

slurry.[124,125] Moreover, carbonate species formed on the surface may undergo 

chemical decomposition or electrochemical oxidation during cycling (Equations 2 and 

3).[126] The latter process generates reactive oxygen, which readily attacks the 

electrolyte, causing further gas evolution and significantly compromising the cycling 

performance and stability of battery.[127] 

NaTMO2 + H2O → Na1–xHxTMO2 + NaOH[120,122] (1) 

Na2CO3 + 2H+ → 2Na+ + H2O + CO2
[128] (2) 

2Na2CO3 → 4Na+ + 4e− + 2CO2 + O2
[126] (3) 

NaPF6 + H2O → NaF + 2HF + POF3
[128]       (4) 

H+ + PF6
− → HF + PF5

[129]     (5) 

Na2CO3 + 2HF → 2NaF + H2O + CO2
[129] (6) 

The stability of the electrolyte|cathode interface remains a critical issue in SIBs. This 

includes not only TM dissolution and surface reconstruction, as previously discussed 

in relation to JT distortion, but also electrolyte decomposition and gassing.[130–132] While 

the outgassing behavior of cathodes has been extensively studied in LIBs, the 

corresponding mechanisms in SIBs are still underexplored. Nevertheless, due to the 

similarities between LIBs and SIBs, gas evolution observed in LIB systems is often 

used as a reference for SIBs.[128,133] 

At the cathode side, the predominant gaseous species are CO2 and O2.[40,126,134] 

Oxygen release is typically attributed to the irreversible loss of lattice oxygen. Given its 

high reactivity, this released oxygen tends to oxidize the electrolyte directly, producing 

CO2 as a gaseous byproduct.[126,135–137] Carbon dioxide, however, can also originate 

from other sources, including decomposition of residual carbonates present on the 

particle surface (Equations 2 and 3) and electrochemical oxidation of the electrolyte 

at high potentials.[126,138] 

The irreversible lattice oxygen loss frequently results in the formation of an oxygen-

deficient surface layer, which promotes TM dissolution and phase transformation.[111] 

These effects are closely linked to the structural instability described earlier in the 
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context of JT distortion. In addition, when NaPF6 is used as the conducting salt, it can 

decompose to form hydrofluoric acid (HF), as shown in Equations 4 and 5. HF not 

only accelerates the decomposition of carbonate species (Equation 6), but also 

enhances the dissolution of transition metals, further degrading the electrolyte|cathode 

interface.[139] 

Improving interfacial stability therefore requires not only structural and surface 

optimization of CAMs, but also careful design of stable electrolyte formulations. This 

integrated approach is essential to suppress parasitic reactions, minimize degradation, 

and enhance the long-term performance of SIBs. 
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2.3. Synthesis Parameters of Solid-State Reaction and Resulting Properties  

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

layered oxides, owing to its simplicity and suitability for large-scale industrial 

production.[140] The successful formation of layered structures is often dependent on 

specific synthesis parameters used during the solid-state process, such as calcination 

temperature, Na/TM ratio, cooling process, and atmosphere. These parameters not 

only determine whether the desired phase can be obtained, but also significantly 

influence critical material properties, including particle size, purity, and crystallinity, all 

of which directly affect the electrochemical performance of the final product. Therefore, 

this section will provide a detailed discussion of each synthesis parameter and its 

potential impact on structure and properties of the resulting materials. 

 

2.3.1. Calcination Temperature  

 

Figure 11. Phase evolution of NaxMnO2 during calcination.[141] 

The calcination temperature is one of the most critical parameters in solid-state 

synthesis, not only for LIBs, but also for SIBs. In the case of LIBs, for the layered Li-

rich oxide CAM, Li1.2Mn0.56Ni0.16Co0.08O2, it was found that increasing the calcination 

temperature from 850 to 900 °C, while maintaining the same crystal structure (S.G. 

R−3m), significantly increases both grain size and crystallinity. Moreover, the sample 

calcined at 900 °C exhibited superior cycling stability, whereas  the material treated at 

850 °C delivered higher reversible capacities.[142] These findings indicate that the 

calcination temperature not only influences the particle size and crystallinity of the 

material, but also has distinct effects on the electrochemical properties. 

For SIBs, in addition to the phenomena observed in LIBs, the calcination temperature 

can also lead to the formation of different crystal structures from the same chemical 

composition. For instance, the P-type Na-deficient oxide NaxMn0.5Co0.5O2 was 

synthesized at 650, 800, and 900 °C. The results revealed that pure P3 and P2 phases 

can be obtained at 650 and 900 °C, respectively, while a mixed phase was formed at 

800 °C. Electrochemical testing demonstrated that the P2-type sample exhibits the 

best overall performance, while the mixed-phase material showed the highest Na+ 

diffusion coefficient.[143] 

A similar phenomenon was observed for the synthesis of NaxMnO2. As shown in 

Figure 11, distinct phases such as P3, P'3, O'3, and Na3MnO4 can be identified at 

different temperatures.[141] It is worth noting that the O'3 phase represents the low-

temperature α-phase, while the high-temperature β-phase is typically obtained at 
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synthesis temperatures above 900 °C (see section 2.2.3.)[51] In terms of 

electrochemical performance, the α-phase exhibits better reversibility in the sodium 

insertion/extraction reactions compared to the β-phase.[50] As a result, most studies 

have focused on the α-phase of NaMnO2 (O'3-type). 

It should be noted that for most layered materials, lower reaction temperatures are 

insufficient to produce well-defined layered structures or the desired phase, whereas 

excessively high temperatures can lead to thermal decomposition of the material. In 

addition, elevated temperatures may also promote grain growth or sintering, which can 

increase the diffusion path length for charge transport and consequently deteriorate 

the rate capability. 

Therefore, calcination temperature is a critical parameter that fundamentally affects 

the phase composition, microstructural characteristics, and electrochemical behavior 

of layered oxide CAMs. Hence, systematic tailoring of this parameter is indispensable 

for the rational design and development of high-performance SIB electrode materials. 

In section 3.1., a systematic study on the optimization of calcination temperature is 

presented. 

 

2.3.2. Cooling Process  

Although the calcination temperature is pivotal in establishing well-ordered layered 

structures, the subsequent cooling process can also play a critical role in preserving 

the structural integrity of the synthesized material. A well-documented example 

involves the orthorhombic P'2-Na2/3MnO2 and its P2 counterpart. The P'2 phase is 

typically obtained via rapid quenching, whereas a slower cooling process favors the 

formation of the P2 phase. However, neither method yields a single-phase 

material.[144–146] To address this challenge, the synthesis route was systematically 

optimized, demonstrating that a pure P2 phase can be obtained from a well-defined 

P'2 phase. Notably, the P'2 phase, which exhibits JT distortion, has been shown to 

provide superior electrochemical performance.[56] These results indicate that the 

cooling rate not only determines the resulting crystal structure, but also impacts the 

electrochemical properties of the material. 

Furthermore, the cooling rate also plays a decisive role in the defect chemistry of 

layered Mn-based oxides. Slow or uncontrolled cooling often induces the formation of 

manganese vacancies, which may facilitate the oxidation of Mn3+ to Mn4+, thereby 

decreasing the number of redox-active centers and adversely affecting the reversible 

capacity.[51] Liu et al. conducted a comparative study involving three different cooling 

strategies, namely natural cooling, air quenching, and liquid nitrogen quenching, and 

concluded that liquid nitrogen quenching is most effective in suppressing vacancy 

formation, thus leading to superior electrochemical performance.[147] 

In addition to its effects on crystal structure and cation vacancy concentration, the 

cooling rate may also introduce internal lattice strain. For example, in the 

NaNi0.4Mn0.4Co0.2O2 system, residual strain introduced during the quenching process 
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facilitated the formation of electrochemically inactive rock-salt NiO phases, 

compromising the cycling stability of the material. Notably, this degradation mechanism 

was independent of the electrochemical window, but could be accelerated at elevated 

temperatures and high current densities.[148] 

Beyond the influence of cooling rate, the atmosphere during cooling also affects the 

synthesis of layered oxides. In the case of O'3-type NMO, cooling can be carried out 

in air or under an inert gas (e.g., argon). While rapid quenching is required in air, slow 

cooling is sufficient in an inert atmosphere. However, both approaches aim at 

preventing the further oxidation of Mn3+ to Mn4+, thereby suppressing the formation of 

the P2 phase.[94] 

Taken together, these findings underscore the critical role of the cooling process in the 

synthesis of high-performance layered oxide CAMs. A comprehensive understanding 

and tailoring of cooling protocols are therefore essential for advancing the structural 

design and practical application of SIB electrode materials. In section 3.1., a detailed 

study on the optimization of cooling rate is presented. 

 

2.3.3. Na/TM Ratio 

Precise control over the Na/TM ratio is crucial for determining the final phase 

composition of layered oxide cathode materials. This effect is especially pronounced 

in SIB CAMs, where variations in sodium content can selectively promote the formation 

of P2- or O3-type phases.[149] When the Na/TM ratio is below 2/3, prismatic 

coordination becomes more thermodynamically favorable. Within this context, 

prismatic sites can be further categorized into face-sharing and edge-sharing types. 

Owing to the higher electrostatic repulsion associated with face-sharing sites, Na+ ions 

preferentially occupy edge-sharing prismatic positions. However, when the Na/TM ratio 

exceeds 2/3, octahedral coordination becomes unavoidable, thereby favoring the 

formation of the O3-type phase.[51,56,145] Hence, tailoring the Na/TM ratio can enable 

precise control over phase selection.  

In addition to its influence on phase selection, the Na/TM ratio exerts a direct impact 

on the electrochemical properties of the material. For example, synthesizing O3-type 

materials with a Na/TM ratio below 1 can introduce sodium vacancies in a controlled 

manner, which can facilitate sodium diffusion and thus improve rate capability.[150] 

Furthermore, during solid-state synthesis, it is common practice to introduce an excess 

of sodium precursor in order to compensate for sodium loss at elevated temperatures, 

thereby ensuring the desired final stoichiometry and phase purity.[96] 

 

2.3.4. Calcination Atmosphere and Precursor Selection  

The selection of calcination atmosphere is closely related to the chemical nature of the 

target material and the oxidation behavior of the transition metals involved. For layered 

Ni-rich oxides, such as LNO and NNO, NiO or Ni(OH)2 is typically used as the TM 
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precursor.[12,13,47] In these cases, an oxygen-rich environment (e.g., pure O2) is 

required to ensure complete oxidation of Ni2+ to Ni3+ during calcination, which is critical 

for obtaining a well-defined structure.[48,54] In contrast, for Mn-rich compositions, air is 

often sufficient as the reaction atmosphere, as it provides a moderate oxidizing 

environment that prevents the over-oxidation of Mn3+ to Mn4+, thereby minimizing the 

formation of undesirable impurity phases.[59,65,92] In particular, during the synthesis of 

O'3-type NMO, the precursor and reaction atmosphere must be chosen carefully  

When Mn2O3 is used as the starting material, employing an inert gas atmosphere, such 

as argon, can effectively prevent the oxidation of Mn3+ to Mn4+.[94] This approach may 

help to preserve the desired oxidation state and phase composition without the need 

for additional quenching steps, thereby simplifying the synthesis process. Hence, 

selecting an appropriate atmosphere based on the oxidation state of precursor is 

essential for obtaining phase-pure layered Mn-based oxides with stable 

electrochemical properties.  

In addition to the reaction atmosphere, precursor homogeneity also plays a vital role 

in determining the quality and electrochemical performance of the final material. In 

conventional solid-state synthesis, nano- or micron-sized precursors are typically 

mixed mechanically, which often results in uneven elemental distribution and ill-defined 

particle morphology. To overcome these limitations, co-precipitation has been widely 

adopted as an alternative synthesis route. This technique enables atomic-level mixing 

of multiple cations and yields precursors of uniform (secondary particle) morphology, 

low surface area, and reduced internal porosity.[151,152] Such characteristics are highly 

beneficial for improving the tap density of the final CAMs.[153,154] Moreover, the 

scalability, operational simplicity, and tunable particle morphology make co-

precipitation particularly attractive for large-scale production of battery materials.[154,155] 

Accordingly, in this doctoral research, Ni(OH)2 and Mn3O4 precursors synthesized via 

co-precipitation were employed for the preparation of layered Ni-rich and Mn-rich oxide 

cathodes, respectively, ensuring both compositional uniformity and structural stability 

in the final products. 
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2.4. Chemical Modification of NaNiO2 and NaMnO2 

As discussed in section 2.2, both NNO and NMO suffer from several degradation 

mechanisms, including irreversible phase transitions, JT distortion, and interfacial 

instability. To address these challenges, one of the most widely adopted strategies is 

cation substitution, which can be implemented at either the alkali metal or TM sites. In 

particular, issues related to interfacial degradation can be further alleviated by 

optimizing the electrolyte composition and applying surface coatings to improve 

chemical and electrochemical stability. 

Since Ni- and Mn-based CAMs respond differently to TM substitution in terms of 

structure and performance, the following sections will examine each system separately 

to provide a clearer analysis of their behavior and optimization strategies. 

 

2.4.1. Substitution on the Ni-Site of NaNiO2 

Owing to the relatively large ionic radius of Na+, the Ni site in NNO can accommodate 

a variety of TM or alkali metal substitutions. Although NNO exhibits two polymorphs, 

only one is thermodynamically stable at room temperature. Therefore, when 

synthesizing substituted NNO, a sodium content in the range of 0.8 to 1 typically leads 

to the formation of either an O3 or O'3 structure. 

Among various substitution strategies, Fe3+ has been considered one of the most 

promising candidates to replace Ni3+, due to its lack of JT distortion, low cost, 

environmental friendliness, and non-toxicity.[149] When a small amount of Fe3+ is 

introduced, the cycling stability of NNO can be moderately improved. This 

enhancement is attributed to two key factors. First, the substitution of Ni3+ with Fe3+ 

alleviates the lattice distortion induced by JT-active Ni3+, thereby stabilizing the O3 

phase over O'3 and reducing structural complexity during cycling. Second, since both 

Fe3+ and Ni3+ participate in redox reactions, with the Ni3+/4+ redox couple playing a 

dominant role, the JT distortion induced by a small amount of Fe4+ is effectively 

suppressed, thereby mitigating the risk of irreversible iron migration. However, the 

average operating voltage decreases to about 2.7 V, and the relatively low reversible 

capacity (~60 % of the theoretical specific capacity) remains a major limitation for 

practical applications.[156–158] Increasing the iron substitution level further is also not 

ideal, as it tends to promote Fe4+ migration at high potential (above 3.9 V vs. Na+/Na), 

leading to more severe structural degradation.[149] 

Although Co-rich materials are generally avoided in SIB research due to their high cost 

and environmental concerns, partial cobalt substitution has been commonly employed 

in LIB systems to enhance structural and electrochemical stability.[121,140,159] In layered 

Ni-based sodium oxides, introducing a moderate fraction of cobalt (e.g., ~0.5 molar 

ratio) can similarly stabilize the O3-type structure by suppressing JT distortion. 

Nevertheless, these materials still exhibit complex phase transitions during cycling, 

which are likely driven by sodium-vacancy ordering rather than lattice distortion. As a 
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result, the use of cobalt as a substituent/dopant in SIB cathodes is generally not 

favored, given its limited benefits and sustainability drawbacks.[149,158] 

The incorporation of d0 metal ions, such as Ti4+, has also emerged as a widely used 

strategy to substitute TMs in layered oxides.[72,73] Owing to its redox-inactive nature, 

Ti4+ primarily acts as a structural stabilizer rather than an electrochemically active 

species.[70] Specifically, it can suppress the JT distortion associated with Ni3+, thereby 

reducing interlayer gliding and enhancing reversibility of phase transitions.[71] Notably, 

although titanium is generally considered inert during cycling, XANES studies 

comparing the fully charged and discharged states often reveal no shift in the first 

derivative of the absorption edge (indicating no change in oxidation state), yet subtle 

differences near the white line may be observed. These discrepancies are typically 

attributed to pseudo JT distortions.[71] Recent studies suggest that while Ti4+ does not 

undergo redox reactions itself, it can facilitate local charge redistribution by interacting 

with neighboring electrochemically active species. This interaction alters the local 

structural environment and can lead to pseudo JT effects.[160] In addition, Ti4+ has been 

reported to promote oxygen redox, thus contributing to increased capacity, although 

the reversibility of this contribution remains under investigation.[160] For example, one 

study has demonstrated that substituting 50 mol.% of nickel in NNO with Ti4+ 

significantly reduces the complexity of phase transitions by stabilizing the Ni2+ oxidation 

state. However, the resulting reversible capacity reached only half of the theoretical 

value, indicating that further optimization is necessary.[26,69–71]  

It is worth emphasizing that most research on layered Ni-rich oxide CAMs involves the 

synergistic effect of multiple dopants. In addition to iron, cobalt, and titanium, elements 

such as aluminum, copper, and zirconium have also been explored.[161–164] Notably, 

aluminum and copper have been reported to not only modulate phase transition 

behavior, but also enhance air stability of the materials. Nevertheless, a common 

limitation persists: many of these studies achieve enhanced cycling stability at the cost 

of reduced reversible capacity, ultimately failing to fully exploit the intrinsic energy 

density of Ni-based materials. 

The central objective of this doctoral research was therefore to develop high-capacity 

O3-type CAMs by employing TM substitution strategies while maintaining a high nickel 

content and maximizing reversible capacity, enabling both structural stability and 

superior electrochemical performance. 

 

2.4.2. Substitution on the Mn-Site of NaMnO2 

At present, research on O3-type Mn-rich CAMs remains limited, with the majority of 

studies focusing on P2-type compounds.[63,165] This trend is not only due to the 

generally superior rate performance of P2-type materials, but more importantly due to 

the significant synthetic challenges associated with stabilizing the O3 phase. Two 

primary obstacles have been identified in this regard.[49,50] The first challenge arises 

from the phase purity of NMO upon partial substitution. Even when stoichiometric 
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amounts of sodium (Na/TM = 1) are employed during synthesis, the incorporation of 

small fractions of aliovalent or isovalent substituents/dopants often leads to the 

formation of P2-phase impurities.[57,63] The second difficulty relates to polymorphism. 

As discussed in section 2.2.3., NMO exists in two polymorphic forms at room 

temperature. Upon substituting even ~10 mol.% of manganese, the resulting material 

tends to form a mixture of these polymorphs, thereby complicating structural control 

and reproducibility.[49] 

 

Figure 12. Cationic potential of representative P2- and O3-type layered oxides.[166] 

To rationalize the structural outcomes of substitution, the concept of cationic potential 

(Equation 7) has been proposed. ΦTM refers to the weighted average of the ionic 

potential (defined as the ratio of oxidation state to ionic radius, ΦTM =  ∑
𝑤𝑛

𝑟
) of all 

transition metals occupying the TM site. Note that w denotes the molar fraction of each 

TM with charge n and ionic radius r. ΦNa refers to the weighted average ionic potential 

of sodium, which is defined accordingly. Charge neutrality in the NaxTMO2 composition 

requires that the total oxidation state of the cation species balances the negative 

charge from the oxygen ions  ∑ 𝑤𝑛 = 4 − 𝑥 , meaning that the sum of all cationic 

charges must equal 4, where x denotes the sodium content.[166] The value of ΦNa is 

calculated to be 9.8 when x = 1. According to the empirical boundary described in 

Figure 12, an O3-type structure is thermodynamically favored when Φcation is less 

than 20.2. This model has been shown to correctly predict the structure of a wide range 

of reported O3- and P2-type CAMs. 

Φcation =  
ΦTM ΦNa

Φo
 (7) 

However, several deviations from this model have been observed. For instance, 

NaMn0.9Cu0.1O2 has a calculated Φcation of 16.29, which falls within the predicted O3 

stability range. Nevertheless, experimental results show that it is nearly impossible to 

synthesize a O3 structure for this composition.[167,168] A similar issue is found in the 

NaNixMn1−xO2 system. Although adequate sodium source (Na/TM ≈ 1) is used, P2-type 
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phases still dominate the structure when the nickel content is below 33 %.[165] These 

findings indicate that while the cationic potential model can offer useful predictions, it 

does not universally capture the complex phase behavior of substituted Mn-based 

systems. 

Despite these limitations, several compositions have been successfully stabilized in 

the O3 phase and demonstrate promising cycling performance. For instance, 

NaNi0.5Mn0.5O2 forms a non-distorted O3 structure and delivers a reversible specific 

capacity approaching 200 mAh/g.[72,73,96,169,170] This compound has therefore attracted 

considerable research attention. Similarly, in the NaFeₓMn1−xO2 system, although high 

manganese contents generally destabilize the O3 framework, compositions such as 

Na0.8Fe0.5Mn0.5O2 have been reported to adopt an O3-type structure and deliver 

specific capacities of up to 180 mAh/g.[150] Based on the combination of the above two 

types of materials, NaNi1/3Fe1/3Mn1/3O2 has been developed, which can deliver a 

specific capacity of 136 mAh/g within a voltage window of 2.0-4.0 V vs. Na+/Na. 

Subsequently, various optimization strategies for this material have been proposed, 

including the adjustment of cut-off voltage and substitution with Li+ or Ca2+ ions.[1,111] 

These findings highlight the possibility of obtaining high-performance O3-type Mn-rich 

CAMs through careful compositional design. 

A further obstacle in the synthesis of O3-type Mn-rich cathodes is the stabilization of 

the α-polymorph of NMO. In a comprehensive study involving the substitution of 

manganese with 10 mol.% of twelve different elements (Mg, Al, Sc, Ti, V, Cr, Mn, Fe, 

Co, Ni, Cu, and Zn), both DFT calculations and experimental results indicated that only 

Ti4+ effectively stabilizes the α-phase. All other dopants tended to induce the formation 

of P2 or β-type impurity phases.[49] Nevertheless, detailed investigations into (O3-type) 

Ti4+-stabilized Mn-rich systems remain limited, and further studies are necessary to 

understand the underlying stabilization mechanisms. 

In view of these considerations, the present research aimed to develop Mn-rich layered 

CAMs by introducing Ti4+ as a stabilizing substituent. This approach was designed to 

preserve high manganese content while suppressing the JT distortion associated with 

Mn3+, thereby improving both structural stability and electrochemical reversibility. More 

details about this strategy and the experimental implementation are provided in section 

3.3. 

 

2.4.3. Substitution on the Na-Site 

While TM-site substitution has been shown to improve the performance of layered 

oxide cathodes by mitigating JT distortion and mitigating phase transitions, this 

strategy alone is often insufficient, particularly at high states of charge (SOC). At high 

SOC, substantial sodium extraction from the NaO2 layers can lead to slab gliding and 

collapse of the interlayer spacing, resulting in significant volume variations and 

structural degradation. 
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To address these issues, substitution at the sodium site has become a common 

approach to enhance the electrochemical performance of layered oxide cathodes in 

SIBs. Among the most studied substituents, often referred to as "pillaring ions," are K+, 

Mg2+, and Ca2+.[53,171–176] Despite considerable differences in ionic radii compared to 

Na+ (K+: 1.38 Å, Mg2+: 0.72 Å, Ca2+: 1.00 Å vs. Na+: 1.02 Å), all three species have 

been successfully incorporated into the sodium site within layered structures. More 

importantly, these pillaring ions have demonstrated beneficial effects across various 

types of CAMs, including P2-, O3-, and P3-type materials. Their presence can prevent 

the collapse of the NaO2 interlayer by reducing the extent of interlayer gliding, suppress 

the formation of irreversible sodium-deficient phases, and enhance sodium diffusion 

by increasing the interslab distance. Collectively, these effects contribute to improved 

cyclability and rate performance.[171–175] 

Among them, Mg2+ is particularly notable for its dual occupancy at both the TM- and 

Na-sites. This results in the formation of structural motifs such as Na–O–Mg and Mg–

O–Mg, which introduce localized O 2p states. These states can interact with the TM–

O orbitals and facilitate reversible oxygen redox, thereby enhancing capacity and 

stability.[172,175] Ca2+, in addition to offering similar structural benefits, has also been 

reported to improve air stability. In studies on NaNi0.33Mn0.33Fe0.33O2 and 

NaNi0.5Mn0.5O2, the introduction of Ca2+ was found to effectively suppress Na+/H+ 

exchange (as described in Equation 1), reducing sodium loss and preventing 

subsequent TM dissolution and surface reconstruction.[9,34,36] Furthermore, DFT 

calculations suggest that Ca2+ promotes the expansion of O 2p and Ni 3d orbitals 

toward lower energy levels, which ultimately stabilizes the electronic states of oxygen 

coordinated with calcium. This stabilization facilitates oxygen redox reactions, thus 

helping to preserve the structural integrity of the cathode during cycling.[36,177] 

Taken together, substitution at both the TM and sodium sites can provide a synergistic 

framework for tailoring structural stability, phase evolution, and electrochemical 

reversibility of layered oxide CAMs. This integrated approach is therefore critical for 

the rational design of structurally stable Ni- and Mn-rich cathode materials and plays a 

vital role in enabling the development of high-energy-density and long-cycle-life SIBs. 

 

2.4.4. Interfacial Stability Optimization 

As discussed in section 2.2.5., interfacial stability issues in layered oxide CAMs 

primarily involve two distinct interfaces, namely the air|cathode and electrolyte|cathode 

interfaces. The first case, air sensitivity, has been addressed in sections 2.4.1. and 

2.4.2., where it was demonstrated that partial substitution with elements such as 

copper, aluminum, or calcium can significantly improve air stability. These dopants 

suppress moisture-induced Na+/H+ exchange and reduce the formation of surface 

carbonate species, thereby preserving the structural and chemical integrity of the 

cathode upon exposure to ambient atmosphere.[102,123] 
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In contrast, improving the stability of the electrolyte|cathode interface typically requires 

alternative strategies, including electrolyte formulation, morphological optimization, 

and the application of protective coatings. For instance, fluorine-rich electrolytes can 

induce the formation of robust cathode-electrolyte interphases (CEIs) composed of 

metal fluorides. These CEI layers effectively passivate the electrode surface, 

suppressing further electrolyte decomposition during cycling and improving long-term 

stability.[178,179] 

Morphology also plays a crucial role in interfacial reactivity. In LIBs, it has been shown 

that polycrystalline particles, due to their higher specific surface area and susceptibility 

to cracking, tend to undergo more extensive side reactions with the electrolyte 

compared to single-crystalline counterparts, resulting in increased gas evolution and 

interfacial degradation.[15] This insight suggests that, in SIBs, the development of 

single-crystal morphologies, without compromising electrochemical performance, may 

offer a promising route to enhance interfacial robustness and prolong cycle life. 

Surface coatings have attracted significant attention as a direct method to modify the 

electrolyte|electrode interface. Commonly studied coatings include Al2O3, MgO, ZnO, 

and ZrO2.[180–184] Among them, Al2O3 has been widely recognized for its dual 

functionality. It acts as an acid scavenger, preventing the chemical degradation of 

residual sodium carbonate induced by acidic electrolyte components.[134] In addition, 

Al2O3 provides mechanical reinforcement that helps maintain the integrity of the 

layered structure and mitigates particle detachment during cycling.[180] Similarly, 

ionically conductive NaPO3 surface coatings have demonstrated the ability to 

scavenge HF and H2O from the electrolyte, thereby suppressing parasitic reactions 

and improving cycling stability.[185] The use of MgO coatings is particularly interesting, 

as Mg2+ can simultaneously diffuse into the bulk material, enabling doping that further 

enhances structural and electrochemical stability.[181] 

Aside from these strategies, attention must also be paid to surface carbonate species 

that form during synthesis. Excess Na2CO3 on the surface can decompose during the 

initial charge, releasing large amounts of CO2 and potentially triggering singlet oxygen 

evolution. Such reactive intermediates may initiate further oxidation of the electrolyte, 

thereby accelerating interfacial degradation.[126,127,129] As such, careful control of 

sodium precursor content and processing conditions is essential to minimize carbonate 

formation and maintain interfacial integrity. 
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3. Results  

3.1. Publication I: Improving Cycling Performance of the NaNiO2 Cathode in 

Sodium-Ion Batteries by Titanium Substitution 

Publication I demonstrated the enhancement of electrochemical performance in the 

prototype material NNO through partial substitution of Ni3+ with redox-inactive Ti4+. To 

achieve the optimal effect of Ti4+ incorporation, a systematic tailoring of the solid-state 

synthesis parameters was conducted, including calcination temperature, cooling rate, 

oxygen flow rate, as well as the Na/TM and Ti/Ni molar ratios. As a result, the optimized 

composition of NNTO was successfully synthesized. Compared to pristine NNO, 

NNTO exhibited a significantly improved reversible specific capacity, increasing from 

about 120 to 190 mAh/g, along with an increase in average operating voltage by 

approximately 0.2 V. However, NNTO still exhibits limitations in long-term cycling 

stability and rate capability. The degradation mechanisms were systematically 

investigated using a combination of XRD, electrochemistry, microscopy, XANES, AE, 

and DEMS. 

 

Figure 13. Table of contents graphic of publication I. Adapted from reference [12]. 

The experiments were designed by the first author under the supervision of A. 

Kondrakov, J. Janek, and T. Brezesinski. The first author planned and optimized the 

synthesis of NNTO, conducted XRD, electrochemical tests, DEMS, and performed the 

data analysis. L. Karger and S.L. Dreyer carried out in situ (operando) XRD and AE 

measurements, respectively, and analyzed the data together with the first author. SEM 

imaging was performed by E. Barbosa and R. Zhang, with data analysis by the first 

author. XANES measurements were conducted by Y. Hu and M. Fichtner and analyzed 

by the first author and J. Lin. TEM and ICP-OES measurements were performed by P. 

Müller and T. Bergfeldt, respectively, with TEM data analysis by both the first author 
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and P. Müller. The manuscript was written by the first author and edited by all co-

authors. 

Reprinted with permission from S. An, L. Karger, S.L. Dreyer, Y. Hu, E. Barbosa, R. Zhang, J. Lin, M. Fichtner, A. Kondrakov, J. Janek, T. Brezesinski, Mater. Futures 
2024, 3, 035103. Copyright © 2024 The Author(s). Published by IOP Publishing Ltd on behalf of the Songshan Lake Materials Laboratory. 
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3.2. Publication II: Exploring Calcium Pillaring of O3-Type NaNi0.9Ti0.1O2 

Cathodes to Advance Na-Ion Battery Technology 

Publication II, as a follow-up to publication I (see section 3.1.), explores the 

enhancement of NNTO performance through partial substitution of Na+ with Ca2+ as a 

pillaring ion. Ten different Ca2+ concentrations were systematically investigated, and 

the resulting materials were characterized by XRD and electrochemical measurements. 

Among these, the composition with 2.5 mol.% Ca2+ exhibited the largest interslab 

distance, along with the best capacity retention and rate capability. Subsequent in situ 

XRD, post-mortem SEM, and AE measurements confirmed that calcium incorporation 

effectively mitigates electro-chemo-mechanical degradation. Hard and soft XAS 

revealed more reversible Ni2+/Ni3+/Ni4+ redox processes in CaNNTO, while DEMS 

demonstrated that Ca2+ substitution suppresses lattice oxygen loss, thereby 

contributing to the stabilization of the cathode|electrolyte interface. 

 

Figure 14. Table of contents graphic of publication II. Adapted from reference [10]. 

The experiments were planned and designed by the first author under the supervision 

of A. Kondrakov, J. Janek, and T. Brezesinski. All sample preparation, XRD, 

electrochemical measurements, and DEMS testing were carried out by the first author. 

TEM measurements were performed by P. Müller and analyzed in collaboration with 

the first author. Laboratory in situ XRD was conducted by L. Karger, and the data were 

analyzed by the first author. AE measurements were carried out by S.L. Dreyer and 

jointly analyzed with the first author. SEM imaging was performed by F. Ulusoy and R. 

Zhang, with data analysis completed by the first author. Synchrotron in situ XRD was 

conducted by both the first author and J. Lin at beamline P02.1, DESY, with support 

from V. Baran (data analysis was performed by the first author). Hard XAS was carried 

out by the first author and J. Lin at ID26, ESRF, with assistance from S. Vasala. Soft 

XAS was conducted by J. Lin at ID32, ESRF, with support from K. Kummer. The 

resulting data were analyzed by the first author. The manuscript was written by the first 

author and revised by all co-authors. 

Reprinted with permission from S. An, L. Karger, P. Müller, J. Lin, S. Vasala, V. Baran, S.L. Dreyer, R. Zhang, F. Ulusoy, A. Kondrakov, J. Janek, T. Brezesinski, Chem. 
Eng. J. 2025, 509, 160939. Copyright © 2025 The Authors. Published by Elsevier B.V. 
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3.3. Publication III: Titanium Substitution to Advance the Prospect of NaMnO2 

Cathodes for Practical Application in Sodium-Ion Batteries 

Publication III reports, for the first time, the successful synthesis of NMO using 

precipitated Mn3O4 as the manganese precursor. By introducing varying fractions of 

Ti4+ to partially substitute manganese, a series of Mn-rich layered O'3-type CAMs were 

obtained. Among them, NaMn0.9Ti0.1O2 (NMTO) was identified as the optimal 

composition. The incorporation of Ti4+ not only stabilized the α-phase of NMO, but also 

effectively suppressed the formation of undesirable P2-type secondary phases. XRD 

and electrochemical analyses revealed that Ti4+ substitution also mitigates the JT 

distortion from Mn3+, thereby enhancing cycling stability and improving capacity 

retention. SEM imaging indicated a significant morphology transformation upon Ti4+ 

incorporation, shifting from polycrystalline to quasi-single-crystalline particles. Post-

mortem SEM further confirmed that this morphology contributes to improved chemo-

mechanical stability during cycling. In situ XRD demonstrated that NMTO effectively 

suppresses the formation of the O1 phase, thereby maintaining structural integrity and 

reducing degradation caused by interlayer collapse and volume changes. Notably, this 

work also presented the first comparative investigation of gas evolution in NMO and 

NMTO. DEMS revealed that Ti4+ incorporation helps effectively reduce irreversible 

lattice oxygen loss, contributing to enhanced interfacial and structural stability. 

 

Figure 15. Table of contents graphic of publication III. 

The experimental work was conceived and designed by the first author under the 

supervision of A. Kondrakov, J. Janek, and T. Brezesinski. The first author carried out 

all sample preparation, XRD characterization, electrochemical testing, and DEMS 

measurements, as well as the corresponding data analyses. SEM imaging was 

performed by F. Ulusoy and R. Zhang, with data interpretation by the first author. TEM 

measurements were conducted by R. Sahu and C. Kübel, and the data were jointly 

analyzed by the first author and R. Sahu. XANES experiments were carried out by the 

first author, J. Lin, and Y. Hu at beamline ID26, ESRF, with support from S. Vasala. 

The resulting data were processed by the first author. In situ XRD was performed by 

the first author and J. Lin at beamline P02.1, DESY, with support from V. Baran. Data 

analysis was completed by the first author. The manuscript was written by the first 

author and revised with input from all co-authors. 
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4. Conclusions and Outlook 

Ni- and Mn-rich O3-type layered oxides are considered promising next-generation 

energy-storage materials due to their high theoretical specific capacities. However, the 

prototype materials, NNO and NMO, exhibit unsatisfactory electrochemical 

performance. In the case of NNO, multiple degradation mechanisms contribute to this 

issue. First, the presence of the JT effect and the extraction of large-sized Na+ ions 

can together lead to complex phase transitions. Additionally, at high potentials (>4.0 V 

vs. Na+/Na), interlayer gliding and structural distortions prevent the fully discharged 

NNO from reverting to its original (pristine) phase. Furthermore, nickel migration and 

extensive side reactions with the electrolyte are also major contributors to its poor 

performance. For NMO, the situation is even more complex. NMO undergoes up to 

eight distinct phase transitions and suffers from severe manganese migration at high 

potentials (>3.8 V vs. Na+/Na), resulting in irreversible structural changes. Notably, the 

latter is accompanied by lattice oxygen loss and manganese dissolution, leading to 

structural instability and decreasing crystallinity. Moreover, the migrated ions may 

occupy octahedral sites in the NaO2 layers, further impeding sodium transport. 

For Ni-based materials, the aforementioned issues have been extensively investigated. 

Although several studies have successfully improved the structural stability upon 

cycling, the reversible capacity remains relatively low. This limitation hinders further 

development and practical application of these materials. In contrast, research on Mn-

based materials has largely focused on P2-type structures, as they exhibit higher ionic 

conductivities and are more favorable for synthesizing Mn-rich compositions. Mn-rich 

O3-type materials, however, have received less attention due to synthetic difficulties, 

often accompanied by the formation of P2- and β-phases, as well as their more 

complex phase-transition behavior. To address these challenges, this study presents 

practical and effective optimization strategies for both NNO and NMO cathodes. 

The objective of publication I was to enhance the reversible capacity of NNO through 

TM-site substitution. Electrochemically inactive Ti4+ was introduced to partially replace 

Ni3+, aiming at suppressing JT distortion. To ensure effective incorporation of Ti4+ into 

the NNO lattice, the focus was first placed on optimizing the solid-state synthesis 

conditions, including calcination temperature, cooling rate, and oxygen flow rate. 

As the most critical parameter for the synthesis of layered materials, the temperature 

was first thoroughly investigated. To explore the phase evolution of precursors during 

heating, temperature-dependent in situ XRD was employed. The results showed that 

the target phase can be obtained within the range of (630-870) °C. Lower temperatures 

(<630 °C) can led to incomplete reactions and poor crystallinity, whereas higher 

temperatures (>870 °C) cause decomposition of the target phase. Further studies on 

the cooling rate revealed that quenching introduces native strain, which in turn 

negatively affects performance. The material also exhibited high sensitivity to the 

oxygen flow rate. Insufficient oxygen flow often leads to incomplete oxidation of Ni2+ in 

the precursor, resulting in lower product purity. Furthermore, either a Na/TM ratio 

above 1 or reduced oxygen flow may also promote the formation of larger primary 
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particles. In addition to optimizing the calcination conditions, both the Na/TM and Ni/Ti 

ratios were also tailored. Slightly Na-deficient NNTO samples exhibited better 

electrochemical performance due to the presence of sodium vacancies, facilitating ion 

transport. Meanwhile, optimization of the Ni/Ti ratio indicated that 10 mol.% Ti4+ 

substitution yields the best phase purity, crystallinity, and electrochemical performance 

under the optimized calcination conditions. 

Through systematic optimization, a high-quality NNTO sample was successfully 

produced, achieving a phase purity of 98.5 % and reversible specific capacities as high 

as 190 mAh/g. Nevertheless, the long-term cycling performance and rate capability of 

NNTO remained unsatisfactory. In situ XRD revealed that, although the phase 

transitions in NNTO are reversible in nature, the formation of a Na-deficient O1 phase 

at high potentials (>4.0 V vs. Na+/Na) causes structural collapse, leading to a 30 % 

volume shrinkage. Subsequent post-mortem SEM and AE measurements revealed 

severe mechanical degradation, including prominent crack formation and signs of 

plastic deformation. Further insights from DEMS pointed toward outgassing, where 

small amounts of O2 and large amounts of CO2 were detected. This suggests the 

occurrence of irreversible lattice oxygen loss and surface reconstruction, which 

compromise the interfacial stability between the cathode and the electrolyte. 

In publication II, to further enhance the performance of NNTO, a pillaring ion strategy 

was proposed for mitigating the aforementioned issues of electro-chemo-mechanical 

degradation. While various pillaring ions have been studied in previous reports, as 

summarized in section 2.4.3, Ca2+ was identified as a particularly promising candidate. 

This is due to its ionic radius being the closest to that of Na+, increasing the likelihood 

of successful incorporation into the Na-site. Moreover, Ca2+ is expected to offer greater 

performance improvements compared to other pillaring ions. 

To determine the optimal Ca2+ fraction, ten different concentrations were introduced 

into NNTO. XRD results revealed that a Ca2+ fraction of 2.5 mol.% coincides with the 

solubility limit and yields the largest unit-cell volume and interslab distance. This 

indicates the formation of wider sodium diffusion pathways. Subsequent 

electrochemical testing confirmed that the 2.5 mol.% Ca2+-substituted sample exhibits 

the best capacity retention and rate capability. Further investigation clarified the 

underlying mechanisms. In situ XRD showed that CaNNTO does not form the Na-

deficient O1 phase and experiences fewer phase transitions, with only 3 % absolute 

volume change during cycling. This suggests that Ca2+ located in the NaO2 layers 

effectively inhibits interlayer gliding and prevents structural collapse caused by sodium 

depletion. Post-mortem SEM and AE analyses revealed fewer cracking and weaker 

plastic deformation, further supporting the enhanced mechanical stability. In addition, 

hard and soft XAS demonstrated that the introduction of Ca2+ improves the reversibility 

of redox reactions involving Ni2+/Ni3+/Ni4+. DEMS measurements further revealed 

negligible O2 release and significantly reduced CO2 evolution for CaNNTO, indicating 

improved reversibility of oxygen redox and enhanced interfacial stability as a result of 

Ca2+ incorporation. 
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In publication III, the focus was placed on addressing the intrinsic challenges 

associated with NMO. In this study, precipitated Mn3O4 was employed, to our 

knowledge for the first time, as a precursor to synthesize NMO. XRD and 

electrochemical characterizations of the resulting samples confirmed that the structure 

and performance are consistent with previously reported NMO materials. 

To enable successful synthesis of Mn-rich O3-type materials, the study built upon the 

work of Komaba and colleagues by further investigating the influence of Ti4+ 

substitution on the structure, morphology, and electrochemical properties of NMO. 

Systematic XRD and electrochemical measurements on samples with varying Ti4+ 

fractions revealed that a 10 mol.% substitution level provides the optimal balance 

among phase purity, suppression of JT distortion, and electrochemical performance. 

Furthermore, the incorporation of Ti4+ was found to alter the surface formation energy 

during sintering, promoting transformation from polycrystalline to quasi-single-

crystalline particle morphology. In situ XRD further demonstrated that Ti4+ 

incorporation helps suppress the formation of manganese migration-induced phases. 

Additionally, this study conducted the first DEMS analysis on NMO. A comparison of 

the gas evolution behavior between pristine NMO and NMTO revealed that redox 

reactions involving lattice oxygen are partially suppressed in the latter case. 

In summary, this study successfully enhanced the performance of NNO through 

sequential substitution with Ti4+ and Ca2+, effectively unlocking the redox potential of 

nickel. Although the electrochemical performance of CaNNTO represents a substantial 

improvement over pristine NNO, it still falls short of the requirements for practical 

application. Further improvements, such as surface coating, additional doping, or 

morphological engineering (single-crystal design etc.), will be necessary to bridge this 

gap. For NMO, the successful incorporation of Ti4+ not only stabilized the O3 (α) phase 

and suppressed the formation of manganese migration-related phases, but also 

altered the material's morphology. Nevertheless, NMTO still requires further 

optimization to meet practical demands. Overall, the mechanistic insights provided by 

this work offer valuable guidance for the future design of advanced O3-type layered 

oxide cathodes. 
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