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Abstract 
 

Direct recycling represents a sustainable approach to the recovery of spent lithium-ion batteries. 

Currently, the direct recycling of cathode active material (CAM) has garnered most attention 

due to their high intrinsic value compared with other cell components. This process seeks to 

preserve the original structural framework and electrochemical functionality of the CAM while 

repairing degradation accumulated during cycling. It typically involves disassembling 

discharged cells, separating the cathode composite from the current collector, and restoring the 

active material through re-lithiation. By retaining the original structure of CAM, direct 

recycling significantly reduces energy consumption, minimizes environmental impact, and 

lowers operational cost, rendering it an attractive alternative to conventional pyrometallurgical 

and hydrometallurgical approaches. 

 

Despite its potential, direct recycling of CAM remains at the pilot-scale stage, with critical 

technical and operational barriers impeding large-scale implementation. Advancing the 

technology requires a deeper understanding of the underlying processes. This thesis focuses on 

LiNixCoyMnzO2 (NCM) cathode material and two key steps: thermal pretreatment enabled 

separation, and subsequent solid-state regeneration, with particular emphasis on the influence 

of impurities during regeneration.  

 

(1) Thermal pre-treatment of LIB electrodes 
 

The effects of thermal pretreatment under different atmospheres and temperatures on the 

separation of cathode (NCM622) and anode (graphite) materials from current collectors were 

systematically studied. It was found that air/oxygen atmospheres facilitate efficient separation 

of CAM from Al foil at relatively low temperatures, with minimal structural degradation, while 

graphite anodes demonstrate good thermal stability in inert or reducing atmospheres. However, 

the cycled anode electrode exhibits interfacial adhesion that hinders effective separation.  

 

(2) Structural repair of spent NCM materials 

 

The structural repair of spent NCM622 cathode powder was investigated using multiscale 

characterization techniques. Results show that degradation present in spent material is 

primarily associated with Ni occupying Li sites, leading to cation disorder and local cubic 

domain formation. The regeneration process involves re-lithiation, oxygen uptake, and 

transition-metal migration, strongly influenced by temperature and lithium compensation ratio. 

Decreasing transition-metal occupancy in the Li layer was found to closely correlate with 
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improved capacity recovery, offering an atomic-level understanding of degradation and repair 

mechanisms beyond conventional phase-transition perspectives. 

 

(3) Effect of impurity on Structural repair of Spent NCM Material 

 

The effect of impurities in spent NCM622 material on its regeneration was systematically 

elucidated. The analysis identified Al2O3, AlPO4, AlF3, Li3PO4, LiF, LixPFyO4, and Li2CO3 as 

main impurities in the spent material, accompanied by Al-inclusion likely induced by thermal 

pretreatment. Among these, Al- and F-containing species play dominant roles in the 

regeneration process, leading to Al- and F-inclusion in the regenerated material. Specifically, 

F-inclusion occurs via substitution of lattice oxygen, causing lattice distortion and reduced 

transition-metal oxidation states, while Al-inclusion promotes crystal growth along specific 

planes. Both contaminants, when accumulated, impair electrochemical performance and 

structural integrity, underscoring the necessity of impurity control prior to regeneration to 

ensure long-term cycling stability in direct recycling. 

 

Overall, this thesis clarifies the mechanisms of thermal pretreatment, regeneration, and 

impurity effect, deepens the understanding of material-level processes in direct recycling, and 

provides practical insights into optimizing recycling protocols.  
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Zusammenfassung 
 

Die direkte Wiederverwertung stellt einen nachhaltigen Ansatz zur Rückgewinnung von 

verbrauchten Lithium-Ionen-Batterien dar. Derzeit gilt das Hauptaugenmerk der direkten 

Wiederverwertung des Kathodenaktivmaterials (CAM), da dieses im Vergleich zu anderen 

Zellkomponenten einen höheren intrinsischen Wert besitzt. Ziel dieses Prozesses ist es, das 

ursprüngliche Strukturgerüst und die elektrochemische Funktionalität des CAM zu bewahren 

und gleichzeitig die während des Zyklierens entstandenen Degradationen zu reparieren. 

Typischerweise umfasst der Prozess das Zerlegen entladener Zellen, das Abtrennen des 

Kathodenverbunds vom Stromableiter sowie die Wiederherstellung des Aktivmaterials durch 

Relithiierung. Durch den Erhalt der ursprünglichen Struktur der CAMs reduziert das direkte 

Recycling den Energieverbrauch erheblich, minimiert die Umweltbelastung und senkt die 

Betriebskosten, wodurch es zu einer attraktiven Alternative gegenüber konventionellen pyro- 

und hydrometallurgischen Verfahren wird. 

 

Trotz ihres Potenzials befindet sich die direkte Wiederverwertung von CAM noch im 

Pilotstadium, da wesentliche technische und betriebliche Hürden eine großtechnische 

Umsetzung behindern. Der Fortschritt dieser Technologie erfordert ein tieferes Verständnis der 

zugrunde liegenden Prozesse. Diese Dissertation konzentriert sich auf LiNixCoyMnzO2 (NCM) 

Kathodenmaterialien und zwei zentrale Schritte: die durch thermische Vorbehandlung 

ermöglichte Trennung sowie die anschließende Festkörperregeneration, mit besonderem 

Augenmerk auf den Einfluss von Verunreinigungen während der Regeneration. 

 

(1) Thermische Vorbehandlung LIB-Elektroden 

 

Die Auswirkungen einer thermischen Vorbehandlung unter verschiedenen Atmosphären und 

Temperaturen auf die Trennung von Kathodenmaterialien (NCM622) und Anodenmaterialien 

(Graphit) von Stromableitern wurden systematisch untersucht. Es wurde festgestellt, dass Luft- 

oder Sauerstoffatmosphären eine effiziente Trennung des Kathodenmaterials von der 

Aluminiumfolie bereits bei relativ niedrigen Temperaturen ermöglichen, wobei die strukturelle 

Degradation minimal bleibt. Graphitanoden hingegen zeigen in inerten oder reduzierenden 

Atmosphären eine gute thermische Stabilität. Allerdings weisen bereits zyklierte Anoden eine 

Grenzflächenhaftung auf, die eine effektive Trennung behindert. 

 

(2) Strukturelle Regeneration verbrauchter NCM-Materialien 
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Die strukturelle Reparatur von gebrauchten NCM622-Kathodenpulvern wurde mittels 

multiskaliger Charakterisierungstechniken untersucht. Die Ergebnisse zeigen, dass die im 

gebrauchten Material beobachtete Degradation hauptsächlich mit Ni-Atomen in Li-Positionen 

zusammenhängt, was zu Kationenunordnungen und lokalen kubischen Domänen führt. Der 

Regenerationsprozess umfasst Re-Lithiierung, Sauerstoffaufnahme und Migration der 

Übergangsmetalle, wobei dieser stark von der Temperatur und dem Lithium-

Ausgleichsverhältnis beeinflusst wird. Es wurde festgestellt, dass eine Abnahme der 

Übergangsmetallbesetzung in der Li-Schicht eng mit einer verbesserten 

Kapazitätsrückgewinnung korreliert, wodurch ein atomarer Einblick in Degradations- und 

Reparaturmechanismen jenseits konventioneller Phasenübergangsbetrachtungen ermöglicht 

wird. 

 

(3) Einfluss von Verunreinigungen auf die strukturelle Regeneration verbrauchter NCM-

Materialien 

 

Die Auswirkungen von Verunreinigungen im verbrauchten NCM622-Material auf dessen 

Regeneration wurden systematisch aufgeklärt. Die Analyse identifizierte Al2O3, AlPO4, AlF3, 

Li3PO4, LiF, LixPFyO4, und Li2CO3 als Hauptverunreinigungen im verbrauchten Material, 

begleitet von einer Aluminium-Einlagerung, die vermutlich durch eine thermische 

Vorbehandlung verursacht wurde. Unter diesen spielen aluminium- und fluorhaltige Spezies 

eine dominierende Rolle im Regenerationsprozess und führen zu Al- und F-Einlagerungen im 

regenerierten Material. Konkret erfolgt die F-Einlagerung durch Substitution von Gitter-

Sauerstoff, was zu Gitterverzerrungen und reduzierten Oxidationszuständen der 

Übergangsmetalle führt, während die Al-Einlagerung das Kristallwachstum entlang 

spezifischer Ebenen fördert. Beide Kontaminanten beeinträchtigen bei Anreicherung die 

elektrochemische Leistung und strukturelle Integrität, was die Notwendigkeit einer Kontrolle 

der Verunreinigungen vor der Regeneration unterstreicht, um eine langfristige Zyklenstabilität 

beim direkten Recycling zu gewährleisten. 

 

Insgesamt klärt diese Arbeit die Mechanismen der thermischen Vorbehandlung, der 

Regeneration und der Wirkung von Verunreinigungen, vertieft das Verständnis der 

materialbezogenen Prozesse beim direkten Recycling und liefert praxisrelevante Erkenntnisse 

zur Optimierung von Recyclingprotokollen.
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1. Background 
 

1.1 Lithium-ion batteries 
 

Electrochemical energy storage systems, such as batteries, have a rapidly expanding role in 

contemporary society. Since commercial inception in 1991, rechargeable Li-ion battery (LIB) 

technology has enabled the widespread deployment of portable electronic devices, such as 

mobile phones and portable computers, that are now a ubiquitous part of modern life. With the 

global effort to limit CO2 gas emissions, LIBs are poised to have an even greater impact on 

society through green transformation of electricity delivery and transportation systems.  

 

The fundamental structure of a LIB consists of a cathode and an anode separated by a separator 

and an electrolyte. As shown in Fig. 1.1, its operational mechanism is governed by the 

intercalation and deintercalation of Li+ between the anode and cathode, with energy being 

stored and released as a result of electrochemical reactions 1, 2. Specifically, during charging, 

lithium ions migrate from the cathode (typically a lithium metal oxide) to the anode (usually 

graphite), where they are intercalated, while electrons travel through an external circuit. During 

discharge, the process reverses, allowing energy release. The electrolyte, often a lithium salt in 

an organic solvent, facilitates ion transport while a separator prevents short circuits. 

 

 
 
Fig. 1.1. Schematic illustration of the Li-ion battery. Adapted from reference 2. 

 

1.2 Cathode materials for lithium-ion batteries 
 

Cathode materials for LIBs play a crucial role in determining the battery's energy capacity, 

stability, and overall performance. These materials can be broadly categorized into three main 



2 

 

types based on their structural characteristics: olivine-type, spinel-type, and layered cathodes. 

 

1.2.1 Olivine-type cathode materials 

 

Since John Goodenough discovered the olivine phase's electrochemical characteristics in 1997 

3, lithium metal phosphates with ordered structures, LiMPO4 (M=Co, Ni, Mn, Fe, Cu) 4-6, have 

gained significant attention as promising cathode materials for rechargeable lithium batteries. 

The olivine-structured LiMPO4 (Fig. 1.2a) exhibits an orthorhombic lattice (space group: 

Pnma) with a slightly distorted hexagonally close-packed (HCP) oxygen arrangement.  In this 

structure, oxygen ions form strong covalent bonds with P5+, creating PO4
3- tetrahedral 

polyanions and stabilize the entire three-dimensional framework. This structural feature 

ensures stable battery operation at elevated temperatures and provides exceptional safety under 

extreme conditions 7, which greatly enhances the appeal of olivine-type cathodes. However, 

the PO4 tetrahedral unit shares the corners with metal ions and edges with Li ions at octahedral 

positions, forming a linear chain running along the b axis. As a result, there is no continuous 

network of MO6 edge-sharing octahedra in LiMPO4 materials, distinguishing it notably from 

spinel and layered cathodes. This leads to a confined lithium-ion transport through one-

dimensional channels, resulting in inherently low electronic conductivity (Fig. 1.2b).  

 

 
 
Fig. 1.2. (a) Schematic illustration of the LMPO4 crystal structure. (b) Li diffusion along (010) direction in 

LiMPO4 olivine Adapted from references 8. 

 

Nonetheless, LiFePO4 (LFP) has emerged a leading cathode material over the past decade 9-11. 

It has a theoretical capacity of 170 mAh g⁻¹, with its electrochemical properties characterized 

by a flat voltage plateau at approximately 3.45 V in the galvanostatic profile (Fig. 1.3). This 

plateau corresponds to Li⁺ (de)intercalation in the two-phase LiFePO4/FePO4 system, which 

plays a critical role in cell performance. However, early electrochemical studies indicated a 

limited extraction of ~0.6 Li per formula unit, yielding a capacity of only ~110 mAh g−1
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capacity 3. The primary obstacle to achieving the full theoretical capacity of LFP is its 

inherently low electronic conductivity. To address this limitation, several strategies have been 

explored, including reducing particle size to shorten Li-ion diffusion paths and improve charge 

transport 12, coating particles with carbon or synthesizing carbon-composite materials to 

enhance electronic conductivity 13, 14, tailoring particle morphology and texture 15, and selective 

cation doping to increase intrinsic conductivity 16. These strategies have significantly improved 

the practical capacity of commercial LFP, bringing it closer to its theoretical value and 

contributing to its widespread commercial success. 

 

 
 
Fig. 1.3. Typical charge profiles for LFP-based full-cell. Adapted from reference 17. 

 

1.2.2 Spinel-type cathode materials 

 

Spinel-type cathode material, LiMn2O4 (LMO), was first studied in 1950s 18, introduced as 

cathode material at the University of Oxford in 1983 19. LMO crystallizes in a cubic close-

packed (CCP) oxygen array (Fd-3m), where Li+ occupies the 8a tetrahedral site, while Mn3+ or 

Mn4+ (in equal amounts) occupy the 16d octahedral site (Fig. 1.4a). The formula for LMO can 

be written as [𝐿i+]8a[𝑀n
3+𝑀n4+]16𝑑[⎕]16c[𝑂4]32e (where ⎕ represents the vacancy). This 

structural arrangement forms a stable three-dimensional [𝑀𝑛2]16𝑑[⎕]16c[𝑂4]32e framework, 

which facilitates fast Li-ion diffusion through edge-sharing 8a tetrahedral sites and adjacent 

face-sharing vacant 16c octahedral sites. 

 

On the basis of these two Li-ion diffusion pathways, two redox couples contribute to its 

electrochemical capacity: Mn4+/Mn3.5+ (3–4.3 V vs. Li+/Li) and Mn3.5+/Mn3+ (~3 V vs. Li+/Li). 

As depicted in Fig. 1.4b, during charge (de-lithiation), LMO (Mn3.5+) undergoes the following 
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reaction in the 4 V region (3.0-4.3 V): 2Li𝑀n2𝑂4 → 𝐿i0.5𝑀n2𝑂4 +𝑀n2𝑂4 + 1.5𝐿𝑖+ , 

delivering a theoretical charge capacity of 148.2 mAh g−1, resulting from the Li deintercalation 

from 8a site 20. During discharge (lithiation), the reverse reaction occurs (4.0 V region). Further 

lithium insertion transforms LiMn2O4 (Mn3.5+) into over-lithiated Li2Mn2O4 (Mn3+), producing 

an additional voltage plateau below 3 V, which is ascribed to the Li migration into the 16c 

octahedral site.  

 

 
 
Fig. 1.4. (a) Schematic illustration of the LMO crystal structure. (b) Ideal voltage curves for Li+ insertion process, 

where 4 V region showing two plateaus while 3 V region exhibiting a plateau (Mn3.5+/Mn3+), which is ascribed to 

inserting of Li+ at 8a tetrahedron site to the empty 16c octahedral sites. Adapted from reference 18. 

 

The second lithium intercalation doubles the theoretical capacity of LMO to 285.5 mAh g−1 21. 

Meanwhile, the Jahn–Teller effect of high-spin Mn3+ (3d4, 𝑡2𝑔
3 𝑒𝑔

1), causes a phase transition 

from cubic spinel to tetragonal spinel (Li2Mn2O4), leading to rapid capacity fading. Hence, the 

use of this cathode is limited by a particular voltage range. Additionally, when the electrolyte 

includes LiPF6 salt with trace amounts of HF, Mn3+ undergoes a disproportionation reaction: 

2𝑀n3+ → 𝑀n2+ +𝑀n4+. This results in Mn2+ dissolution into the electrolyte during cycling, 

further degrading the cathode's long-term stability.  

 

So far, tremendous efforts have been made to address these challenges.  Key strategies include: 

(1) bulk doping to increase the average Mn valence and thus inhibiting the disproportionation 

mechanism of Mn ions 22, 23; (2) surface coating to suppress the side reaction and Mn dissolution 

24; (3) morphology engineering to optimize the particle size and shape, improving the stress 

relief and damage tolerance of materials 25. Such modification techniques have significantly 

improved the LMO’s performance, making it a more viable candidate for broader adoption in 

energy storage systems. 
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1.2.3 Layered cathode materials 

 

The concept of layered cathode material was first demonstrated in the early 1970s by 

Whittingham employing metal dichalcogenides (e.g. TiS2) as an intercalation compound 26, 27. 

In the early 1980s, Mizushima, Goodenough, and colleagues introduced LixCoO2 (LCO) with 

an ordered rock-salt structure as a new cathode material for batteries in the early 1980s 28. The 

widespread adoption of LCO followed the successful commercialization of the LCO/Graphite 

cell by Sony in 1991 29. The LCO cathode offers several advantages, including high energy 

density, excellent electrical conductivity, high open-circuit voltage (~4.0 V), and low self-

discharge 10, 30, 31. Structurally, LCO features an α-NaFeO2-type layered structure (R-3m) in 

which oxygen atoms form a CCP arrangement (Fig. 1.5a). The Li and Co ions occupy the 

octahedral 3a and 3b sites, respectively, creating alternative cationic slabs along the c axis. The 

theoretical capacity of LCO is 274 mAh g−1, when one mole of Li is deintercalated. However, 

in practical application, only about 140 mAh g−1, roughly half of the theoretical capacity, can 

be utilized practically, because of the physical and chemical instabilities stemming from band 

overlapping between Co3+/ 4+: t2g and O2-: 2p in the energy diagram (Fig. 1.5b). At high voltage 

range, the oxidation state changes from Co3+ into Co4+, followed by the removal of electrons 

from the O2-: 2p band, which in turn causes some phase transitions in the crystal structure and 

rapid capacity fading 32. Several attempts have been made to replace Co with different transition 

metal (TM) elements that minimize the overlap with the O2-: 2p band, and offer ecological and 

economic advantages. 

 

LiNiO2 (LNO) is known to be isostructural with LCO, which is generally denoted as the O3-

structure based on Delmas notation 33. As implied in the energy diagram (Fig. 1.5b), during the 

Li deintercalation, LNO only involves the eg band, which lies well above the O2-: 2p band. 

Therefore, the single electron in the redox active eg band can be extracted during charging, 

giving rise to its significantly high theoretical capacity of 270 mAh g−1 and a practical capacity 

of over 200 mAh g−1 34. However, LNO is not a very promising cathode material as it suffers 

from critical drawbacks. It is challenging to synthesize a stoichiometric LNO with pure Ni3+ 

element at high temperatures, because of the instability of Ni3+ above 250 °C 35. As a result, 

the presence of Ni2+ in the lithium 3a-site is generally unavoidable, resulting in poor rate 

capability. It has also been found that LNO undergoes a series of phase transitions at different 

intercalation states 36-38. Such phase transitions can lead to severe capacity fading upon cycling. 

 



6 

 

 
 
Fig. 1.5. (a) Schematic illustration of the LCO crystal structure. (b) The energy vs. density of states with the 

relative Fermi level and redox couples of Co4+/3+, Ni4+/3+, and Mn4+/3+ for LiCoO2, LiNiO2, and LiMnO2, 

respectively. Adapted from reference 10. 

 

The LiMnO2 has also been explored as an alternative layered cathode material, offering a 

potential replacement for LCO due to its high theoretical capacity of 285 mAh g−1 and higher 

energy density. Moreover, it is inexpensive, and it is environmentally benign compared to LCO 

and LNO. Although the chemical formula of LiMnO2 is similar to that of LCO and LNO, the 

structure is not identical to the layered O3-structure as it crystallizes in an orthorhombic phase 

(Pmmm) 39. The LiMnO2 with a layered structure is not thermodynamically stable. It has been 

reported that an ion exchange method between Na+ and Li+ in layered NaMnO2 yields a layered 

structure of LiMnO2, but it undergoes a phase transition from the layered structure to a spinel 

structure (LiMn2O4), resulting in a poor cycle life on charge and discharge 40. 

 

The LiNixCoyMnzO2 (NCM-xyz) layered cathode materials, firstly introduced by Liu et al in 

1999 41, have garnered significant attention in recent years due to their synergistic advantages 

over cathodes based on a single transition metal. These mixed-transition-metal cathodes, which 

incorporate Ni, Co, and Mn in an α-NaFeO2-type layered structure, are commonly referred to 

as NCM cathodes. They combine the high charge capacity of LiNiO2, and the rate capability 

of LiCoO2, and demonstrate the structural stability due to Mn4+ in the lattice. Although 

NCM111 has been widely studied, the demand for NCM cathodes with reduced cobalt content 

has grown to address sustainability concerns and mitigate the cost implications associated with 

critical material supply risks. This has led to the development of low-cobalt formulations such 
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as NCM442, NCM523, NCM622, and NCM811, which reduce raw material costs. 

Additionally, the increased nickel concentration enhances capacity, with NCM811 showing an 

improved specific capacity of 200 mAh g−1 when compared to NCM111 (160 mAh g−1, both 

4.3 V vs Li+/Li) 42, 43. However, higher nickel content also increases cathode reactivity due to 

the instability of Ni ions, which is one of the reasons resulting in severe capacity fading.  

 

Alongside NCM-type cathodes, NCA cathodes (LiNixCoyAlzO2) have emerged as frontrunners 

in the automotive industry 44. The optimized NCA composition, with 5 wt% Al (NCA-80, 

LiNi0.8Co0.15Al0.05O2), offers a specific capacity comparable to that of NCM811 (200 mAh g−1, 

4.3 V vs Li+/Li). Unlike NCM cathodes, NCA materials (e.g., NCA-80, NCA-81, NCA-82) 

exclude Mn, which eliminates manganese ion dissolution and contributes to improved capacity 

retention. Additionally, aluminum incorporation enhances thermal stability. As a result, NCA 

cathodes are frequently chosen for "long-range" electric vehicles 45-47, such as those produced 

by Tesla, which achieve driving ranges exceeding 500 km. 

 

Overall, each type of cathode material has its specific applications. For instance, LCO is widely 

used in portable electronics for its high energy density 48, while LMO finds applications in 

power tools and hybrid vehicles owing to its thermal stability and high-rate capability 49. As 

the global shift toward electrified transportation accelerates to meet decarbonization targets, 

the cathode material market continues to evolve, driven by cost, performance, and policy 

considerations. Currently, NCM materials still dominate globally, accounting for roughly 45–

60% of total demand depending on the year 50, 51. Within this category, high-nickel variants 

(e.g., NCM811 and above) prevail in premium electric vehicles due to their superior energy 

density. NCA, once a major competitor to high-nickel NCM, has seen its share decline but 

remains strategically important in long-range and performance-oriented platforms 52. 

Meanwhile, mid-nickel, high-voltage formulations are gaining momentum as a balanced option 

between cost, safety and performance 53, while low-nickel grades are losing competitiveness 

due to their relatively low energy density and high cobalt content 54.  

 

1.3 Cathode degradation in NCM cathode-based LIBs 
 

High- and mid-nickel NCM, widely used in EVs, typically have a service life of approximately 

6–10 years depending on the use scenario 55, 56. Cathode degradation is a primary factor 

resulting in this limited longevity. The primary degradation mechanism for NCM materials 

includes: TM dissolution as the consequence of HF attack, intragranular and intergranular 
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cracks formed at high state of charge (SOC) and intensive cycling, and structural degradation 

mainly occurring at the material’s surface induced by layered-spinel-rock-salt phase transition 

combined with oxygen release. 

 

1.3.1 Transition Metal Dissolution 

 

The dissolution of TM ions from the cathode into the electrolyte often occurs, during battery 

cycling, resulting in capacity degradation because of the loss of Li-ion insertion sites in the 

host structure. This phenomenon is mostly the result of the corrosion caused by electrolyte 

decomposition by-products, such as HF, and is further accelerated at elevated temperatures and 

high operating voltages. It is widely accepted that the electrolyte solvents might contain trace 

amounts of water introduced during manufacturing, which react with lithium salts (e.g., LiPF6, 

𝐿iPF6 + 𝐻2𝑂 → 𝐿iF + 2HF + 𝑃OF3 ) 57, yielding acidic species that contribute to cathode 

degradation. Alternatively, HF can also be generated through reactions between organic 

solvents and PF6
−, such as the one-electron oxidation of EC. In addition, TM dissolution can 

result from the formation of low-valence metal ions due to lattice oxygen loss during cycling. 

The lower-valence metal ions are more soluble in the electrolyte than their higher-valence 

counterparts, further accelerating degradation. 

 

1.3.2 Intragranular and Intergranular Cracks 
 

Mechanical failure of NCM cathode particles, caused by the generation and development of 

cracks, has been widely considered a significant factor influencing battery degradation 58. 

Cracks have been observed in both intragranular regions (within the single crystal primary 

grains and particles) and intergranular spaces (along grain boundaries and between primary 

particles), as illustrated in the Fig. 1.6.  

 

High cut-off voltage cycling induces a high density of intragranular cracks in NCM cathode 

particles, as follows from the post-mortem analysis. This occurs because the significant strain 

associated with extensive de-lithiation/lithiation cannot be effectively accommodated by the 

densely packed primary particles. Consequently, inhomogeneous mechanical stress applied to 

each primary grain is relieved through the formation of dislocations. To reduce the accumulated 

strain in the dislocation cores, Li and O are released from the affected area 59. With further 

cycling, these dislocation cores gradually develop into premature cracks. Notably, with 

increasing cycles, the length of the intragranular crack along the (003) plane can reach around 
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440 nm, ultimately leading to complete cracks that cause fragmentation and dissociation of 

cathode grains 60, 61. 

 

 
 
Fig. 1.6. Schematic illustration of the microstructural features of the intragranular and intergranular crack of NCM 

cathode. Adapted from reference 62. 

 

In addition, intergranular cracking also arises from inhomogeneous lattice contraction and 

expansion during repeated cycling at high cut-off voltages63. This cyclic contraction and 

expansion within primary particles lead to grain disintegration and the loss of electrical contact 

between active material particles. Furthermore, phase transformations and oxygen release 

reactions, triggered by high-temperature exposure, can accumulate stress at grain boundaries, 

further promoting intergranular cracking 64, 65. Overall, the crack phenomenon has been 

frequently discussed in the literature and represents a combined effect of intra- and 

intergranular cracks. The severity of cracking becomes more pronounced with higher Ni 

content, increasing cycling number, and higher SOC. 

 

1.3.3 Structural degradation 
 

Structural degradation in NCM cathodes is related to a phase transition from the layered phase 

to rock-salt or spinel phases, mostly at the material’s surface 66. It is well-known that the 
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rhombohedral (R-3m), spinel (Fd-3m), and rock-salt (Fm-3m) structures all rely on a cubic-

closed framework packing of oxygen atoms, with cations occupying either tetrahedral or 

octahedral sites. As such, the origin of the structural degradation is fundamentally linked to the 

cation migration (Fig. 1.7). The migration of TMs from their octahedral sites into the 

alternating Li octahedral site, driven by excessive Li deintercalation (increased formation of Li 

vacancies), is considered an initial step in this degradation process 67. Such atomic migration 

triggers a phase transition from the original layered structure to a LiMn2O4-type spinel phase 

and is accompanied by an oxygen release reaction.  

 

 
 
Fig. 1.7. Schematic illustration of the structural degradation in NCM cathode. 

 

The studies using transmission Electron Microscopy (TEM) and X-ray absorption (XAS) on 

charged NCM cathodes reveal that Ni is the first cation to migrate into the Li layer and thus 

has a large contribution on the structural instability of NCM cathodes 68-70. Moreover, the 

migration pathways of Ni and Co into Li octahedral sites differ. The Co ions pass through 

neighboring tetrahedral sites before occupying the octahedral Li sites, whereas the Ni ions 

migrate directly from the transition metal layers to Li sites, bypassing the tetrahedral positions 

due to their instability in tetrahedral coordination 71.  

 

While both migration pathways lead to the LiMn2O4-type spinel phase, prolonged migration of 

Ni ions leads to the formation of the NiO-type rock-salt (Fm-3m) phase. On the other hand, Co 

atoms tend to migrate into Li tetrahedral site, forming a Co3O4-type spinel phase, which retains 

a higher oxygen content compared to the CoO-type rock-salt phase 72. As such, the degraded 

phases in NCM cathodes likely include three types: (1) NiO-type rock-salt phase; (2) Co3O4-

type spinel phase; (3) LiMn2O4-type spinel phase. The existence and content of such degraded 

phases depend on the relative fraction of Ni, Mn and Co in the NCM materials and the 

material’s degradation level. 
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1.4 Recycling technologies for spent NCM cathode-based LIBs 
 

 
 
Fig. 1.8. (a) Schematic diagram of pyrometallurgical, hydrometallurgical and direct recycling processes. Adapted 

from reference 73. (b) Comparison of different recycling methods. Adapted from reference 74. 

 

Battery demand in the energy sector, encompassing both EVs and stationary storage 

applications, reached a historic milestone of 1 TWh in 2024 51. This growth was predominantly 

driven by EV sales, with demand for EV batteries exceeding 950 GWh, representing a 25% 

increase compared to 2023 51. Forecasts suggest that EV battery demand will surpass 3 TWh 

by 2030 51, 75. As a result, ensuring a sustainable and resilient supply of battery materials has 

become an urgent priority 55. At the same time, NCM-based batteries, which have dominated 

EV applications in previous years, are now approaching retirement, posing significant 

environmental challenges 54. In this context, the development and implementation of efficient 

recycling strategies are essential to safeguard resources and mitigate environmental impact 76. 

Currently, the recycling technologies for spent NCM cathode materials primarily focus on three 

main approaches: hydrometallurgy, pyrometallurgy, and direct recycling (Fig. 1.8a) 73. Each of 

these methods has its own advantages and limitations, making the choice of recycling strategy 

highly dependent on factors such as economic viability, environmental impact, and the specific 

composition of the cathode material (Fig. 1.8b). As the EV industry continues to expand, 

optimizing these recycling technologies will be crucial for ensuring the sustainable recovery of 

valuable metals and minimizing the environmental footprint of battery waste. 
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1.4.1 Hydrometallurgy  
 

The hydrometallurgical processes, combined with mechanical pre-treatment, offer a viable 

method for processing spent LIBs and recovering valuable metals, as well as other battery 

components such as graphite and Al 77. These processes have been successfully 

commercialized, particularly for recycling spent NCM cathode-based LIBs. Notably, China is 

home to two of the largest LIB recycling companies, GEM High-Tech Co. and Brunp Co. 78, 

79, which employ closed-loop hydrometallurgical processes to re-synthesize cathode materials, 

demonstrating the feasibility and scalability of this approach. 

 

The mechanical pre-treatment involves shredding, sieving, and physically separating the 

components of spent LIBs. However, due to the explosive and flammable nature of charged 

LIBs, safety measures such as deactivation (e.g., discharging or cryogenic treatment) or 

conducting the process in a strictly inert environment are essential. Cryogenic treatment and 

the use of inert gases like CO2 or argon can be energy-intensive 80, 81, adding to the operational 

costs. Additionally, the yield of valuable fine electrode materials after mechanical treatment is 

often limited, with laboratory experiments, such as those by Diekmann et al. 82, reporting 

recovery rates of around 75%. 

 

The recovered fine electrode materials, often called black mass, which consists primarily of 

cathode and anode particles, then undergo a leaching process. This involves leaching them in 

acidic solutions to dissolve both lithium and other metals. However, the efficiency of this 

process is constrained by the kinetics of leaching and the solubility of metal compounds. A low 

solid-to-liquid ratio in the leaching process can result in large volumes of waste solution. 

Subsequently, metals are recovered as metal compounds or pure metals through precipitation, 

solvent extraction, and electrolysis. For closed-loop cathode production, achieving extremely 

high purity in the separated metals is critical. Notably, for spent NCM-based LIBs, the metal 

recovery process is primarily related to a co-precipitation process to generate NCM cathode 

precursors, thus avoiding the need for separation among Ni, Co and Mn. 

 

The complexity of LIBs and the wide range of used materials make the complete separation of 

battery components challenging 83. As a result, the economic viability of these processes 

heavily depends on the yields of high-value metals like cobalt and nickel, which are necessary 

to offset operational costs. Without sufficient recovery of these metals, the lower market value 

of most LIB materials often fails to cover the expenses of the recycling process. In addition, 
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the large volumes of waste solution generated pose significant environmental concerns, 

creating a further barrier to the broader application of this technology. 

 

1.4.2 Pyrometallurgy  
 

The primary objective of pyrometallurgical routes is to produce cobalt- or nickel-bearing alloys. 

One of the key advantages of pyrometallurgical processes is their ability to process LIBs 

alongside ores, other types of batteries, or industrial wastes simultaneously. In certain processes, 

such as those employed by Umicore 84, pre-treatment of LIB packs is unnecessary, and charged 

batteries can be directly fed into the reactor. However, further refining steps, typically still 

involving leaching and solvent extraction, are required to separate Co, Ni, and Cu. Additionally, 

the furnace necessitates off-gas treatment to mitigate the release of toxic emissions, such as 

dioxins and furans 85. Volatile metals like Zn and Cd can be recovered through distillation. 

Most Li and Al are lost to the slag and are generally not recovered. While it is possible to 

recover Li from flue dust and slag as Li2CO3 through leaching and precipitation after grinding 

the slag into fine particles (e.g., 100 µm) 86, this additional recovery step is only economically 

viable when lithium prices are sufficiently high to offset the operating costs. Organic 

components, graphite and Al, are utilized as energy sources or reductants during the smelting 

process. 

 

The economic feasibility of pyrometallurgical processes heavily depends on the recovery yields 

and market prices of Co, Ni, and Cu 87. However, the ongoing trend in LIB chemistry toward 

reducing cobalt and nickel content poses a challenge to the sustainability of pyrometallurgy as 

a primary recycling method for LIBs. Despite this, pyrometallurgical processes remain 

effective for recycling LIBs as a secondary feed material alongside other industrial metal 

source. This approach ensures that pyrometallurgy continues to play a complementary role in 

the broader LIB recycling ecosystem. 

 

1.4.3 Direct recycling  

 

Direct recycling represents a sustainable approach to the recovery of spent LIBs. Currently, the 

direct recycling of CAM has garnered most attention due to their high intrinsic value compared 

with other cell components. This process seeks to preserve the original structural framework 

and electrochemical functionality of the CAM while repairing degradation accumulated during 

cycling. It typically involves disassembling discharged cells, separating the cathode composite 

from the current collector, and restoring the active material through re-lithiation. By retaining 
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the original structure of CAM, direct recycling significantly reduces energy consumption, 

minimizes environmental impact, and lowers operational cost, rendering it an attractive 

alternative to conventional pyrometallurgical and hydrometallurgical approaches. 

 

However, despite its promising potential, direct recycling is still in the pilot-scale development 

stage, with several technical and operational challenges hindering its further commercialization. 

A key challenge lies in ensuring the quality and consistency of the refreshed materials. For 

instance, variations in the degradation mechanisms of spent LIBs might lead to non-uniform 

restoration of the CAM. Therefore, achieving precise control over re-lithiation processes is 

critical to restoring the material's electrochemical performance, including capacity, cycle life, 

and rate capability, to levels comparable to those of virgin materials. Additionally, the 

scalability of direct recycling processes requires advancements in efficient separation 

techniques, cost-effective re-lithiation methods, and robust quality assessment protocols. 

Addressing these challenges will be essential to realizing the full potential of direct recycling 

as a sustainable and economically viable solution for LIB waste management, contributing to 

the development of a circular economy in the battery industry. 

 

1.5 Motivation and objectives of the thesis 
 

With the rapid expansion of the electric vehicle industry, the recycling of spent lithium-ion 

batteries has become increasingly critical, driven by environmental concerns and the need for 

sustainable resource utilization. Among various recycling strategies, direct recycling has 

emerged as a promising next-generation technology due to its potential to retain material value 

and reduce processing costs. While significant progress has been made in this field, several 

critical challenges remain insufficiently addressed. This thesis aims to investigate these often-

overlooked aspects, with a particular focus on the separation, structural repair, and impurity 

treatment during the direct recycling of CAM. By developing a deeper understanding of these 

key processes, this work seeks to contribute to the advancement of more efficient and 

sustainable battery recycling technologies. The research work is organized into three parts, as 

briefly illustrated in Fig. 1.9: 

 

(1)  Separation of electrode active materials from Al/Cu current collector. This study 

investigates the thermal treatment of NCM622 (cathode) and graphite (anode) electrodes to 

separate them from Al and Cu current collectors. It establishes the relationship between 

separation efficiency and temperature under various atmospheres and highlights the effects of 
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thermal conditions on the structural degradation of electrode materials during pretreatment. 

 

(2) Mechanisms behind structural repair in spent layered cathodes. Using XRD, XAS and 

6Li solid-state NMR, this part explores the mechanisms of structural degradation and repair in 

spent NCM622. It identifies the degraded structures in the spent material and tracks long- and 

short-range structural evolution during regeneration, providing atomic-level insights that go 

beyond traditional phase-transition models. 

 

(3) Impurity effect on direct recycling of spent layered cathodes. Given that impurities 

might be introduced in the spent material during pretreatment, this study focuses on identifying 

the specific impurity species and their influence on the regeneration. The findings shed light 

on the roles and mechanisms of various impurities during regeneration, contributing to more 

effective recovery of high-quality cathode materials and promoting circularity in the lithium-

ion battery lifecycle. 

 

 
 
Fig. 1.9.Schematic illustration of the direct recycling processes in this thesis 
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2. X-ray techniques  
 

Since the discovery of X-rays by Wilhelm Conrad Roentgen at the end of the 19th century and 

the pioneering work on X-ray diffraction by crystals by Max von Laue and the Braggs (William 

Henry Bragg and William Lawrence Bragg) 88, 89, X-ray-based techniques have undergone 

tremendous advancements, becoming indispensable tools for material characterization. Over 

the century, these methods have evolved from fundamental scientific discoveries to state-of-

the-art analytical techniques, enabling detailed insights into the structural, chemical, and 

electronic properties of materials. In the field of materials science and engineering, X-ray 

techniques have been widely adopted to study a diverse range of materials, from metals and 

ceramics to polymers and nanomaterials, driving innovation and technological progress. This 

chapter provides a brief introduction to the X-ray techniques employed in this thesis for 

material characterization. 

 

2.1 Generation of X-ray radiation 
 

X-rays are high-energy electromagnetic waves with a wavelength between 10-3 and101 nm 90. 

They are typically generated using sealed tubes, rotating anodes, or synchrotron radiation 

sources. In sealed tubes and rotating anodes, electrons emitted from a heated tungsten filament 

in a vacuum are accelerated by a high-voltage field and directed onto a target. X-rays are then 

generated via two mechanisms: (1) Bremsstrahlung 91, in which decelerating electrons emit a 

continuous spectrum of X-ray photons, and (2) characteristic radiation 91, in which inner-shell 

electrons are ejected and vacancies are filled by outer-shell electrons, releasing photons with 

energies characteristic of the target material.. Therefore, the radiation coming out of a sealed 

tube or a rotating anode is a superimposition of a continuous spectrum and of characteristic 

radiations as presented schematically in Fig. 2.1 91, 92. Notably, XRD characterization primarily 

use the most intense characteristic radiation, Kα, filtering out other wavelengths using materials 

with absorption edges tailored to suppress unwanted radiation, such as  Kβ and the continuous 

spectrum. The Kα emission itself consists of two closely spaced components, Kα1 and Kα2, 

corresponding to electronic transitions from 2p3/2 to 1s, and 2p1/2 to 1s, respectively. A list of 

the common target materials with the wavelength of their characteristic radiations Kα and Kβ, 

together with the minimum excitation potential and the required filters is given in Table 2.1. 

 

Synchrotron radiation, on the other hand, is produced by relativistic electrons or positrons 

circulating at near-light speeds. High-energy electrons, produced by a high-power electron gun, 
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are injected into a booster ring for acceleration and then transferred to a storage ring, where the 

radiation is emitted. Modern storage rings are typically polygonal, with dipole magnets guiding 

the electron beam between straight sections 93. In third-generation synchrotrons, wigglers or 

undulators are generally used, which consist of a periodic arrangement of magnets. The 

electrons are then forced to follow a sinusoidal path in the orbital plane of the ring leading to 

the emission of photons. In simple terms, the emitted photon energy spans a broad spectrum 

from the infrared to γ-rays 93. Synchrotron radiation offers significant advantages, including a 

wide energy range (up to 500 keV or more), enabling measurements through thick samples, 

and at exceptionally high brilliance, making it ideal for high-quality, time-resolved, and in situ 

studies. However, access to synchrotron facilities requires beam time applications, limiting the 

number of experiments that can be performed. This makes synchrotron radiation a powerful 

but specialized tool for advanced material characterization. 

 

 
 
Fig. 2.1. Intensity over wavelength distribution of the X-ray radiation produced by a sealed-tube showing the 

continuous and the characteristic spectrum. Adapted from reference 92. 

 
Table 2.1. List of several common target materials and corresponding wavelength of Kα and Kβ radiation in 

nanometer together with the minimum excitation potential in kV and the appropriate filter material 92, 94, 95. 

 

Target Kα1 (nm) Kα2 (nm) Kα mean (nm) Kβ (nm) 
Excitation 

Potential (kV) 
Filter 

Cr 0.22897263 0.22936513 0.22910346 0.20848881 5.98 V 

Mn 0.21018543 0.21058223 0.21031770 0.19102164 6.54 Cr 

Fe 0.19360413 0.19399733 0.19373520 0.17566055 7.11 Mn 

Co 0.17889961 0.17928351 0.17902758 0.16208263 7.71 Fe 

Ni 0.16579301 0.16617561 0.16592054 0.15001523 8.33 Co 

Cu 0.15405929 0.15444274 0.15418711 0.13922346 8.98 Ni 

Mo 0.07093000 0.07135900 0.07107300 0.06322880 20.0 Zr 
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2.2 X-ray Diffraction 
 

The powder X-ray diffraction (XRD) is a powerful analytical technique used to study the long-

range structure of crystalline materials. It is based on the diffraction of X-rays by periodic 

atomic planes and the angle- or energy-resolved detection of the diffracted signal.  

 

 
 
Fig. 2.2. Geometrical condition for diffraction from lattice planes.  

 

The interpretation of the XRD phenomenon (constructive interferences) has been given by W.L. 

Bragg 96. Fig. 2.2 gives the details about the geometrical condition for diffraction and the 

determination of Bragg’s law. Bragg’s law is given in Eq. 2.1. 

 

  nλ = 2𝑑ℎ𝑘𝑙sin⁡(𝜃)                                                                                                          (Eq. 2.1) 

 

In this equation, n is the order of diffraction, λ the wavelength of the incident beam in nm, dhkl 

the lattice spacing in nm and θ the angle of the diffracted beam in degree. In a polycrystalline, 

untextured material with fine grains, diffraction occurs for each lattice plane and direction that 

satisfies the Bragg’s law in the case of constructive interferences. This results in the occurrence 

of diffraction cones appearing in the form of so-called Debye rings or diffraction rings if 

detected by a plane detector. 

 

The total intensity diffracted by a unit cell is determined by summing the contributions from 

individual atoms 91. The diffracted intensity I(hkl) is proportional to the square of the 

crystallographic structure factor F(hkl), a complex quantity defined as Eq. 2.2 97: 

 

F(ℎ𝑘𝑙) = ∑ 𝑓𝑗𝑒
2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)𝑁

𝑗=1                                                                                     (Eq. 2.2) 

 

In this equation, fj is the atomic scattering factor of atom j, (xj, yj, zj) the relative atomic positions 

in the unit cell, and hkl the Miller indices of the diffracting planes. The summation j runs over 

all atoms in one-unit cell 97. 
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The total diffracted intensity for a family of lattice planes I(hkl) depends on several factors, 

combined as follows (Eq. 2.3): 

 

𝐼ℎ𝑘𝑙 ∝⁡ |𝐹(ℎ𝑘𝑙)|
2 · 𝐿(𝜃) · 𝑃(𝜃) · 𝐴 · 𝑇(𝜃)                                                                       (Eq. 2.3) 

 

where L(θ) is Lorentz Factor accounting for the geometric effects of diffraction and given by 

1/sin(2θ), P(θ) the Polarization Factor considering the effect of X-ray polarization on the 

diffracted intensity which is equal to (1 + cos2(2θ))/2, A the Absorption Factor. T(θ) is the 

Temperature Factor, also known as the Debye-Waller factor, accounts for the effect of atomic 

thermal vibrations on the diffraction intensity, and expressed as 𝑓𝑎𝑒
−𝐵·𝑠𝑖𝑛2(𝜃)/𝜆2 90-92. 

 

 
 
Fig. 2.3. Diffraction peak and information content that can be extracted. Adapt from reference 92. 

 

As real materials inevitably contain imperfections, the intensity distribution of the signal 

diffracted by considered family of hkl planes can be affected. The shape of the diffracted signal 

is influenced by different factors, and the resulting signal is then a convolution of the following 

contributions 98:  

 

• The instrumental broadening which depends on the X-ray source, primary and secondary 

optics, detector, etc.; 

• Composition heterogeneity within the analyzed crystallites (leading to a distribution of 

lattice constants and so to a possible broadening); 

• The size of the coherently diffracting domains (also called crystallite size); 

• Crystal defects like dislocations, stacking faults, twins, etc.; 

• Inhomogeneous strains and macrostrains. 

 

In general, diffraction data are represented as intensity distribution as a function of the 2θ angle. 
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The information content that can be extracted is represented in Fig. 2.3. 

 

2.3 X-ray absorption spectroscopy 
 

X-ray absorption spectra (XAS) of any material being it atomic or molecular in nature are 

characterized by sharp increases in absorption at specific X-ray photon energies, which are 

characteristic of the absorbing element. These sudden increases in absorption are called 

absorption edges, which correspond to the energy required to eject a core electron into the 

LUMO (Lowest Unoccupied Molecular Orbital) or to the continuum thus producing a 

photoelectron. The absorption discontinuity is known as the K-edge, when the photoelectron 

originates from a 1s core level, and an L-edge when the ionization is from a 2s or 2p electron. 

Fig. 2.4 shows a typical energy level diagram. The following content mainly focuses on K-

edge spectroscopy. 

 

 
 
Fig. 2.4. The energy level diagram for L-edge (LI, LII, and LIII) transitions (2s and 2p to 3d) and K-edge transitions 

(1s to 3d and 4p) for Mn (II). The energy levels are not drawn to scale. Adapted from reference 99. 

 

2.3.1 X-ray absorption near-edge structure 

 

X-ray absorption near-edge structure (XANES) spectra provide detailed information about the 

oxidation state and coordination environment of the metal atoms (Fig. 2.5). The K-edge 

absorption edge energy increases with increasing oxidation state. In general, the rising edge 

position shifts when the effective number of positive charges (in a simplified view, oxidation 

state) changes resulting from 1s core hole shielding effects 100. In an atom with one electron, 

for example, the electron experiences the full charge of the positive nucleus. However, in an 
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atom with many electrons, the outer electrons are simultaneously attracted to the positive 

nucleus and repelled by the negatively charged electrons. The higher the oxidation state of the 

metal, the more positive the overall charge of the atom, and therefore more energy is required 

to excite an electron from an orbital. Conversely, the XANES spectrum shifts to a lower energy 

when there is more negative charge on the metal. 

 

 
 
Fig. 2.5. The example of Mn K-edge XANES and EXAFS spectra. Adapted from reference 99. 

 

The dominant contribution to the K-edge spectrum comes from 1s → np transitions, where np 

represents the lowest unoccupied p orbital of the absorbing atom. This transition, with ∆l = 1 

(l is the orbital momentum quantum number), is quantum mechanically allowed and is typically 

intense. For transition metals with partially occupied d orbitals, additional insights can be 

gained by examination of pre-edge features that result from 1s to (n −1)d transitions. These are 

relatively weak in intensity (∆l = 2; hence, formally forbidden or dipole-forbidden), but they 

can be detected as they occur at energies slightly less than that of the main absorption edge 99. 

The pre-edge peak intensity increases when the ligand environment is perturbed from 

octahedral symmetry 99. 
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2.3.2 Extended X-ray absorption fine structure 

 

At energies somewhat greater than the LUMO level, the absorption of an X-ray provides 

sufficient energy to cause the absorbing atom to release the electron (ionize). Any excess 

energy is converted into the translational kinetic energy, which can also be described in terms 

of the wavelength associated with the electron's wave-like nature. The Extended X-ray 

Absorption Fine Structure (EXAFS) modulations, shown in Fig. 2.5, are a direct consequence 

of the wave nature of the photoelectron with the velocity v imparted to the photoelectron by 

the energy of the absorbed X-ray photon, which is in excess of the binding or threshold energy 

for the electron. The kinetic energy of the photoelectron is given by the following relation (Eq. 

2.4) 99, 101: 

 

(E − E0) =
1

2
𝑚𝑒𝑣

2                                                                                                          (Eq. 2.4) 

 

where E is the X-ray photon energy, E0 is the ionization or threshold energy for the electron, 

and me is the electron mass. The EXAFS modulations are better expressed as a function of the 

photoelectron wave vector k (k = 2π/λ, where λ is the wavelength given by the de Broglie 

relation, λ = h/me·v, h is Planck’s constant), which is expressed as follows (Eq. 2.5) 99, 101: 

 

𝑘 =
2𝜋

ℎ
[2𝑚𝑒(𝐸 − 𝐸0]

1/2 = 0.512(𝐸 − 𝐸0)
1/2                                                                (Eq. 2.5) 

 

where E and E0 are expressed in electron volts (eV) and k has the units of inverse angstroms 

(Å−1). 

 

 
 
Fig. 2.6. A schematic of the outgoing and backscattered photoelectron wave, which illustrates the concept of 

interference in EXAFS.  

 

The wave nature of the emitted electron leads to interference effects due to scattering from 

nearby atoms. Thus, the EXAFS oscillations result from the interference between the outgoing 

photoelectron wave and the backscattered waves from neighboring atoms in the material. These 
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oscillations begin immediately after the absorption edge and extend up to about 1 keV above 

the edge. The EXAFS phenomenon χ(k), which represents the oscillatory part of the absorption 

coefficient, is defined as the difference between the observed absorption coefficient μ(k) and 

the free-atom absorption coefficient μ0(k), normalized by the free-atom contribution (Eq. 2.6) 

99, 101: 

 

χ(𝑘) =
𝜇(𝑘)−𝜇0(𝑘)

𝜇0(𝑘)
                                                                                                             (Eq. 2.6) 

 

One can envision the EXAFS phenomena by the help of a schematic of the outgoing and 

backscattered waves as shown in Fig. 2.6. In this figure, E1 and E2 are the energy of the incident 

X-ray photon (E2>E1, and the wavelength of the photo-electron is shorter at E2 compared to 

E1). The central atom (blue) is the absorbing atom and the photoelectron is backscattered from 

the surrounding atoms (green). The backscattered wave from the surrounding atoms (dashed 

blue circular lines) is in phase with the outgoing wave (solid blue circular lines).  

 

At a specific energy E1, the outgoing and the backscattered waves are in phase and 

constructively interfere, thus increasing the probability of X-ray absorption or, in other words, 

increase the absorption coefficient. At a different energy E2, the outgoing and backscattered 

waves are out-of-phase and destructively interfere, decreasing the absorption coefficient. This 

modulation of the absorption coefficient by the backscattered wave from neighboring atoms is 

essentially the basic phenomenon of EXAFS. And, Fourier transform (FT) of the modulation 

provides distance information describing the vector(s) between the absorbing atom and atoms 

to which it is bound—typically within a range limit of 4 – 5 Å 99, 101, 102. 

 

2.4 X-ray photoelectron spectroscopy 
 

X-ray photoelectron spectroscopy (XPS) is widely regarded as one of the main techniques for 

the surface characterization and chemical analysis of biomedical polymers. Also known as 

Electron Spectroscopy for Chemical Analysis (ESCA), XPS provides comprehensive 

elemental analysis, excluding hydrogen and helium, of the outermost ~10 nm of any solid 

surface that is vacuum-stable or can be stabilized under vacuum by cooling. In addition to 

elemental composition, XPS also offers valuable information on chemical bonding. 

 

XPS operates under ultra-high vacuum (UHV) conditions. The sample is irradiated with X-

rays, causing the emission of photoelectrons from various atomic energy levels at the surface. 

These photoelectrons are detected by a hemispherical analyzer, which measures their kinetic 
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energy (KE). A change in the binding energy (BE) of an electron, relative to the Fermi level, 

can occur due to variations in oxidation state or changes in the electron density around the 

nucleus—commonly referred to as a chemical shift. These shifts provide insight into the 

chemical environment and bonding of the atom. The BE of an energy level can be determined 

from the measured KE of the photoelectron derived from the particular level following 

Koopman's theorem, resulting from Hartree-Fock calculation, by the following relation (Eq. 

2.7) 103: 

 

𝐸𝐵 = ℎ𝑣 − 𝐸𝐾 − 𝜑                                                                                                           (Eq. 2.7) 

 

Where EK is the kinetic energy, EB is the binding energy, h is the Plank's constant, ν is the 

frequency of X-ray photon and φ is the work function of the spectrometer, both are constant 

for a given spectrometer. A schematic of the process is shown in Fig. 2.7. 

 

 
 
Fig. 2.7. Schematic illustration of the principle behind XPS. 
 

According to this theorem, the electron energy levels are approximated as ‘frozen orbitals’, 

where these levels are identical in both the initial (atomic ground state before the photoelectron 

emission) and final (ionic excited state after the photoelectron emission) states. However, the 

experimentally measured EB values differ from the theoretical values by a few eV, which is 

known as ‘relaxation energy’ (ER), due to the rearrangement of the electrons and their energy 

levels during the process of photoemission. The relaxation process is accompanied by the 

emission of Auger electrons as the excited ion returns to the ground state. The dependence of 

EB, for an atom in a solid-state material, on various factors/parameters can be represented as 

Eq. 2.8 103, 104: 
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𝐸𝐵 = −𝐸𝐻𝐹 + 𝑉𝑀𝑃 + 𝑉𝑉𝐶 − 𝐸𝐼𝐴 − 𝐸𝐸𝐴 − 𝜑                                                                    (Eq. 2.8) 

 

where EHF is the Hartree-Fock orbital energy for a free atom in vacuum, VMP is the shift in EHF 

due to Madelung potential when the free atoms condense to form a solid, VVC is the shift in EHF 

due to valence charge, EIA is the intra-atomic relaxation energy and EEA is the extra atomic 

relaxation energy. It means that EB is not only dependent on the atom itself but also on the 

environment / neighboring atoms and hence a variation in the environment or bonding of the 

atom alters the EB. The change in EB is called the ‘chemical shift’. 

 

In XPS, the penetration depth of X-rays (~ 1-3 keV) in solid materials is on the order of several 

microns and varies significantly (~ 1-100 μm) depending on the material, the energy of the X-

ray used and its angle of incidence. However, the surface sensitivity of XPS is due to the 

photoelectrons generated only within the top ~ 10 nm thickness of the material surface as they 

have a considerable probability to eject out of the surface without inelastic scattering and to 

get detected 104. The other photoelectrons produced within the subsurface / bulk would be 

reabsorbed by the material as the electrons lose energy by inelastic scattering with the material 

lattice atoms / ions 104. 
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3. Thermal pre-treatment of LIB electrodes 
 

3.1  Introduction 
 

The delamination of cathode active material is a crucial step in direct recycling, which can be 

categorized into three main stages: mechanical separation, dissolution, and thermal treatment. 

The mechanical separation includes processes such as crushing, sieving, magnetic separation, 

and flotation 105. It is widely adopted in industrial applications due to its scalability. However, 

maintaining impurity levels within an acceptable range in obtained active material remains a 

major challenge, bringing significant difficulties for subsequent regeneration. The dissolution 

technique utilizes solvents to dissolve the binder, thus effectively separating the active material 

from the current collector. Common solvents include N-methyl pyrrolidone (NMP) 106, 

dimethyl formamide (DMF) 107, and dimethylacetamide (DMAC) 108, all of which effectively 

dissolve polyvinylidene fluoride (PVDF), the most commonly used binder. While this method 

minimizes impurities, the dissolution kinetics is hindered by the deteriorated interface between 

active material and current collector 109, resulting in low efficiency. Additionally, the high cost 

and toxicity of most organic solvents present major challenges for large-scale implementation. 

The thermal treatment involves heating of the material to decompose the binder, enabling the 

separation of cathode or anode active materials110, 111. It is a simple and effective process that 

also allows for impurity control. From the perspective of direct recycling, thermal treatment 

could be a promising approach for recovering high-purity active material. 

 

In this chapter, thermal treatment is employed to separate the cathode and anode active 

materials from Al and Cu current collectors (NCM622 and graphite, respectively), establishing 

the relationship between separation efficiency and temperature under different atmospheres. 

Additionally, XRD analysis is utilized to examine structural changes in the materials after 

thermal treatment. Rietveld refinement provides detailed structural information, enabling the 

identification of optimal condition that maximize separation efficiency while minimizing 

structural degradation. 

 

3.2 Methods 

3.2.1 Materials 
 

Battery electrodes were provided by the KIT Battery Technology Center (KIT-BATEC) 112 . 

The cathodes in this study were composed of NCM622 (LiNi0.6Co0.2Mn0.2O2), PVDF binder, 

and conductive carbon additive in a weight ratio of 96.0:2.0:2.0. The anodes for this study were 
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composed of graphite, binder consisting of sodium carboxymethylcellulose and styrene-

butadiene rubber latex (CMC/SBR) and conductive additive carbon black in a weight ratio of 

96.0:2.8:1.2. The current collectors of cathode and anode are Al and Cu foil respectively. Fresh 

cathodes and anodes along with ceramic coated polyethylene terephthalate fabric (CC-PET) as 

a separator, were assembled using 1 mol L-1 LiPF6 in EC, DMC and VC as additives in the 

electrolyte to build multi-layer pouch cells, resulting in a nominal capacity of 12 Ah. The cells 

underwent about 2100 cycles at a 1 C charge and discharge rate within the voltage range of 

3.0-4.2 V until their capacity reached approximately 81 % of their initial level, indicating the 

end of their useful life. Subsequently, the LIBs were deeply discharged to 0 V, short-circuited, 

and disassembled to extract the cycled cathodes and anodes for further analysis. 

 

3.2.2 Delamination process 

 

The fresh and cycled electrodes were cut into round pieces with a diameter of 18 mm. These 

samples were then placed in the center of a gas flow furnace to undergo thermal treatment at 

various temperatures and atmospheres. A gas flow rate of 55 L·min-1 was maintained for 

experiments in argon, nitrogen and hydrogen atmospheres. The heating and cooling rates were 

set at 5 ℃ min-1, and the samples were held at the target temperature for 2 h. After the thermal 

treatment process, the fresh and cycled electrodes were immersed in 15 mL of solvent (water 

for cathode, and acetone for anode) and subjected to sonication for 10 seconds. After sonication, 

the obtained active materials, as well as the Al and Cu foils, were dried overnight in an oven 

set at a temperature of 80 ℃. This ensured the complete removal of any remaining solvent and 

moisture from the samples, preparing them for further analysis and characterization. 

 

The electrode weight was measured before (M₁) and after (M₂) the complete peeling-off 

process, which removed all active materials (including CAM, Al foil, binder, and conductive 

carbon). The difference (M₀ = M₁ − M₂) represents the total mass of detachable material, 

corresponding to 100% delamination efficiency. Then, the electrodes before (Mx1) and after 

(Mx2) subjecting the electrodes to thermal treatment, sonication, and drying processes, were 

measured. The corresponding mass difference was defined as: Mx = Mx1 - Mx2. The separation 

efficiency (η) was then determined by normalizing the measured mass loss (Mx) to the total 

removable mass (M₀) according to the following equation： 

 

η (%) = 
𝑀𝑥

𝑀0
×100 
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3.2.3 Materials characterization 

 

The characterization of crystal structure was carried out using XRD on a STOE Stadi P powder 

diffractometer with monochromatic Cu-Kα1 radiation (λ = 1.54056 Å) in transmission 

geometry. The XRD measurements were performed at room temperature with a 0.015° 2θ step 

between 10 and 70 degrees of 2θ. The Kapton film's presence visibly adds amorphous-like 

background in the XRD patterns at 10° < 2θ < 17°.  

 

The obtained diffraction patterns were subjected to Rietveld refinement performed in the 

FullProf software package 113. The background of all the diffraction patterns was fitted using 

linear interpolation between selected data points in regions with no reflections present. The 

Thompson-Cox-Hastings pseudo-Voigt function was used for the reflection profile shape 

description. The scale factor, lattice parameter, fractional coordinates of atoms, their overall 

isotropic displacement (temperature) parameter, zero angular shift, profile shape parameters, 

and half-width (Caglioti) parameters were allowed to vary during fitting. 

 

3.3 Separation efficiency 

3.3.1 Cathode 

 

The separation efficiency for cathode active material (NCM622) from Al foil under different 

temperatures (heated to a certain temperature and then cooled down to RT) and atmospheres is 

shown in Fig. 3.1a-j and 3.2a-j. For fresh cathode, the separation begins at 400 °C under argon, 

reaching 100% at 500 °C (Fig. 3.1a and f). Under nitrogen, the results are similar, with 100% 

efficiency at 500 °C, indicating that nitrogen, like argon, simply provides an inert environment 

(Fig. 3.1b and g). In this case, the separation can be ascribed to the decomposition of PVDF.  

 

Prior studies have shown that the decomposition of PVDF generally initiate at ~400 °C under 

an inert atmosphere, undergoing a gradual decomposition process 114-116. This process leads to 

a gas release, and only about 20−25 wt% of carbon from PVDF is left in the treated material. 

The volatile pyrolysis products mainly include HF gas and fluorocarbon chain fragments, 

resulting from the cleavage of the polymer chain and hydrogen transfer. As such, the observed 

increase in separation efficiency at 400 °C, further increase in 450 °C, and 100% efficiency at 

500 °C under inert atmosphere can be understood as the onset, continuous progression, and 

complete decomposition of PVDF. Furthermore, the separation efficiency reaches 100% at 

400 °C in air and 350 °C in oxygen, both lower than the temperatures required under argon and 
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nitrogen (Fig. 3.1d-e and h-i). This can be ascribed to the promoted decomposition of PVDF 

by oxygen through forming oxygenated carbon compounds, which enhance reactivity 117.  

 

 
 
Fig. 3.1. Separation efficiency of active material through thermal treatment at different temperatures under (a) Ar, 

(b) N2, (c) Air, (d) O2 and (e) 5% H2 / 95% Ar for fresh cathode. Electrode state of fresh cathode after thermal 

treatment with different temperatures under (f) Ar, (g) N2, (h) air, (i) O2 and (j) 5% H2 / 95% Ar (empty circles 

represent that the electrodes have been transformed into powder after sonication).  

 

An interesting phenomenon is observed in a hydrogen atmosphere (5% H2 / 95% Ar). Although 

hydrogen does not promote the decomposition of PVDF and may even inhibit it to some extent, 

100% separation efficiency is achieved at 400 °C (Fig. 3.1e and j). This suggests that factors 

beyond the decomposition of PVDF influence the separation process in hydrogen. This 

additional factor can be attributed to significant volume changes within the NCM lattice due to 

structural changes. This structural change weakens the bonds between active material, PVDF, 
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and Al, thus promoting separation. Besides, temperatures above 400 ℃ lead to the brittleness 

of Al. This brittleness can arise from the phase transformation of TM oxide into TM alloy, 

causing the Al foil to turn into powder during the sonication process. The more detailed 

explanation for these findings will be provided in the Structural Degradation Study section.  

 

 
 
Fig. 3.2. Separation efficiency of active material through thermal treatment at different temperatures under (a) Ar, 

(b) N2, (c) Air, (d) O2 and (e) 5% H2 / 95% Ar for cycled cathode. Electrode state of cycled cathode after thermal 

treatment with different temperatures under (f) Ar, (g) N2, (h) air, (i) O2 and (j) 5% H2 / 95% Ar (empty circles 

represent that the electrodes have been transformed into powder after sonication).  

 

For cycled cathode, the separation efficiency reaches 100 % at 500 ℃ under argon and nitrogen 

(Fig. 3.2a-b and f-g), and 100 % at 400 ℃ under air (Fig. 3.2c and h), similar to the case of 

fresh electrodes. However, in an oxygen atmosphere, the separation efficiency at 350 °C is 

~80%, which differs from the 100% of fresh cathode (Fig. 3.2d and i). This discrepancy is 
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likely attributed to the corrosion of current collector and the deteriorated interface between the 

active material and Al due to cycling. As observed, the Al-foil of cycled cathodes shows more 

pronounced corrosion compared to the fresh cathode once active materials are removed. 

Moreover, at 300 ℃ under oxygen, cycled cathodes demonstrate higher separation efficiency 

than the fresh cathodes. Similar trends are observed at 300 and 350 ℃ under air. These 

increases in separation efficiency are likely linked to the local degradation of PVDF, caused 

by long-term cycling. Previous studies have indicated that the degradation of PVDF during 

cycling involves processes such as de-hydro-fluorination and the formation of carbon-carbon 

double bonds 118, 119. These reactions can be described as: 

 

𝐿𝑖⁡+ − [𝐶𝐻2 − 𝐶𝐹2]−⁡→ −[𝐶𝐻 = 𝐶𝐹] −⁡+𝐿𝑖𝐹 +
1

2
𝐻2⁡⁡                                                     (3-1) 

−[𝐶𝐻2 − 𝐶𝐹2]−⁡→ −[𝐶𝐻 = 𝐶𝐹] −⁡+𝐻𝐹⁡                                                                          (3-2) 

 

Literature on the thermal stability of PVDF indicates that its stability is primarily provided by 

C–F bonds, whereas thermal degradation is driven by the formation of carbon–carbon double 

bonds 120, 121. Consequently, PVDF degradation increases the susceptibility of carbon bonds to 

oxidation, enhancing separation efficiency at lower temperatures under air or oxygen. In 

contrast, under inert atmospheres like argon and nitrogen, the decomposition of PVDF 

predominantly occurs through a gradual self-lysis process. Therefore, the temperature required 

for complete separation remains consistent, and there is no significant increase in separation 

efficiency at lower temperatures compared to air and oxygen. 

 

Under hydrogen (5% H2 / 95% Ar), the separation efficiency of cycled cathodes does not reach 

100% within the temperature range, displaying a slightly lower efficiency at 400 ℃ when 

compared to fresh cathodes (Fig. 3.2e and j). This most likely arises from the deteriorated 

interface between the active material and Al foil as well.  

 

Moreover, at lower temperatures under all atmospheres, cycled cathodes exhibit separation 

efficiencies of 8%–20%, whereas fresh cathodes remain close to zero. It is well-known that 

solid electrolyte interphase (SEI) is generally formed on the surface of cathode particles during 

cycling, composed of various chemical compounds due to the reaction between the electrolyte 

and the cathode material 122. The higher separation efficiency observed for cycled cathodes at 

the lower temperatures is therefore attributed to the decomposition of the SEI on the cathode 

particle surface. 

 



32 

 

3.3.2 Anode 

 

 
 
Fig. 3.3. Separation efficiency of active material through thermal treatment at different temperatures under (a) Ar, 

(b) N2, (c) 5% H2 / 95% Ar and (d) air for fresh anode. Electrode state of fresh anode after thermal treatment with 

different temperatures under (e) Ar, (f) N2, (g) 5% H2 / 95% Ar and (h) air (empty circles represent that the 

electrodes have been transformed into powder after sonication).  

 

Fig. 3.3a-h and 3.4a-h display the separation efficiency of anode active material (graphite) 

from Cu foil under different temperatures and atmospheres. Unlike the cathode material, 

graphite does not undergo drastic lattice changes or phase transition during heating, as will be 

elucidated later. In this case, the separation of graphite from Cu foil is mainly realized by the 

decomposition of the binder, composed of CMC and SBR (that both decompose at around 

300 °C 123, 124). Consequently, under argon and nitrogen atmospheres with a holding time of 2 

h, the detachment of active material from the Cu foil begins at 300 ℃ for fresh anode (Fig. 

3.3a-b and e-f), where the separation efficiency can be already close to100%. However, when 

exposed to a hydrogen atmosphere (5% H2 / 95% Ar), the separation efficiency at 300 ℃ is 

around 15% and the full separation takes place at 350 ℃ (Fig. 3.3c and g), suggesting that the 

reducing atmosphere inhibits the decomposition of CMC/SBR to some extent. When heated in 
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air, although the separation efficiencies of the fresh anode are close to 100 % at 300 and 350 ℃, 

the Cu foil undergo substantial oxidation, which becomes more pronounced with increasing 

temperature (Fig. 3.3d and h). This oxidation eventually leads to foil embrittlement, causing 

it to break into powder during the sonication process.  

 

 
 
Fig. 3.4. Separation efficiency of active material through thermal treatment at different temperatures under (a) Ar, 

(b) N2, (c) 5% H2 / 95% Ar and (d) air for cycled anode. Electrode state of cycled anode after thermal treatment 

with different temperatures under (e) Ar, (f) N2, (g) 5% H2 / 95% Ar and (h) air (empty circles represent that the 

electrodes have been transformed into powder after sonication).  

 

Similarly, for the cycled anodes, significant oxidation and embrittlement is observed for the 

Cu-foil under air, but with lower separation efficiency at 300°C and 350 °C compared to fresh 

anodes (Fig. 3.4d and h). In addition, under argon, nitrogen and the hydrogen atmospheres, in 

some cases, the separation efficiency of cycled anodes at high temperatures (500-600 ℃) is 

lower than that of fresh anodes (Fig. 3.4a-c and e-g). For instance, despite the displayed 

separation efficiency being close to 100% under argon from 450 to 550 ℃, further experiments 

suggest that structural changes, material degradation, and binder issues can lead to reduced 

separation efficiency in cycled anode (Fig. 3.5a-f). In other words, due to the varied states of 
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cycled anode, different separation efficiencies were observed at the same temperatures. Similar 

to cathode, anode particles form a SEI layer on their surface during cycling as well 125. The 

interface degradation at the interface between anode active material and Cu-foil also occurs 

upon cycling. Therefore, the difference in separation efficiency at the same temperatures is 

attributed to the decomposition of SEI and the CMC/SBR binder upon thermal treatment. Such 

decomposition induces chemical alterations at the interface contact, reinforcing the adhesion 

between the graphite and Cu-foil. 

 

 
 
Fig. 3.5. (a) Separation efficiency of active material through thermal treatment under argon from 400 to 600 ℃ 

for cycled anode. Electrode state after thermal treatment at (b) 600, (c) 550, (d) 500, (e) 450 and (f) 400 ℃.  

 

3.4 Structural degradation study 
 

Previous works highlighted that thermal treatment could induce further structural degradation 

of active materials, in addition to the degradation that occurred during cycling in the full-cell 

battery, which brings difficulties in the subsequent structure repair process 126-128. Yet, an 

investigation that systematically reveals the potential structural changes after thermal treatment 

is still absent. As such, the following study focuses on the structural changes in materials after 

thermal treatment through XRD and Rietveld refinement. 

 

3.4.1 Cathode material 
 

Fig. 3.6a shows the corresponding XRD results of the fresh cathode materials, heated under 

argon and then cooled down to RT. As observed, the samples after 250-550 ℃ show a typical 
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diffraction pattern of α-NaFeO2 layered structure (R-3m). The 006/102 and 108/110 doublets 

separate clearly from 250 to 500 ℃, suggesting ordered layer structure, but at 550 ℃, the 

spacing between 006/102 and 108/110 doublets decrease and even tend to merge, which 

indicates the degradation of layered structure. The phase degradation after 550 ℃ can be 

ascribed to Li/O release and the reduction of TM driven by inert atmosphere and high 

temperature 129. In addition, a more significant phase degradation occurs after 600 ℃, where 

the layered structure undergoes a transformation into a phase consisting of rock-salt type phase 

(RS) with a cubic structure (NiO- or CoO-type structure, Fm-3m), along with the formation of 

Ni or Co metal phase also exhibiting a cubic structure (Fm-3m). This phase transformation is 

associated with carbothermal reduction triggered by the conductive carbon additive and the 

decomposition products of PVDF 130, 131. 

 

 
 
Fig. 3.6. (a) XRD pattern of fresh cathode under argon from 25 to 600 ℃, and its area of (b) 18.4-19.0°, (c) 43.8-

45.0°. The corresponding (d) a and c, (e) ratio of c/a and cell volume from 25 to 550 ℃.  

 

The expanded regions of the XRD pattern (Fig. 3.6b-c) were analyzed to further understand 

the structural changes. The positions of 003 and 104 reflections after 250-550 ℃ fluctuate in a 

small range. In general, the shift of the 003 reflection signifies variations in the lattice 

parameter c, while the displacement of the 104 reflection indicates changes in the lattice 

parameter a. To better comprehend these phenomena, the cell parameters were obtained 

through Rietveld refinement (Fig. 3.6d-e). The a parameter and cell volume consistently 

increase with the temperature rising, while parameter c exhibits an irregular variation. These 

changes could be ascribed to the oxygen release, the reduction of TM, and the corrosion by HF 

after the decomposition of PVDF.  

 

Although illustrating the precise mechanism behind the parameter variation remains 

challenging, the c/a ratio can offer valuable insights into the cation order of the layered 
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structure. In the case of a perfect cubic rock-salt phase, exemplified by NiO, the cubic lattice 

can be represented in a hexagonal lattice with parameters 𝑎𝐻=𝑎𝑐/√2 and 𝑐𝐻=2√3𝑎𝑐 resulting 

in a c/a ratio of 2√6 =4.899. In R-3m layered TM oxides, the c/a ratio is expected to exceed 

4.899 due to weak interlayer forces, causing a subtle separation of the TM layers along the c-

axis. Literatures on well-ordered layer structures of NMC622 materials suggest a c/a ratio of 

approximately 4.96 129, 132, 133. In our study, the initially fresh NCM622 material exhibits a c/a 

ratio of 4.958, assumed to be the optimal value for our NCM622 materials, indicating an ideal 

layer structure ordering. Consequently, the assessment of structural degradation after thermal 

treatment involves comparing the calculated c/a ratio with the reference value of 4.958.  

 

As shown in Fig. 3.6e, the c/a ratio for the fresh cathode under argon gradually decreases as 

the temperature rises, and is gradually deviating from the reference value of 4.958, indicating 

that the layer structure undergoes continuous structural degradation.  

 

 
 

Fig. 3.7. (a) XRD pattern of cycled cathode under argon from 25 to 600 ℃, and its enlarged area of (b) 18.4-19.0°, 

(c) 43.8-45.0°. The corresponding (d) a and c, (e) ratio of c/a and cell volume from 25 to 500 ℃. 
 

For the cycled cathode material, the layered structure is preserved only after heating to 250-

500 ℃ (Fig. 3.7a). The significant degradation of the layered structure occurs after 500 ℃, 

which is 50 ℃ lower than for the fresh cathodes, as indicated by the separation of 006/102 and 

108/110 doublets. After 550 °C, the layered phase transforms to NiO or CoO-type RS phase, 

with a small presence of Ni or Co metal phase. After 600° C, this transformation becomes more 

pronounced, resulting in a higher proportion of the Ni or Co metal phase. In addition, the 003 

and 104 reflections exhibit a larger angle shift in comparison to the fresh cathode (Fig. 3.7b-

c). This observation can be further explained by considering the variations in the cell 

parameters (Fig. 3.7d). The cell parameters show that, after 500 ℃, the a, c, and cell volume 

of the obtained material expand by 0.600%, 0.203%, and 1.412%, respectively, compared to 



37 

 

the original material, which is higher than the 0.112%, 0.003% and 0.243% of fresh cathodes, 

treated at the same temperature, indicating a more obvious structure change in the cycled 

cathodes. Additionally, the c/a ratio for fresh cathodes after 500 ℃ is 4.955, while for cycled 

cathodes after the same temperature, it is 4.936 (Fig. 3.7e). These findings indicate that the 

degradation of the layered structure upon thermal treatment is more pronounced in cycled 

cathodes, most likely due to the degraded structural stability resulting from the cycling. 

Moreover, the ratio of c/a exhibits an increase after 400 and 450 ℃, approaching the value of 

4.958. This change is mainly attributed to the expansion of the material structure along the c-

axis, given that a shows no significant change. The expansion of c is likely caused by a 

weakened interlayer force; however, it remains unclear whether this behavior is associated with 

a more ordered or disordered structure. 

 

 

 
Fig. 3.8. (a) XRD pattern of fresh cathode under nitrogen from 25 to 600 ℃, and its enlarged area of (b) 18.4-

19.0°, (c) 43.8-45.0°. The corresponding (d) a and c, (e) ratio of c/a and cell volume from 25 to 550 ℃.  

 

Fig. 3.8a-j and 3.9a-j present the XRD results of the samples after thermal treatment under a 

nitrogen atmosphere, which exhibit similar behavior to the results obtained under argon. In the 

case of fresh cathode, the peaks observed after heating 250-550 ℃ can be indexed to the layered 

structure (Fig. 3.8a). However, after 550 ℃, a noticeable degradation of the layer structure is 

observed, as evidenced by the separation of the 006/102 and 108/110 doublets. After 600 ℃, 

the layer structure transforms to NiO or CoO-type RS phase and Ni or Co metal phase. The 

shift of the 003 and 104 reflections remains small from 250 to 500 ℃ (Fig. 3.8b-c). The 

obtained cell parameters reveal a consistent increase in a and cell volume (Fig. 3.8d-e), while 

the variation of c does not exhibit a clear regularity as the temperature increases. The 

continuous decrease of the ratio of c/a indicates a gradual degradation of the layer structure.  

 

In the case of cycled cathodes, after heating to 250-450 ℃, the material maintains a well-
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ordered layer structure (Fig. 3.9a). However, a significant degradation occurs after 500 ℃, 

leading to transformation into NiO or CoO-type RS phase, and Ni or Co metal phase after 

550 ℃. Further heating to 600 °C results in an increased proportion of the metal phase. The 

shift of 003 and 104 reflections towards higher diffraction angles was observed in the cycled 

cathode compared to the fresh cathode (Fig. 3.9b-c). The obtained cell parameters show that a 

continuously increases with the temperature increase, while c and the cell volume constantly 

rise after 250-450℃ but decrease after 500 ℃ (Fig. 3.9d-e). The ratio of c/a increases after 

400-450 ℃, similar to the results observed under argon, and then decreases to 4.948 after 

500 ℃.  

 

 

 
Fig. 3.9. (a) XRD pattern of cycled cathode under nitrogen from 25 to 600 ℃, and its enlarged area of (b) 18.4-

19.0°, (c) 43.8-45.0°. The corresponding (d) a and c, (e) ratio of c/a and cell volume from 25 to 500 ℃. 

 

Fig. 3.10a-j and Fig. 3.11a-j present the XRD results for the samples from hydrogen 

atmosphere (5% H2 / 95% Ar). For the fresh cathode, the samples exhibit the layered structure 

after heating to 250-350 ℃ (Fig. 3.10a). Notably, the 006/102 and 108/110 doublets, after 

300 ℃, exhibit a tendency to merge, indicating a characteristic sign of structural degradation. 

After 400 ℃, the layered structure undergoes a transformation into NiO or CoO-type RS phase. 

Simultaneously, a metal phase of Ni or Co emerges, resembling the phase observed in fresh 

cathode under argon and nitrogen after 550 ℃. After 450 °C, the phase observed after 400 °C 

undergoes additional transformation. The RS phase tends to fully convert into Ni or Co metal 

phase, resulting in Al becoming brittle and ultimately breaking into powder during the 

sonication process. This transformation is also accompanied by the formation of a Mn3O4-type 

structure (Fd-3m). After heating above 500 ℃, Mn3O4-type structure transforms into MnO-

type structure (Fm-3m). Therefore, under a hydrogen atmosphere, the materials undergo 

substantial structural changes compared to argon and nitrogen.  
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Fig. 3.10. (a) XRD pattern of fresh cathode under hydrogen (5% H2 / 95% Ar) from 25 to 600 ℃, and its area of 

(b) 18.4-19.0°, (c) 43.8-45.0°; The corresponding (d) a and c, (e) ratio of c/a and cell volume from 25 to 350℃.  

 

According to the separation experiments, the fresh cathode achieves 100% separation 

efficiency after 400 ℃ under hydrogen, whereas the same efficiency is attained after 500 ℃ 

under argon and nitrogen. The lower temperature requirement under hydrogen can be ascribed 

to the significant phase transformation of TM oxide. This transformation contributes to the 

disruption of bonds between Al-foil and active material, thereby facilitating the separation 

process. Additionally, Fig. 3.10b-e depict expanded sections of the XRD patterns and the 

calculated cell parameters after heating to 25-350 ℃. It is evident that, while maintaining the 

layered structure, the samples exhibit an increase in a, c, and cell volume with rising 

temperature (Fig. 3.10d-e). The c/a ratio also follows a similar pattern. This increase is 

attributed to the over-expansion of the lattice along the c-axis, most likely stemming from 

reduction reactions induced by hydrogen. 

 

 
 
Fig. 3.11. (a) XRD pattern of cycled cathode under hydrogen (5% H2 / 95% Ar) from 25 to 600 ℃, and its enlarged 

area of (b) 18.4-19.0°, (c) 42.8-45.0°; The corresponding (d) a and c, (e) ratio of c/a and cell volume from 25 to 

300 ℃. 

 

For cycled cathodes, similarly to those heated under argon and nitrogen, the phase 
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transformation occurs after a lower temperature when compared to fresh cathodes. As depicted 

in Fig. 3.11a, the layered structure is maintained only up to 250-300 ℃. Above this range, a 

phase transition to NiO or CoO-type RS phase occurs after 350 ℃. Moreover, after 400 ℃, a 

subtle metal phase of nickel or cobalt emerges alongside the RS phase. Similar to fresh cathode 

under hydrogen, the Mn3O4-type phase appears after 450 ℃ and the RS phase totally 

transforms into a metal phase. Above 500 ℃, MnO-type and metal phases coexist in the 

obtained materials. In the separation experiment, the cycled cathode exhibits an almost 100% 

separation efficiency after 400 ℃, and have a remarkably higher separation efficiency than the 

fresh cathode under hydrogen after 350 ℃. This highlights the significant influences of the 

phase transition of TM oxides on separation efficiency. Furthermore, the expanded segments 

of the XRD pattern and the calculated cell parameters after heating to 25-300 ℃ are shown in 

Fig. 3.11b-e. These variations correspond to the observed regularities seen in the fresh cathode. 

 

 
 
Fig. 3.12. (a) XRD pattern of fresh cathode under air from 25 to 600 ℃, and its enlarged area of (b) 18.4-19.0°, 

(c) 43.8-45.0°. The corresponding (d) a and c, and (e) ratio of c/a and cell volume.  

 

Fig. 3.12a-e and Fig. 3.13a-e exhibit the XRD results for the samples treated in air. For fresh 

cathodes, the samples retain the layered structure after heating to 250-600 ℃ (Fig. 3.12a). The 

separation of the 006/102 and 108/110 doublets indicate an ordered layer structure for all 

samples. The shifts of the 003 and 104 reflections reflect the changes in the layered structure 

(Fig. 3.12b-c), which can be further explained by the obtained cell parameters (Fig. 3.12d-e). 

The variations of a, c, and cell volume is relatively small. The ratio of c/a decreases gradually 

with increasing temperature, but it remains higher than 4.95. Besides, these values are closer 

to 4.958 compared to results obtained under argon and nitrogen atmospheres at the same 

temperatures. These results suggest that the air atmosphere favors maintaining the initial 

structure upon thermal treatment. The structural stability is favored by the abundancy of 

oxygen in the air, which contributes to inhibiting the Li/O release from the bulk phase, enabling 
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a much slighter structure degradation. 

 

 
 
Fig. 3.13. (a) XRD pattern of cycled cathode under air from 25 to 600 ℃, and its enlarged area of (b) 18.4-19.0°, 

(c) 43.8-45.0°. The corresponding (d) a and c, and (e) ratio of c/a and cell volume from 25 to 600 ℃. 

 

Similarly, for the cycled cathode, the layered structure is observed when heating to 250-600 ℃, 

and the spacing of the 006/102 and 108/110 doublets suggests a good cation ordering (Fig. 

3.13a). The shifts of 003 and 104 reflections and the variations of cell parameters are shown in 

Fig. 3.13b-c. The 104 reflection continuously shifts towards a lower angle after 250-550 ℃ 

and then towards a higher angle after 600 ℃, which is consistent with the variation of a (Fig. 

3.13d). The shift of the 003 reflection and the changes in c and cell volume exhibit a more 

irregular pattern in the cycled cathode. Meanwhile, the c/a ratio shows a decreasing trend with 

increasing temperature, and these ratios are all lower than those of the fresh cathode under the 

same conditions (Fig. 3.13e). Therefore, the cycled cathode experiences a more pronounced 

degradation of crystal structure, which is consistent with the results obtained under other 

atmospheres. 

 
 
Fig. 3.14. (a) XRD pattern of fresh cathode under oxygen from 25 to 600 ℃, and its enlarged area of (b) 18.4-

19.0°, (c) 43.8-45.0°. The corresponding (d) a and c, and (e) ratio of c/a and cell volume.  
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Fig. 3.14a-e and Fig. 3.15a-e exhibit the XRD results of the cathode samples treated under 

oxygen. Similar to the finding under air, the samples retain the layered structure, exhibiting 

good structural ordering after 250-600 ℃ (Fig. 3.14a). A comparison with the air atmosphere 

reveals that the 003 and 104 reflections under oxygen experience a smaller shift (Fig. 3.14b-

c). This corresponds to a slight alteration in a, c, and cell volume, as illustrated in Fig. 3.14d-

e. Furthermore, the c/a ratio consistently remains above 4.95, with values approaching 4.958 

in contrast to the air atmosphere. These results suggest a superior degree of structural order for 

samples treated under oxygen.  

 

 
 
Fig. 3.15. (a) XRD pattern of cycled cathode under oxygen from 25 to 600 ℃, and its enlarged area of (b) 18.4-

19.0°, (c) 43.8-45.0°. The corresponding (d) a and c, and (e) ratio of c/a and cell volume from 25 to 600 ℃.  

 

For cycled cathodes, the samples maintain a well-ordered layer structure after heating to 250-

600 ℃ (Fig. 3.15a), accompanied by a smaller shift in the 003 and 104 reflections (Fig. 3.15b-

c) and slight variations in a, c, and cell volume (Fig. 3.15d-e). The c/a ratios in this temperature 

range hover around 4.955. These results further demonstrate that the presence of an oxygen 

atmosphere can effectively impede the structural degradation. 

 
Table 3.1. Variation rate of cell parameters for fresh and cycled cathode compared with original material, while 

the ratio of c/a is compared with reference value of 4.958. The values highlighted in bold indicate the suitable 

conditions for thermal treatment, ensuring the highest separation efficiency while minimizing structural 

degradation. 

 

 Atmosphere Temperature (℃) 

Normalized rate of cell 

parameters (%) 
c/a 

(%) 
a c volume 

Fresh 

cathode 

Ar 
500 0.112 -0.003 0.243 -0.061 

550 0.313 0.134 0.783 -0.443 

N2 500 0.013 -0.076 -0.030 -0.100 
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550 0.447 0.182 1.101 -0.262 

5% H2 / 95% Ar 400 / / / / 

Air 

400 0.039 -0.025 0.075 -0.061 

450 0.028 -0.042 0.035 -0.081 

500 0.096 -0.026 0.186 -0.121 

550 0.043 -0.038 0.068 -0.081 

600 0.071 -0.007 0.156 -0.081 

O2 

350 0.041 -0.041 0.063 -0.081 

400 0.028 -0.002 0.152 -0.040 

450 0.076 0.041 0.113 -0.040 

500 0.147 0.039 0.355 -0.101 

550 0.141 0.048 0.351 -0.101 

600 -0.012 -0.032 -0.035 -0.020 

Cycled 

cathode 

Ar 500 0.600 0.206 1.412 -0.444 

N2 500 0.170 0.032 0.371 -0.202 

5% H2 / 95% Ar 400 / / / / 

Air 

400 0.066 -0.010 0.121 -0.141 

450 0.090 -0.011 0.167 -0.161 

500 0.142 0.040 0.324 -0.161 

550 0.189 0.044 0.423 -0.202 

600 0.135 0.053 0.323 -0.141 

Oxygen 

350 -0.020 -0.045 -0.055 -0.088 

400 -0.033 -0.006 0.034 -0.035 

450 0.015 0.037 -0.006 -0.041 

500 0.086 0.036 0.237 -0.114 

550 0.080 0.045 0.233 -0.098 

600 -0.073 -0.035 -0.153 -0.025 

 

Finally, the normalized variation of cell parameters and c/a ratio for fresh and cycled cathodes 

at temperatures that can achieve 100% separation efficiency while maintaining the layered 

structure is summarized in Table 3.1. The results indicate that both air and oxygen atmosphere 

contribute to achieving 100% separation efficiency while minimizing structural degradation. 

Specifically, under an air atmosphere, the suitable temperature range is determined to be from 
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400 to 450 ℃. Conversely, under an oxygen atmosphere, the recommended temperature range 

shifts slightly lower, spanning from 350 to 450 ℃. 

 

3.4.2 Potential application of thermal treatment for cycled cathode 

 

From the perspective of direct recycling, treating cycled cathodes in an inert or reducing 

atmosphere could be undesirable due to the severe structural degradation, which significantly 

challenges the subsequent regeneration of the material. However, this structural degradation 

may benefit hydrometallurgical processes. Typically accompanied by the release of lithium and 

oxygen, such degradation facilitates the selective extraction of lithium in water-leaching 

processes and enhances the dissolution of TM oxides in acid-leaching processes due to their 

reduced oxidation states.  

 

Conversely, a direct recycling process may benefit from treating cycled cathodes in the air or 

oxygen atmospheres. Although the separation efficiency of the cycled cathode at 350 °C in 

oxygen is noticeably higher than in air, it does not reach 100%. This outcome suggests that 

both air and oxygen atmospheres exhibit similar temperature thresholds for maximizing 

separation efficiency. Given this, an air atmosphere could be economically favorable. From an 

energy consumption standpoint, 400 °C is preferable to higher temperatures. However, carbon 

additives in cycled cathodes typically decompose completely at ~600 °C under air 116. 

Therefore, it may be necessary to increase the temperature or extend the holding time to reduce 

the proportion of these carbon additives in the recovered active material.  
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3.4.3 Anode material 

 

 
 
Fig. 3.16. (a) XRD pattern of fresh anode under argon from 25 to 600 ℃, and its enlarged area of (b) 26.0-27.0°, 

(c) 42.0-45.0°. The corresponding (d) a and c, and (e) cell volume.  

 

The XRD results for the fresh and cycled anodes after thermal treatment under argon 

atmosphere are displayed in Fig. 3.16a-e and Fig. 3.17a-e. The powders obtained from the 

fresh anodes after 250-600 ℃ are indexed with a hexagonal layer structure of P63/mmc space 

group (Fig. 3.16a). The shift of 002 reflection represents the change of interlayer distance and 

lattice parameter c, while the shift of 100 and 101 reflections corresponds to the variation of 

parameter a. As seen in Fig. 3.16b-c, there is only a small shift for the 002, 100, and 101 

reflections after 250-600 ℃, corresponding to a slight variation of cell parameters (Fig. 3.16d-

e), reflecting good structure stability of graphite at these conditions.  

 

 
 
Fig. 3.17. (a) XRD pattern of cycled anode under argon from 25 to 600 ℃, and its enlarged area of (b) 26.0-27.0°, 

(c) 42.0-45.0°. The corresponding (d) a and c, and (e) cell volume. 

 

The materials obtained after 250-600 ℃ for the cycled anodes also maintain the layer structure 

(Fig. 3.17a). The observed slight shift in reflection position and the variation in cell parameters 

(Fig. 3.17b-e) suggest that the cycled materials also possess good structural stability when 

exposed to high temperatures. Notably, reflections attributed to Cu are observed after 350-
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600 ℃. Their presence can be attributed to chemical changes occurring at the interface contact 

between graphite and Cu-foil during thermal treatment. These changes result in the inclusion 

of Cu impurity in graphite after the scraping process.  

 

 
 

Fig. 3.18. (a) XRD pattern of fresh anode under nitrogen from 25 to 600 ℃, and its enlarged area of (b) 26.0-

27.0°, (c) 42.0-45.0°. The corresponding (d) a and c, and (e) cell volume.  

 

Fig. 3.18a-e and Fig. 3.19a-e show the XRD results for the fresh and cycled anode after 

thermal treatment under a nitrogen atmosphere. For the fresh anode, the material exhibits the 

layered structure after heating to 250-600 ℃, which is similar to the results obtained under an 

argon atmosphere. The shifts of 002, 100, and 101 reflections at these temperatures are not 

noticeable (Fig. 3.18b-c). Correspondingly, the cell parameters have only slight variation (Fig. 

3.18d-e), which implies good structure stability of graphite in this temperature range.  

 

 
 
Fig. 3.19. (a) XRD spectrum of cycled anode under nitrogen from 25 to 600 ℃, and its enlarged pattern of (b) 

26.0-27.0°, (c) 42.0-45.0°. The corresponding (d) a and c, and (e) cell volume. 

 

For the cycled anode, the material obtained after 250-600 ℃ retains the layered graphite 

structure (Fig. 3.19a). The shifts of 002, 100, and 101 reflections are also very minor (Fig. 

3.19b-c), corresponding to the slight fluctuation of the cell parameters (Fig. 3.19d-e), 

indicating that the thermal treatment at this temperature range does not have a significant 
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impact on the graphite. Yet, the distinct reflections of Cu are also observed after 400-600 ℃, 

resembling the results observed for cycled anodes treated under the argon atmosphere. 

 

 
 

Fig. 3.20. (a) XRD pattern of fresh anode under hydrogen (5% H2 / 95% Ar) from 25 to 600 ℃, and its partial 

enlarged area of (b) 26.0-27.0°, (c) 42.0-45.0°. The corresponding (d) a and c, and (e) cell volume.  

 

Fig. 3.20a-e and Fig. 3.21a-e show the XRD results for the fresh and cycled anode after 

thermal treatment under a hydrogen atmosphere (5% H2 / 95% Ar). In the case of the fresh 

anode, the material exhibits a layered structure after heating to 250-600 ℃, mirroring the 

outcomes observed under argon and nitrogen atmospheres (Fig. 3.20a). Notably, there are no 

discernible shifts in the 002, 100, and 101 reflections at these temperatures (Fig. 3.20b-c). 

Correspondingly, there is only a slight variation in cell parameters (Fig. 3.20d-e), indicating 

the robust structural stability of graphite within this temperature range. 

 

 
 
Fig. 3.21. (a) XRD pattern of cycled anode under hydrogen (5% H2 / 95% Ar) from 25 to 600 ℃. and its partial 

enlarged area of (b) 26.0-27.0°, (c) 42.0-45.0°. The corresponding (d) a and c, and (e) cell volume. 

 

For the cycled anode, the material maintains the graphite structure after 250-600 ℃ (Fig. 

3.21a). The shifts in 002, 100, and 101 reflections are also minimal (Fig. 3.21b-c), 

corresponding to slight fluctuations in cell parameters (Fig. 3.21d-e). This implies, under the 

hydrogen atmosphere, that thermal treatment within this temperature range has a negligible 
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impact on the graphite structure, akin to the effects observed under argon and nitrogen 

atmospheres. Besides, more distinct reflections of Cu are observed after 400-600 ℃, 

resembling the results observed in cycled anode under argon and nitrogen atmosphere. 

 

 
 
Fig. 3.22. (a) XRD pattern of fresh anode under air from 25 to 600 ℃, and its partial enlarged area of (b) 26.0-

27.0°, (c) 34.0-46.0°. (d) XRD pattern of cycled anode under air from 25 to 600 ℃, and its partial enlarged area 

of (e) 26.0-27.0°, (f) 34.0-46.0°.  
 

Finally, Fig. 3.22a-f exhibits the XRD results of the cycled and fresh anodes after the thermal 

treatment in air. In this case, the calculation of cell parameters is omitted due to a pronounced 

oxidation of graphite and incomplete separation from the Cu-foil. Consequently, the study on 

the cell parameters of graphite is considered less appealing. Nevertheless, the structure 

variation can still be determined based on shifts and intensity of reflections. The fresh anodes 

maintain the layered graphite structure after 250-600 ℃ (Fig. 3.22a). There is no significant 
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shift of 002, 100, and 101 reflections. The reflection intensity of graphite notably decreases 

after 450-600 ℃, indicating the oxidation process. Additionally, certain reflections attributed 

to CuO and Cu2O are observed after the same temperatures (Fig. 3.22b-c), which further 

confirms the oxidation of Cu-foil. By combining the XRD analysis with the separation results, 

it is evident that the oxidation of Cu occurs after 250 ℃. Notably, before reaching 350 °C, the 

oxidation of copper is relatively minor and primarily affects the surface. Therefore, even after 

the decomposition of the binder, the active material can still be peeled off from the Cu-foil. 

Above 350 ℃, the oxidation of copper becomes more pronounced, resulting in the 

embrittlement of the copper, which poses significant challenges for the separation process.  

 

The layered structure of the cycled graphite anodes remains intact after 250-550 ℃ (Fig. 3.22d). 

After 600 ℃, substantial oxidation of graphite is evident based on the very low intensity of 

graphite reflections. The shift of the 002, 100, 101, and 004 reflections remain very low after 

250 -550 ℃ (Fig. 3.22e-f). Additionally, reflections corresponding to CuO and Cu2O are 

observed after 500 to 600 ℃, indicating the oxidation of the Cu-foil.  

 

3.4.4  Potential application of thermal treatment for cycled anode 

 

Thermal treatment of graphite under argon, nitrogen, and hydrogen (5% H2 / 95% Ar) 

atmospheres effectively preserves its desired layered structure. However, a significant 

challenge arises in the separation process, where achieving a complete delamination of active 

materials is hindered by the deterioration of the interface between graphite and Cu-foil. Such 

degradation complicates the separation process, as it obstructs the efficient and thorough 

detachment of graphite. Furthermore, within the temperature range of 350 to 600 °C, 

incomplete delamination exacerbates the issue, making the simultaneous handling of cycled 

cathode and anode problematic. This leads to an unavoidable mixing of cathode and anode 

materials. Given these complications, relying solely on thermal treatment for separating 

graphite from copper foil is not advisable. Instead, a potentially more efficient approach may 

involve combining thermal treatment with solvent-assisted direct recycling techniques.  

 

3.5  Conclusion 
 

In summary, this chapter provides a comprehensive understanding of the separation efficiency 

and structural degradation resulting from the thermal treatment under different atmospheres 

and temperatures for both fresh and cycled cathodes and anodes.  
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The results reveal that the use of air/oxygen atmosphere allows for achieving 100% separation 

efficiency of active cathode material at a lower temperature compared to argon, nitrogen and 

hydrogen (5% H2 / 95% Ar). Under inert environments, the layered structure undergoes gradual 

degradation as the temperature increases. In contrast, using air and oxygen atmosphere 

effectively inhibits such transformation and minimizes the degradation process. The structural 

changes observed under air and oxygen conditions are desirable for direct recycling. Moreover, 

the cycled cathode material experiences more pronounced phase degradation compared to fresh 

materials treated under the same conditions. This is primarily attributed to the degraded 

structural stability due to cycling.  

 

Complete separation of graphite from fresh anodes can be achieved under argon and nitrogen 

atmosphere at 300 ℃, and under hydrogen (5% H2 / 95% Ar) at 350 ℃. However, achieving 

such separation for cycled anodes is challenging due to enhanced interface adhesion between 

the Cu-foil and graphite caused by the decomposition of residual compounds on the surface. 

Nevertheless, graphite exhibits excellent thermal stability under argon, nitrogen and hydrogen, 

maintaining the layered structure after 250-600 ℃. Yet, air atmosphere induces the oxidation 

of graphite and copper foil, which affects the separation efficiency and material purity. 

 

Finally, it should be mentioned that a treatment condition of 450 °C for 4 h under air for spent 

cathodes was considered as a suitable balance between separation efficiency and structural 

preservation, and the resulting NCM622 powders were used as the basis for subsequent 

regeneration studies. 
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4. Structural repair of spent NCM material 

 

4.1 Introduction 
 

Among the various steps during direct recycling, the regeneration is garnering most attention, 

as it is pivotal in determining the properties of the regenerated materials. The regeneration is 

essentially a structural repair process, involving a local phase transformation from degraded 

phases (rock-salt/spinel phases) back to original phase (layered phase), driven by re-lithiation 

134. It is well known that rhombohedral (R-3m), spinel (Fd-3m), and rock-salt (Fm-3m) 

structures all rely on a CCP oxygen framework, with cations occupying tetrahedral or 

octahedral sites. Consequently, the repair process is fundamentally governed by the kinetics of 

cation migration and diffusion. Currently, thermal solid-state reaction is the most commonly 

employed method to enhance these kinetic processes and drive the reformation of the layered 

phase 135-137.  

 

Understanding how degraded phases transform back to the original structure is essential for 

designing effective regeneration strategies for such spent layered cathode materials. However, 

due to the similarity in the cubic-close-packed oxygen framework in the degraded and layered 

phases, as well as the localized formation of degraded phases in spent materials, differentiating 

between these phases can be challenging. While transmission electron microscopy (TEM) 

along with Fast Fourier Transform (FFT) analyses are commonly used to evaluate the success 

of structural repair 54, 56, 138, these methods often fail to fully capture the detailed structural and 

chemical evolution occurring throughout the repair process. As a result, the specific 

mechanisms involving cation migration and differences in migration behavior among the three 

TMs (Ni, Co, and Mn) remain largely unexplored. Investigating these aspects could provide 

crucial insights into optimizing repair conditions and improving the effectiveness of direct 

recycling for NCM materials. 

 

In this chapter, the structural repair of spent NCM622 using thermal solid-state reaction is 

investigated, focusing specifically on how lithium compensation ratio and reaction temperature 

affect regeneration. To gain a comprehensive understanding of structural and chemical changes 

throughout the repair process, multiscale characterization techniques are employed, including 

diffraction, absorption spectroscopy, and nuclear magnetic resonance to illustrate the structural 

degradation in spent NCM622, and to reveal both long- and short-range structural evolution 

upon the repair process. Moreover, the recovery of the electrochemical capacity is evaluated 
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for cathode materials regenerated under different reaction conditions, revealing a correlation 

between capacity recovery and structural order. Finally, a possible thermal solid-state reaction 

mechanism for the structural repair, involving re-lithiation, oxygen capture, TM oxidation and 

migration, is proposed. These findings provide essential insights into structural repair 

mechanisms and contribute to advancing sustainable battery recycling technologies. 

 

4.2 Methods 

4.2.1 Direct regeneration of cathode active material 

 

The used cycled pouch cells were the same as those mentioned in Chapter 3. The cathode 

sheets extracted from the pouch cells were cut into small pieces, and heated at 450 °C for 4 

hours under an air atmosphere to decompose the PVDF binder, thereby facilitating the 

delamination of CAM from Al foil. After that, CAM was collected by manually shaking the 

cathode sheets, yielding approximately 65 g spent NCM622 powder.  

 

The spent NCM622 powder was regenerated by a thermal solid-state reaction with a subsequent 

washing step, and a second heating process to remove the residual lithium salts on the surface. 

Specifically, the powder was mixed homogeneously in a mortar with LiOH·H2O (Sigma 

Aldrich, >98 %) in different lithium compensation/TM molar ratios of 0.1/1.0, 0.2/1.0, and 

0.3/1.0. The obtained mixture was heated under an air atmosphere in a muffle furnace (100-

900 °C for 12 h, heating rate 5 °C min-1 and passive cool down to room temperature). During 

the second thermal treatment after washing, materials regenerated below 650 °C underwent 

heating to the same temperature as the initial heating, with a holding time of 6 h. In contrast, 

materials regenerated above 650 °C were subjected to a heating at 650 °C, also with a 6 h 

holding time. 

 

4.2.2 Electrode Preparation 

 

The electrodes were fabricated by thoroughly blending the cathode active material, Super-C65 

conductive carbon black (MTI Co., Ltd.), and polyvinylidene fluoride (PVDF, Sigma-Aldrich) 

in an 8:1:1 mass ratio using a mortar. N-methyl-2-pyrrolidone (NMP) with a moisture content 

below 0.1% (VMR) served as the solvent. The mixture was homogenized using a planetary 

mixer (THINKY ARV-310) at 2000 rpm for 10 minutes in an air atmosphere. The resulting 

slurry was uniformly applied onto 15 μm thick Al foil (Häberle LABORTECHNIK GmbH & 

Co.KG) using a ZUA 2000 Universal applicator at a speed of 25.0 mm/s, achieving a coating 

thickness of 150 μm. The coated Al foil was dried at 80 °C in ambient conditions for 6 h to 



53 

 

remove the NMP solvent. After drying, the electrode material was punched into 12 mm 

diameter disks (with an approximate active material loading of 3 mg/cm²) using a handheld 

punch (NOGAMIGIKEN Co., Ltd.). A final drying step was performed in a Büchi glass oven 

(B-585) under vacuum at 120 °C for 12 hours to ensure complete solvent removal. 

 

4.2.3 Cell Assembly and Electrochemical Characterization 

 

To assess the electrochemical performance, CR2032-type coin cells were assembled. Each cell 

consisted of a lithium metal anode (14 mm diameter, 0.25 mm thickness, PI-KEM), a 

WHATMAN GF/C membrane (WHATMAN INT. LTD, Chro.) serving as the separator, and 

100 μL of electrolyte. The electrolyte (Sigma-Aldrich) comprised 1 mol L-1 LiPF6 dissolved in 

a 1:1:1 volume ratio of ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl 

carbonate (DMC), with the moisture content maintained below 10 ppm. The assembly process 

was conducted in an argon-filled glovebox with O₂ and H2O levels kept below 0.1 ppm. The 

electrochemical cycling and rate tests were performed at a constant temperature of 25 °C using 

a Biologic VMP3 multichannel battery testing system, operating within a voltage window of 

3.0–4.3 V. To ensure reproducibility, all electrochemical experiments were conducted using a 

minimum of two-coin cells per test. The current density for each cell was determined based on 

the mass of the active material in the electrode, ensuring accurate and consistent comparisons 

across measurements. 

 

4.2.4 Material characterization 

 

The elements except oxygen of the materials were analyzed by Inductively Coupled Plasma 

Optical Emission Spectrometry (ICP-OES), and oxygen was analyzed by Carrier Gas Hot 

Extraction (CGHE).  

 

The ex-situ X-ray Diffraction (XRD) experiments were conducted on a STOE Stadi P powder 

diffractometer with monochromatic Cu-Kα1 radiation (λ = 1.54056 Å) in transmission 

geometry. The measurements were performed at room temperature with a 0.015° 2θ step 

between 10 and 70 degrees of 2θ. The Kapton film's presence visibly adds an amorphous-like 

background in the XRD patterns at 10° < 2θ < 17°. 

 

The in-situ high-temperature XRD experiments were conducted on a STOE Stadi P powder 

diffractometer with monochromatic Mo-Kα1 radiation (λ = 0.7093 Å). The samples were 

loaded into quartz capillaries with an outer diameter of 0.5 mm. The tests started at room 
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temperature, followed by a 1-hour dwell at every 50 °C increment. XRD data collection was 

performed during the dwell period, taking approximately 40 minutes.  

 

The Synchrotron Radiation Diffraction (SRD, λ = 0.9542 Å) data was sequentially collected 

alongside Hard X-ray absorption Spectroscopy (XAS) at BL16 (NOTOS) at ALBA (Spain) 

with a synchrotron radiation energy of 13 keV. Specifically, the XAS data was acquired first, 

with each edge requiring approximately 5 minutes. Subsequently, the system switched to SRD 

mode, where SRD data collection was completed in approximately 30 seconds.  Similar to 

Chapter 3, the Rietveld refinement based on the obtained XRD and SRD patterns was 

performed in the FullProf software package 139.  

 

The ex-situ Hard X-ray Absorption Spectroscopy (XAS) experiments, focusing on collecting 

Extended X-ray Absorption Fine Structure (EXAFS) spectra, were performed at beamline P64 

Advanced X-ray Absorption Spectroscopy at PETRA III (Germany). The obtained XAS data 

was processed using ATHENA software 140. The corresponding k2χ(k) data is presented in Fig. 

A1-3, with k-ranges for Fourier transformation selected as 3-11, 3-10.3 and 3-10.5 Å-1 for Ni, 

Co and Mn K-edge, respectively. During Fourier transformation processing in ATHENA, 

phase correction was applied, resulting in an ~3 Å shift.  

 

Solid-state nuclear magnetic resonance (NMR) spectroscopy was conducted on Bruker Avance 

200 MHz spectrometer at a magnetic field of 4.7 T. The spectra were acquired with 1.3 mm 

rotors at a spinning speed of 60 kHz. The recycle delay was set to 1 s, and the Larmor frequency 

was 29.5 MHz for 6Li. The 6Li NMR spectra were measured using a rotor-synchronized Hahn-

echo pulse sequence (90°−τ–180°−τ–acquisition) with a 90° pulse length of 0.95 μs. The 6Li 

NMR shifts were referenced using an aqueous 1 M 6LiCl solution (0 ppm). All spectra were 

normalized with respect to sample mass and number of scans. The temperature of the rotors 

during spinning were investigated using the shift of 207Pb in Pb(NO3)2 
141, 142. 
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4.3 Results and discussions 
 

 
 
Fig. 4.1. Schematic illustration for a (a) pre-treatment process and (b) subsequent structural repair process used in 

the present work. 

 

In the present chapter, the spent NCM622 powder (denoted as S-NCM622) was obtained from 

an end-of-life pouch cell (retired after thousands of cycles with a capacity retention of 81%) 

via thermal treatment at 450 °C for 4 h in air atmosphere (Fig. 4.1a), as mentioned in Chapter 

3. S-NCM622 exhibits a typical polycrystalline morphology but with cracked particles, likely 

arising from the long-term cycling143, 144. Its stoichiometry is confirmed as 

Li1.004Ni0.601Mn0.200Co0.199O1.921 (see Table 4.1, the result of sample without washing) through 

ICP-OES and CGHE. After a water-washing process to remove the potentially residual lithium 

salts (e.g., LiOH, Li2CO3 and Li3PO4) from the surface, this stoichiometry shifts to 

Li0.856Ni0.601Mn0.201Co0.198O1.905 (see Table 4.1, the result of sample with washing), suggesting 

lithium and oxygen loss from the structure. It is important to note that the unwashed material 

is primarily used for analysis and regeneration in this study. Besides, no significant 

stoichiometry changes are observed for the TM elements.  

 

To better understand the structural and chemical changes in S-NCM622, pristine NCM622 

(denoted as P-NCM622), commercially purchased, is employed as a reference. Its 

stoichiometry is found to be Li1.046Ni0.602Mn0.200Co0.198O2.036 (Table 4.2), aligning well with 

standard stoichiometry of NCM622. Electrochemical studies on P-NCM622 using a half-cell 

configuration reveal a discharge capacity of 170.1 mAh g-1 at its initial 0.1 C (1 C = 160 mA g-
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1) cycle over 3.0-4.3 V, and a capacity retention of 96% after 100 cycles at 1 C charge/discharge 

within the same voltage range, as illustrated in Fig. 4.2a-b. 

 
Table 4.1. Elemental composition analysis from ICP-OES and CGHE of the obtained active material after thermal 

treatment under air at 450℃ with and without water washing. (Avg: Average; SD: Standard deviation.) 

 

Samples 

Weight percent (%) 

Ni Co Mn Li O 

Avg SD Avg SD Avg SD Avg SD Avg SD 

Without washing 31.0 1.0 11.8 0.3 11.1 0.2 6.83 0.12 35.6 0.7 

With washing 31.8 0.7 12.2 0.1 11.5 0.1 6.02 0.06 36.8 0.3 

 
Table 4.2. Elemental composition analysis from ICP-OES and CGHE of pristine NCM622 (P-NCM622). (Avg: 

Average; SD: Standard deviation.) 

 

Sample 

Weight percent (%) 

Ni Co Mn Li O 

Avg SD Avg SD Avg SD Avg SD Avg SD 

P-NCM622 34.5 0.5 11.4 0.2 10.7 0.1 6.88 0.07 31.8 0.4 

 

The structural repair process of S-NCM622 was realized by a thermal solid-sate reaction, as 

depicted in Fig. 4.1b. Specifically, S-NCM622 was homogeneously mixed with LiOH·H2O, 

and then was heated under an air atmosphere in a muffle furnace to restore its structure and 

stoichiometry. 

 

 
 
Fig. 4.2. (a) Initial charge/discharge capacities at 0.1 C (1 C = 160 mA g-1), over 3.0-4.3 V and (b) cycling 

performance at charge-discharge rate of 1 C within the same voltage range for P-NCM622. 
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4.3.1 Structural degradation in Spent NCM622 cathode material 
 

 
 
Fig. 4.3. XRD patterns (Cu-Kα1 radiation, λ = 1.54056 Å) and corresponding one-phase Rietveld refinement result 

for (a) pristine NCM622 (P-NCM622), and (b) one-phase and (c) two-phase Rietveld refinement results for spent 

NCM622 (S-NCM622). 

 

To clarify the structural repair process, it is crucial to first understand the structural degradation 

occurring in S-NCM622. To investigate the structural degradation, XRD analysis was initially 

conducted on both P-NCM622 and S-NCM622. The resulting patterns and Rietveld refinement 

are presented in Fig. 4.3a-c. As displayed in Fig. 4.3a, P-NCM622 exhibits the characteristic 
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rhombohedral structure (R-3m) with well-defined reflections, indicating a highly ordered 

layered structure. In S-NCM622, the observed reflections suggest that it retains the layered 

structure. Nonetheless, the application of a one-phase (layered phase, R-3m) Rietveld 

refinement results in a suboptimal fit to the observed peaks. This poor fit can be attributed to 

profile anomalies in certain reflections (Fig. 4.3b), particularly at the 104L reflection, which 

represents local destruction of the crystal’s rhombohedral symmetry. Importantly, these 

anomalies are primarily located at positions corresponding to reflections associated with rock-

salt structure (RS, Fm-3m, Fig. A4). This suggests that the profile anomalies most likely arise 

from contributions by domains exhibiting cubic symmetry in the spent material. To further 

illustrate this, a two-phase refinement was then performed (layered and RS). The inclusion of 

RS improves the fit to the observed peaks, as evidenced by changes in the Rp and Rwp values 

from their initial values of 2.88% and 4.34%, to improved values of 2.49 % and 3.19 %, 

respectively (Fig. 4.3b-c). This indicates that the profile anomalies can be ascribed to 

overlapping contributions from both phases (layered and RS) with varying degrees of cation 

ordering. That is to say, RS-type domains resulting from cation disorder are formed in S-

NCM622. This conclusion is supported by SRD results as well (Fig. A5). 

 

 
 
Fig. 4.4. Schematic illustration for (a) RS-type structure and (b) NCM layered structure. 

 

Generally, the RS structure can be characterized by cation occupying edge-sharing octahedra 

in a cubic-close-packed (CCP) oxygen framework (Fig. 4.4a)57, 145, 146. While layered NCM 

materials with rhombohedral symmetry, as shown in Fig. 4.4b, feature alternating Li and TM 

ions occupying edge-sharing octahedra along (104)L plane, also in an CCP oxygen framework, 

but with slight distortion that locally disrupts the CCP symmetry (due to the Jahn-Teller effect 

of Ni3+: 3d7, particularly pronounced in high-nickel materials)147, 148. As such, the formation of 

RS-type domains in S-NCM622 can be fundamentally understood as TM migration and 

occupying the Li octahedral site, coupled with Li and O loss (as evidenced by ICP-OES and 

CGHE results), possibly along with an intensified or alleviated CCP oxygen framework 

distortion in NCM622.   
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Moreover, such migration is typically accompanied by a reduction in TM oxidation states67, 149. 

Based on this characteristic, chemical valence study using XAS with focus on XANES was 

conducted, to further understand the formation of RS-type domains in S-NCM622 and the 

potential migration differences among Ni, Co and Mn. The XANES results for both P-NCM622 

and S-NCM622 in Fig. A6 were sequentially collected alongside SRD (as shown in Fig. A5). 

The corresponding Ni, Co, and Mn K-edge XANES spectra reveal that S-NCM622 exhibits 

edge shifts toward lower energy across all three edges compared to P-NCM622, suggesting 

decreased average oxidation states of TMs in S-NCM62269, 150. Notably, the Ni K-edge exhibits 

more significant edge shifts than that in Co and Mn K-edge, most likely indicating that the 

formation of RS-type domains in S-NCM622 resulting from TM migration are largely induced 

by Ni. 

 

 
 
Fig. 4.5. Normalized XANES spectra of (a) Ni, (b) Co, and (c) Mn K-edges for P-NCM622 and S-NCM622. 

EXAFS results of (d) Ni, (e) Co and (f) Mn K-edges for P-NCM622 and S-NCM622. 

 

The XANES results for P-NCM622 and S-NMC622 measured at PETRA III P64 show 

consistent trends (Fig. 4.5a-c). To obtain atomic-level insights into the coordination 

environment changes of Ni, Co, and Mn during RS-type domain formation, the corresponding 

EXAFS analysis (Fourier transformation k2|χ(k)|) was performed. As shown in Fig. 4.5d-f, both 

samples display two dominant peaks in the radial distribution function for each metal edge at 
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∼1.8 and ∼2.8 Å, assigned to metal-oxygen (M-O) and metal-metal (M-M) bonds, 

respectively68, 151. As observed, the Ni-O peak of S-NCM622 displays a substantial magnitude 

increase relative to P-NCM622, while the Co/Mn-O peak shows only minor differences. These 

findings suggest that RS-type domain formation involves changes in the NiO6 octahedral 

coordination environment, while leaving the Co and Mn local structures relatively unaffected. 

It is therefore inferred that the structural changes of NiO6 octahedra could be related to the 

transition of Ni3+-O6 to a more symmetric Ni2+-O6 (Jahn−Teller free)151, 152, with subsequent 

local accumulation of Ni2+ in specific regions by cation diffusion along a/b-axis. This 

accumulation is most likely responsible for the emergence of cubic-symmetry domains, while 

simultaneously inducing locally symmetry changes in the CCP oxygen framework of NCM622 

material. In contrast, Co and Mn are believed to exhibit slight variations in their local 

environments only, largely due to their limited migration and the inherent stability of Co3+-O6 

and Mn4+-O6 octahedra within the TM layer70. In other words, these observations further 

suggest that the Ni ions occupying the Li octahedral site, accompanied by local geometric 

changes in Ni and O coordination environment, serves as the dominant mechanism driving the 

RS-type domain formation in S-NCM622.  

 

In addition, the increased magnitude observed at ~3.8 Å from the Ni-edge spectra for S-

NCM622, a peak generally associated with 180° Ni–O–Ni correlations, provides further 

evidence for Ni occupying Li octahedral sites, reinforcing the proposed Ni migration 

mechanism153-155. Two more distant peaks observed at ~4.7 and ~5.5 Å, correspond to 

combined single M–M and multiple M–M–M scattering between or within TM planes152, 153, 

offering insights into longer-range structural changes. These peaks, show similar trends in S-

NCM622 compared to P-NCM622 across all radial distributions for Ni, Co, and Mn elements, 

as seen in the corresponding absorption edge spectra. The magnitude variations for S-NCM622 

in these two peaks may be attributed to enhanced interlayer backscattering induced by TM ions 

in the Li layer (~4.7 Å), and reduced intralayer backscattering due to Li ions when TM 

absorbers are located in the Li layer (~5.5 Å), respectively. As a result, these changes most 

likely further indicate an overall increase in amounts of TM ions within the Li layer in S-

NCM622 155.  

 

Overall, the migration of TM ions, particularly Ni, from the TM layer to the Li layer, coupled 

with lithium and oxygen loss, reduction in TM oxidation states, results in local destruction of 

crystal’s rhombohedral symmetry and the formation of RS-type domains. This is identified as 
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the primary driving force for structural degradation in S-NCM622. Based on previous studies, 

the RS-type domains are believed to be near the material’s surface to achieve a low-energy 

state66, 68, 156. In the following sections, we will explore how this structural degradation can be 

repaired. The long- and short-range structural evolution during this repair process is examined, 

and the impact of structural reordering on the recovery of battery capacity of the repaired 

cathode is discussed. 

 

4.3.2 Electrochemical performance evaluation 

 

 
 
Fig. 4.6. Initial discharge capacities at 0.1 C (1 C = 160 mA g-1), over 3.0-4.3 V for materials regenerated at 

various temperatures and Li/TM molar ratios (Li/TM refers to lithium compensation/TM molar ratio). 

 

To illustrate the mechanisms behind the structural repair, the restoration of electrochemical 

performance was first evaluated by measuring the initial discharge capacities at a charge-

discharge rate of 0.1 C (1 C = 160 mA g-1) over a voltage range of 3.0-4.3 V. This was 

performed for materials regenerated at various temperatures (100-900 °C, in 50 °C intervals) 

and with different lithium compensation/TM molar ratios (denoted as Li/TM = 0.1, 0.2 and 0.3, 

using LiOH·H2O as the lithium source) in a half-cell configuration.  

 

As seen in Fig. 4.6, S-NCM622 delivers a discharge capacity of 64.2 mAh g-1 in its first cycle 

at 0.1 C. This low capacity is likely attributed to impurities and further structural degradation 

introduced during the pre-treatment process(water washing through centrifuge), in addition to 

the degradation that occurred during cycling in the initial full-cell battery. After undergoing 

the structural repair process, the materials exhibit different levels of capacity recovery. It 

should be noted that the capacity increases below 200 °C is believed to stem from the removal 

of certain impurities during the washing process following regeneration (Fig. 4.7a). The 

majority of the capacity recovery occurs when the materials are treated between 600 and 750 °C, 
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with higher Li/TM ratios further enhancing the recovery. However, after 750 °C, the capacity 

recovery begins to decline. Among the regenerated samples, the material regenerated at 750 °C 

and Li/TM ratio of 0.3 (denoted as R-NCM622) shows the highest capacity, achieving 170.8 

mAh g-1, comparable to that of P-NCM622 (Fig. 4.7b). Further investigation into higher Li/TM 

ratios (0.4, 0.5, and 0.6) at 750 °C reveals that increasing the Li/M ratio beyond 0.3 does not 

further improve the capacity (Fig. 4.8a). These findings suggest that the optimal condition for 

achieving maximum capacity recovery in this structural repair process should be at 750 °C with 

a Li/TM ratio of 0.3. 

 

 
 
Fig. 4.7. (a) Initial charge/discharge capacities at 0.1 C, over 3.0-4.3 V for S-NCM622 with and without washing, 

(b) Initial charge/discharge capacities at 0.1 C, over 3.0-4.3 V for S-NCM622, P-NCM622 and R-NCM622 

(regenerated under 750 °C with a Li/TM ratio of 0.3). 

 

 
 

Fig. 4.8. (a) Cycling performance for materials regenerated at 750 °C with different Li/TM ratios (Li/TM = 0.3, 

04, 0.5 and 0.6, the corresponding samples are denoted as 750-0.3, 750-0.4, 750-0.5 and 750-0.6, respectively) at 

charge-discharge rate of 0.2 C, over 3.0-4.3 V. (b) Rate performance of R-NCM622. (c) Cycling performance of 
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R-NCM622 and S-NCM622 at charge-discharge rate of 0.2 C, over 3.0-4.3 V. (d) Cycling performance of R-

NCM622 at charge-discharge rate of 1 C, over 3.0-4.3 V. 

 

To further evaluate the restoration of electrochemical properties, the rate and cycling abilities 

of R-NCM622 were studied. Fig. 4.8b shows that R-NCM622 delivers initial discharge 

capacities of 167.2, 158.4, 150.6, 140.0, 125.3 and 102.0 mAh g⁻¹ at 0.2, 0.5, 1, 2, 4 and 8 C 

with a cut-off voltage of 4.3 V, respectively. Fig. 4.8c-d exhibit that R-NCM622 retains 77% 

of its initial capacity after 150 cycles at a charge/discharge rate of 0.2 C within the voltage 

range of 3.0-4.3 V, and 76% capacity retention after 150 cycles at 1 C within the same voltage 

range. These results further demonstrate the successful restoration of electrochemical 

properties. 

 

4.3.3 Analysis of the repair mechanism 
 

With the understanding of the capacity recovery trend in the regenerated materials, a series of 

in-depth characterizations to uncover the underlying mechanisms behind the capacity recovery 

was conducted.  

 

Structurally, the repair process can be understood as the reverse of structural degradation. This 

process generally involves re-lithiation, oxygen capture, an increase in TM oxidation states, 

and the TM migration from the Li layer back to the TM layer. This can be represented by the 

following reaction, where LiOH serves as the lithium source: 

 

𝐿𝑖1−𝑥𝑁𝑖0.6𝐶𝑜0.2𝑀𝑛0.2𝑂2−𝑦 + 𝐿𝑖𝑂𝐻 + 𝑂2 ↑→ 𝐿𝑖𝑁𝑖0.6𝐶𝑜0.2𝑀𝑛0.2𝑂2 + 𝐻2𝑂 ↑                   (4-1) 

 

The structural evolution occurring during this reaction was initially studied by mixing S-

NCM622 with different Li/TM ratios (0.1, 0.2, and 0.3) and analyzing it using in-situ high-

temperature XRD over a temperature range from room temperature (RT) to 800 °C under an 

air atmosphere. As shown in Fig. 4.8a-c, reflections corresponding to LiOH·H2O are detected 

below 150 °C, growing more prominent with increasing Li/M ratios. Around 150 °C, 

LiOH·H₂O loses water to form LiOH, which then melts around 450 °C, indicated by the shift 

of reflections and their disappearance. Throughout the tested temperature range and various 

Li/M ratios, the layered structure of S-NCM622 is maintained. However, a continuous shift 

towards lower angles is observed for 003L and 104L reflections as the temperature increases, 

implying changes in lattice parameters. Such shifts of reflections have been noted in prior 

studies on direct recycling of layered materials157-159, though the mechanisms may not have 

been fully explored.  
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Fig. 4.9. In-situ high-temperature XRD patterns (Mo-Kα1 radiation, λ = 0.7093 Å) for (a) Li/TM = 0.1, (b) Li/TM 

= 0.2 and (c) Li/TM = 0.3. 

 

To comprehend this behavior, we further characterized both P-NCM622 and S-NCM622 across 

the same temperature range without adding an additional lithium source (Fig. 4.9a-b). Cell 
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parameters for all samples were then extracted using Rietveld refinement.  

 

 
 
Fig. 4.10. In-situ high-temperature XRD patterns (Mo-Kα1 radiation, λ = 0.7093 Å) for (a) P-NCM622 and (b) S-

NCM622. 

 

 

For P-NCM622, the a and c values also expand as the temperature increases (Fig. 4.10a). 

Notably, the expansion of a and c remains relatively constant over each 50 °C increment, 

suggesting that the expansions should be mainly ascribed to anharmonicities of lattice 

vibrations (thermal expansion). The differing thermal expansion of a and c can be explained 

by weaker interlayer forces (O-Li-O) than intralayer forces (O-TM-O). Yabuuchi et al.'s work 

on the thermal instability of cycled lithium-nickel-manganese oxides demonstrates similar 

conclusions160. In the case of S-NCM622, similar expansion trends in a and c are found (Fig. 

4.10b). Nevertheless, there is an evident increase in the expansion rate of a at 650 °C, with 

gradual intensification as temperature further increases. The increases could indicate some 
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degree of structural degradation, resulting from inferior thermal stability. Since a is generally 

linked to TM-O bonding distance, the higher expansion of a likely reflects a reduction in the 

oxidation states of TMs161, 162. When lithium compensation is applied, the expansion behavior 

under Li/M=0.1 closely resembles that of untreated spent S-NCM622 (Figure. 4.10c). 

However, at higher lithium compensation ratios, the evident increase in the expansion rate of 

a is delayed to 700 °C, and the overall expansion is largely inhibited (Figure. 4.10d-e). This 

phenomenon might originate from the enhanced lithiation and structural repair promoted by 

higher lithium content, which results in improved thermal stability. 

 

 
 
Fig. 4.11. Calculated a and c and their normalized expansion for (a) P-NCM622, (b) S-NCM622, (c) Li/TM = 0.1, 

(d) Li/TM = 0.2, and (e) Li/TM = 0.3 (the lattice expansion in the figures was normalized by calculating the 

growth of the lattice parameters over each 50 °C increment).   

 

Due to the thermal expansion, it is challenging to fully understand the evolution of structural 

order during the repair process through in-situ XRD findings. Fig. 4.12 and 4.13a-f presents 

ex-situ XRD results to further elucidate the structural evolution, where the samples were heated 

to different temperatures (200, 400, 600, 750, and 900 °C) with various Li/TM ratios (0.1, 0.2, 
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and 0.3) and then cooled down to RT. Unlike the in-situ findings, the ex-situ results reveal that 

drastic lattice expansions are only observed at 900 °C (Fig. 4.12), as indicated by the notable 

reflection shifts, which are related to structural degradation.  

 

 

 
 
Fig. 4.12. Enlarged region of ex-situ XRD patterns for materials regenerated under different temperatures (200, 

400, 600, 750 and 900 °C) and Li/TM ratio of 0.1, 0.2 and 0.3. 

 

To better understand the changes below 750 °C, we conducted two-phase Rietveld refinement 

(layered and RS) on the in-situ data, focusing on the structural disorder. Here, the structural 

disorder is believed to originate primarily from two sources: (1) the random distribution and 

mixing of cations within a local region, which alters the local crystal’s symmetry and is referred 

to as RS-type domain. In the XRD pattern such disorder is mainly reflected in profile anomalies 

in reflections. (2) the occupation of Li octahedral sites by TM ions, which does not necessarily 

change the symmetry but still contributes to disorder, known as cation mixing. In XRD pattern, 

this type of disorder is primarily reflected in the relative peak intensity. 

 

For the materials regenerated below 600 °C, no significant reduction in structural disorder is 

observed compared to S-NCM622, as indicated by similar levels of RS and cation mixing (Fig. 

4.13a-d). At 600 °C, however, the regenerated materials exhibit a noticeable alleviation in 

profile anomalies in reflections, corresponding to a significant decrease in RS content alongside 

a slight increase in cation mixing. These observations demonstrate an overall improvement in 

structural order. This transition from disorder to order, as illustrated in Fig. 4.13e, can be 

attributed to the restoration of rhombohedral symmetry, driven by the reduction of domains 

with disordered RS-type cation ordering. These findings account for the noticeable capacity 

recovery observed after 600 °C, which is ascribed to the obviously improved structural order. 
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As the temperature reaches 750 °C, the profile anomalies in reflections nearly disappear, 

indicating the restoration of rhombohedral symmetry (Fig. 4.13f).  

 

 
 

Fig. 4.13. Ex-situ XRD (Cu-Kα1 radiation, λ = 1.54056 Å) and corresponding refinement results (focusing on 

104L reflection) for materials regenerated under different temperatures (200, 400 and 600 °C) with a Li/TM ratio 

of (a) 0.1, (b) 0.2 and (c) 0.3. (d) Corresponding calculated content of RS and cation mixing in these materials 

through Rietveld refinement. (e) Schematic illustration for the structure from disorder to order when materials 

regenerated ≤600 °C. (f) Ex-situ XRD patterns and corresponding refinement results for materials regenerated at 

750 °C with Li/TM ratio of 0.1, 0.2 and 0.3, respectively. (g) Schematic illustration for the structure from disorder 

to order when materials regenerated at 750 °C with different Li/TM ratios.  
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However, despite this recovery, underlying disorder may still persist. This is evident in the 

varying degrees of TM occupation at Li octahedral sites among regenerated materials with 

different Li/TM ratios: 9.6%, 6.0%, and 4.8% for Li/TM ratios of 0.1, 0.2, and 0.3, respectively 

(calculated from Rietveld refinement). Notably, the material regenerated with a Li/TM ratio of 

0.1 exhibits significantly increased cation mixing, suggesting that structural order remains poor 

despite the decrease of RS-type domains. 

 

Therefore, it could be challenging to determine whether the structure of materials regenerated 

at 750 °C with low Li/TM ratios is more ordered than those regenerated at 600 °C with high 

Li/TM ratios, based solely on the ex-situ XRD results. However, it can be conclusively stated 

that at 750 °C, the structural order of regenerated materials is strongly influenced by the Li/TM 

ratio. This also explains the significant impact of the Li/TM ratio on capacity recovery at 

750 °C. The structural evolution from a Li/TM ratio of 0.1 to 0.3 at this temperature, as shown 

in Fig. 4.13g, can be ascribed to the alleviation of the cation mixing, driven by the cation 

migration and rearrangement. This alleviation contributes to the improvement of capacity 

recovery. As such, R-NCM622 (750 °C, Li/TM = 0.3) achieves the highest capacity among all 

regenerated materials, corresponding to the optimal structural order.  

 

Overall, the combined in-situ and ex-situ XRD findings provide preliminary insights into the 

long-range structural evolution during the repair process, highlighting a strong correlation 

between improved structural order and enhanced capacity recovery, driven by elevated 

temperature and Li/TM ratio. 
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Fig. 4.14. (a) EXAFS results of Ni K-edge and (b) the corresponding enlarged ranges from 1.1 to 2.3 Å for 

materials regenerated under different temperatures (200, 400, 600, 750 and 900 °C) with various Li/TM ratios 

(0.1, 0.2 and 0.3).  

 

To probe deeper insights into the structural evolution during the repair process, particularly in 

differentiating the local structural changes among Ni, Co, and Mn, EXAFS analysis was 

conducted on the ex-situ samples. In the Ni K-edge spectra (Fig. 4.14a), the magnitude of the 

Ni-O peak (~1.8 Å) exhibits a clear temperature-driven trend, largely independent of Li/TM 

ratios (Fig. 4.14b). Specifically, the FT magnitude of the Ni-O peak begins to decrease at 

600 °C, reaches its minimum at 750 °C, and increases at 900 °C. This trend aligns well with 

the changes in profile anomalies in reflections observed in ex-situ XRD. While several factors, 

such as lattice distortions, static and thermal disorder, and interference from multiple scattering 

paths, can influence the FT magnitude, the observed decrease is believed to closely correlate 

with the recovery of rhombohedral symmetry, as supported by the consistency between ex-situ 

XRD and EXAFS results. More fundamentally, this decrease may stem from changes in the 

CCP oxygen framework of the NCM622 material, which results in reduced O backscattering 

to Ni. On the one hand, the reverse transition from Ni2+-O6 to Jahn-Teller active Ni3+-O6 could 

restore the oxygen framework closer to its original state. Alternatively, the more dispersed 
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distribution of Ni2+ within the Li layer, due to cation rearrangement, lithium intercalation, and 

TM migration from the Li layer back to the TM layer, might mitigate oxygen framework 

distortions induced by structural degradation and similarly contribute to restoring the oxygen 

framework to its original state. 

 

 
 
Fig. 4.15. EXAFS results of (a) Co and (b) Mn K-edges for materials regenerated under different temperatures 

(200, 400, 600, 750 and 900 °C) with various Li/TM ratios (0.1, 0.2 and 0.3).  

 

In contrast, the Co and Mn K-edge spectra reveal much smaller changes in their Co/Mn-O 

peaks across different temperatures and Li/TM ratios (Fig. 4.15a-b). These observations 

indicate that the structural repair is associated with the recovery of rhombohedral lattice, which 

is mainly ascribed to the changes in NiO6 octahedral structure. In other words, the migration of 

Ni from the Li layer back to the TM layer governs the structural repair. 

 

Moreover, changes in FT magnitude at ~3.8, ~4.6, and ~5.5 Å in the Ni spectra, which reflect 

the longer-range structure, to some extent provide clearer view into the relative amounts of TM 

ions (mainly Ni) within the Li layer. As observed in Fig. 4.16a, evident FT magnitude changes 

begin at 600 °C, indicating a clear decrease in TM ions within the Li layer. This can correspond 

to an obvious improvement in the structural order, consistent with ex-situ XRD observations. 
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It should be mentioned that, as the number of TM ions within the Li layer changes, the FT 

magnitude variations at ~3.8 and ~4.6 Å, in some cases, are less pronounced than those at ~5.5 

Å. This may be attributed to the greater complexity of interlayer coordination environments 

compared to those of intralayer. Additionally, the Li/TM ratio also plays a crucial role in 

influencing FT magnitude when temperatures are above 600 °C, particularly at 750 °C. This 

suggests that a higher Li/TM ratio can also enhance structural order by promoting the migration 

of TM ions back to the TM layer but mainly after 600 °C. 

 

 
 
Fig. 4.16. (a) EXAFS results of Ni K-edge from 3.5 to 6.0 Å for materials regenerated under different temperatures 

(200, 400, 600, 750 and 900 °C) with various Li/TM ratios (0.1, 0.2 and 0.3). (b) Enlarged region of EXAFS of 

Ni K-edge, and (c) initial discharge capacities at 0.1 C, over 3.0-4.3 V for materials regenerated at 600 °C with 

the Li/TM ratios of 0.2 and 0.3, and under 750 °C with the Li/TM ratios of 0.1 (denoted as 600-0.2, 600-0.3, and 

750 -0.1 respectively). 

 

Although the ex-situ XRD results show incomplete recovery of rhombohedral symmetry in 

materials regenerated at 600 °C with Li/TM ratios of 0.2 and 0.3 (denoted as 600-0.2 and 600-

0.3, respectively), compared to the material regenerated at 750 °C with a Li/TM ratio of 0.1 

(denoted as 750-0.1), the EXAFS results likely indicate a similar amount of TM ions within 

the Li layer across these samples (Fig. 4.16b). Consequently, it is observed that their initial 
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capacities are quite comparable (Fig. 4.16c). These observations highlight that the improved 

capacity is more likely associated with the decrease in the amount of TM ions within the Li 

layer.  

 

 
 
Fig. 4.17. EXAFS results of Ni, Co and Mn k-edges for S-NCM622, P-NCM622 and R-NCM622. 

 

Lastly, all Ni, Co and Mn EXAFS results reveal that the peak shapes and intensities for R-

NCM622 closely resemble those of P-NCM622 (Fig. 4.17), confirming the successful 

restoration of the layered structure. 

 

Additionally, the TM migration from the Li layer back to the TM layer would highly rely on 

their oxidation. This is because the TM migration requires their oxidation to supply electrons 

to O2, forming O2- and realizing the expansion of CCP oxygen framework. This structural 

adjustment results in the formation of new octahedral sites, which is essential for Li insertion 

and TM migration. As such, the structural analysis was followed by the chemical-state analysis 

of TMs in the ex-situ samples using XANES results. In the Ni K-edge spectra (Fig. 4.18a), it 

is observed a notable edge shift toward higher energy beginning around 600 °C and peaking at 

750 °C, indicative of Ni oxidation. Below 600 °C, the Ni oxidation remains relatively 

unaffected by the Li/TM ratios. Yet, as the temperature increases, differences in Li/TM ratios 

significantly affect the Ni oxidation, especially at 750 °C. At 900 °C, the edge shifts back 

toward lower energy, suggesting a reduction in the Ni oxidation state. These redox changes 

align closely with the magnitude variations observed at ~3.8, ~4.6, and ~5.5 Å in the Ni spectra, 

reinforcing the strong correlation between TM migration and their oxidation.  
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Fig. 4.18. Normalized XANES spectra of (a) N, (b) Co, and (c) Mn K-edges for materials regenerated under 

different temperatures (200, 400, 600, 750 and 900 °C) with various Li/TM ratios (0.1, 0.2 and 0.3). 

 

For Co and Mn K-edges XANES spectra, more subtle edge shifts are observed following a 

similar trend as for Ni (Fig. 4.18b-c). Noteworthy, it is also observed that the Co and Mn edges 

shift towards higher energy at lower temperatures than Ni and they experience relatively 

smaller edge shifts at 900 °C. These trends likely suggest that Co and Mn undergo slight 

oxidation already at lower temperature and experience less reduction at elevated temperatures, 

compared to Ni. Overall, these observations suggest that the TM migration from the Li layer 

to the TM layer accompanied by their oxidation, and re-lithiation, would serve as the primary 

mechanism for structural repair. 
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Fig. 4.19. (a) 6Li solid-state NMR spectra for materials regenerated under different temperatures (150-850 °C, per 

100 °C) with a Li/TM ratio of 0.3. (b) The local environment in the TM/Li layers that gives rise to the isotropic 

resonance at ~550 ppm is shown. The interactions occur via oxygen as intermediate atoms. 

 

To fully elucidate the mechanisms underlying the structural repair, it is equally crucial to 

understand the coordination environment of re-intercalated lithium. Fig. 4.19a presents the ex-

situ 6Li solid-state NMR spectra of S-NCM622 mixed with 6LiOH·H2O at a Li/TM ratio of 0.3, 

sintered at different temperatures (150-850 °C, per 100 °C) and then annealed to RT. The “S-

NCM622” sample refers to spent material without added 6LiOH·H2O. Two major cluster 

groups of resonances are observed: one at ~550 ppm and one at ~0 ppm. The higher frequency 

resonances (~550 ppm) are assigned to Li local environments in Li layers, resulting from the 

interactions between the Li nucleus and unpaired electron spin density of Ni and Mn ions in 

the first and second cation coordination shell, as shown in Fig. 4.19b 163, 164. The lower-

frequency resonances (~0 ppm) are attributed to residual lithium salts on the surface.  

 
Table 4.3. Elemental composition analysis from ICP-OES and CGHE for material regenerated at 750 and 800 ℃ 

with a Li/TM ratio of 0.3 (denoted as 750-0.3 and 800-0.3, respectively). 

 

Sample 

Weight percent (%) 

Ni Co Mn Li O 

Avg SD Avg SD Avg SD Avg SD Avg SD 

750-0.3 35.8 0.1 12.0 0.1 11.2 0.1 6.88 0.10 35.8 0.1 

800-0.3 36.0 0.1 12.1 0.1 11.4 0.1 6.78 0.10 32.6 0.2 

 

In the spectra, although S-NCM622 does not contain added 6Li, there are still small 

contributions to the signal, corresponding to the natural isotope composition of Li (93% 7Li, 

7% 6Li)165. The intensity of the high-frequency resonances begins to notably increase as the 

temperature reaches 250 °C, accompanied by a sharp decrease in the low-frequency resonances, 
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indicating the onset of lithiation. Besides, this phenomenon suggests that the lithiation initiates 

before the lithium salt transitions to a molten state. Between 250 and 750 °C, the high-

frequency resonances progressively intensify and sharpen, while the low-frequency resonances 

decrease, reflecting ongoing lithiation (Fig. A7, offering a clearer view). The ICP-OES and 

CGHE results show that the stoichiometry of R-NCM622 is Li1.003Ni0.600Co0.200Mn0.200O2.039 

(Table 4.2), indicating a restoration of Li and O. Yet, at 850 °C, the high-frequency resonances 

exhibit a reversal, indicating lithium loss. According to ICP-OES and CGHE, the stoichiometry 

of the material regenerated at 800 °C with a Li/TM ratio of 0.3 is found to be 

Li0.975Ni0.596Co0.201Mn0.203O1.982 (Table 4.2), suggesting lithium and oxygen loss after 750 °C, 

consistent with the NMR findings. In addition, no other significant resonances are detected 

during this process, suggesting that the intercalated Li predominantly occupies octahedral sites 

and exists within a Li local environment. 

 

Based on the XRD, XAS and NMR findings, a clear relationship emerges among capacity 

recovery, phase transition, TM migration and oxidation, and re-lithiation. In essence, a lower 

concentration of TM ions (mainly Ni) in the Li layer corresponds to a higher TM oxidation 

state and a more ordered structure, and thus improved capacity recovery. Overall, this structural 

repair process can be mainly divided into three stages: 

 

Stage Ⅰ (below 600 °C): In this stage, the thermal energy is insufficient to significantly drive 

the oxidation state and interlayer migration of TMs, particularly for Ni, resulting in slow 

reaction kinetics. As evident from the ex-situ XRD data, the rhombohedral symmetry is not 

significantly recovered below 600 °C, and from the ex-situ EXAFS and XANES results, which 

indicate no obvious TM migration or oxidation. Accordingly, the capacity recovery of the 

regenerated materials during this stage remains limited.  

 

Stage Ⅱ (600-750 °C): This is the main stage for the transformation from RS to layered phase, 

where both temperature and lithium ratio play crucial roles in facilitating the cation migration 

and structural order. This is evidenced by the clear recovery of rhombohedral symmetry, along 

with noticeable TM migration and oxidation observed through XRD, EXAFS, and XANES 

analyses. As a result, the recovery of capacity occurs mostly during this stage. 

 

Stage III (above 750 °C): At high temperatures, Li/O release from the material could be 

triggered, undermining the repair effects and even inducing further structural degradation. This 
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is also reflected in the XRD, XAS and NMR results. Consequently, there is a continuous 

decline in capacity beyond 750 °C. 

 

4.3.4 Possible thermal solid-state reaction mechanism 

 

 

 

Fig. 4.20. Schematic illustration for a possible thermal solid-state reaction mechanism during the structural repair. 

 

It is well established that the mechanism of a thermal solid-state reaction is driven by kinetic 

processes involving the cleavage and formation of chemical bonds166. The thermal treatment 

plays a crucial role by supplying the energy required to overcome activation barriers, thereby 

facilitating ionic diffusion within the solid state167. Based on the present findings, the solid-

state reaction driving the structural repair process can be summarized as follows: With the 

gradual application of heat, the kinetic energy of ions increases, allowing the oxidation of TM 

ions within the Li layer. During this process, electrons from the TM ions are captured by O2, 

forming O2⁻ and generating new octahedral sites in the TM layer. Subsequently, the oxidized 

TM ions migrate from the Li layer to the TM layer, while Li ions supplied by LiOH occupy 

the vacant octahedral sites in the Li layer, completing the insertion process. As TM ions 

continue to migrate and Li ions are inserted, the cation diffusion along the a/b axis takes place, 

accompanied by cation rearrangement. This leads to the formation of a lithium-ion 

concentration gradient in the Li layer along a/b axis within a localized region, which is 

schematically illustrated in Fig. 4.20. 

 

During this reaction, heating is the most critical factor in overcoming the activation energy 

required for TM migration and oxidation. The EXAFS and XANES analyses indicate that Ni 

could possess the highest migration barrier from the Li layer to the TM layer among the three 

cations 168, as evidenced by its delayed oxidation relative to Co and Mn. Although Co and Mn 
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may exhibit an earlier onset of migration, the hindered Li insertion and diffusion, due to the 

significant presence of Ni within the Li layer, may still slow their migration. As a result, 

noticeable migration of Ni, Co, and Mn is observed mainly after 600 °C, once the Ni energy 

barrier is overcome. After that, the Li/TM ratio plays an increasingly pivotal role in facilitating 

TM migration and ionic diffusion within the solid state, further enhancing structural order. This 

influence is likely tied to the concentration of Li at the solid-contact surfaces and the resulting 

lithium-ion concentration gradient within the metal oxides. In other words, a higher Li/TM 

ratio might contribute to lower the TM energy barrier for the migration from the Li layer to the 

TM layer. While higher Li/TM ratios are beneficial for restoring the structural order, their 

effect has limitations. As observed, higher Li/TM ratios (e.g., 0.4, 0.5, and 0.6) at 750 °C do 

not lead to further improvements in electrochemical capacity (Fig. 4.8a). However, these 

elevated ratios aid in achieving optimal structural order at slightly lower temperatures, as 

supported by the data presented in Fig. 4.21.  

 

 
 
Fig. 4.21. Cycling performance for materials regenerated at 700 °C with different Li/TM ratios (Li/TM = 0.4, 0.5 

and 0.6, the corresponding samples are denoted as 700-0.4, 700-0.5 and 700-0.6, respectively) at charge-discharge 

rate of 0.2 C, over 3.0-4.3 V, compared to R-NCM622. 

 

4.3.5 Potential challenges for direct recycling 
 

In this study, the structural repair of the spent NCM622 (retired after thousands of cycles with 

a capacity retention of 81%) is successfully accomplished, achieving structural order and 

restoring the capacity to the same level as for commercial NCM622. 

 

By combining XRD, XAS, and NMR analyses, the phase transitions thoroughly investigated 

down to the atomic scale, provide valuable insights into cation migration and diffusion during 
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the repair process. Notably, the Ni migration from the Li layer back to the TM layer could be 

the greatest challenge in structural repair. Therefore, developing strategies to lower the energy 

barrier for Ni migration might contribute to enhance the electrochemical properties of 

regenerated material or reduce energy consumption during the repair process.  

 

 
 
Fig. 4.22. SEM images of R-NCM622 (a-b) before and (c-d) after 200 cycles. 

 

Moreover, it is observed that the regenerated material falls short of achieving satisfactory 

cycling performance when compared to commercial NCM622. This limitation may be 

attributed to the lack of additional modification strategies, such as element doping or surface 

coating. Alternatively, this limitation is likely due to potential impurities introduced during the 

pre-treatment process (e.g., Al, F, and P) and the presence of unrecovered particle cracks in the 

regenerated material (Fig. 4.22). Therefore, future research aimed at identifying the root causes 

of the poor cycling performance and developing strategies to address these challenges could be 

crucial for advancing sustainable battery recycling technologies. 

 

4.4 Conclusion 
 

In summary, this chapter systematically investigates the thermal solid-sate structural repair 

process of spent NCM622 cathode material. Through multiscale characterization techniques, 

including XRD, XAS, and 6Li solid-state NMR, the structural degradation in spent NCM622, 
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and the long- and short-range structural changes during the repair process are thoroughly 

examined. The findings identify Ni migration from the TM layer to the Li layer along with 

lithium and oxygen loss, reductions in Ni oxidation states, and local destruction in 

rhombohedral symmetry, as the primary factors driving the structural degradation of NCM622.  

 

During the repair process, both temperature and lithium compensation ratio are shown to play 

crucial roles in migration of TMs, particularly Ni, back to the TM layer and enhancing ionic 

diffusion within the solid state, thereby restoring the structural order in the spent material. 

Moreover, capacity recovery studies reveal a strong correlation between the restoration of 

structural order and the recovery of electrochemical performance. The regenerated material 

with optimal structural order (750 °C, Li/TM = 0.3) demonstrates a structural order and an 

initial capacity comparable to those of pristine NCM622, along with a 76% capacity retention 

after 150 cycles at 1 C charge/discharge over 3.0-4.3 V, validating the effectiveness of the 

repair process.  

 

These findings highlight the potential of thermal solid-state repair as a viable strategy for 

restoring the functionality of spent cathode materials, offering insights for future advancements 

in battery recycling and sustainability. 
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5. Effect of impurity on Structural repair of Spent NCM Material 
 

5.1 Introduction 
 

Although manual disassembly and thermal pretreatment were employed to produce the spent 

NCM powder, some impurities are still unavoidably introduced and can potentially affect the 

structural repair process. These impurities may originate from several sources, including 

residual electrolytes and their decomposition products 169, binders 170, 171, conductive carbon 

172, current collectors 173, and separator coatings 174. Notably, some studies suggest that certain 

impurities, such as Al-, F- and Cu-containing species 175-179, may enhance electrochemical 

performances by doping of the regenerated materials. Yet, maintaining such impurities within 

an optimal concentration range remains technically challenging. While the impurity-induced 

doping may not compromise performance during the first regeneration process due to its trace 

level, or could even potentially enhance it, the accumulation of these elements in the crystal 

structure over multiple regeneration cycles must be carefully evaluated. Therefore, 

comprehensive identification of all potential impurities in spent material and a thorough 

understanding of their effect on the regeneration process are essential to improve the quality of 

recycled cathode materials.  

 

The present chapter investigates the impurities present in the spent cathode material. Using 

synchrotron diffraction combined with X-ray photoelectron spectroscopy, Al2O3, AlPO4, AlF3, 

Li3PO4, LiF, LixPFyO4, and Li2CO3 impurities are identified, and Al-inclusion in the spent 

material likely induced by the thermal pretreatment is confirmed. The influence of these 

impurities on the subsequent regeneration step is systematically evaluated as well. The results 

reveal that Al- and F-containing impurities play dominant roles, leading to corresponding Al- 

and F-inclusion in the regenerated material. To elucidate the associated inclusion mechanisms 

and their effects on structural integrity, synchrotron-based diffraction and absorption 

spectroscopy techniques are employed. These findings provide critical insights into the role 

and behavior of impurities in direct recycling, supporting the development of high-performance 

regenerated cathode materials. 

 

5.2 Methods 

5.2.1 Direct regeneration of cathode active material  

 

The spent active cathode material NCM622, which was used for experiments, was the same as 

that in Chapter 4. The spent NCM622 was regenerated by a thermal solid-state reaction with 
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or without a subsequent washing step. Specifically, the powder was mixed homogeneously in 

a mortar with LiOH·H2O (Sigma Aldrich, >98 %) with a lithium compensation/TM molar ratio 

of 0.3/1.0. The obtained mixture was annealed at 750 °C for 12 h in air atmosphere using a 

muffle furnace, with a heating rate of 5 °C min-1 and passive cool down to room temperature. 

To study the impurities, LiF and Al2O3 were independently introduced at 3, 5, and 7 wt% 

relative to the spent NCM622 during the mixing step, and the mixtures were subjected to the 

same annealing conditions. For the washed samples, a second annealing step was conducted at 

650 °C for 6 h to further remove residual surface lithium salts. 

 

5.2.2 Water or NaOH washing process to decrease residual impurities 

 

The washing with water was conducted during the centrifugation process. Approximately 0.3 g 

of material was dispersed in ~35 mL of deionized water and centrifuged at 8000 rpm for 1 min. 

This process was repeated three times. Subsequently, the material was dispersed in ~25 mL of 

ethanol and centrifuged under the same conditions three additional times to further remove 

residual water. Finally, the sample was dried in an oven at 80 °C. 

 

In case of NaOH-washing, the spent NCM622 material was immersed in 2 mol L-1 NaOH 

solution at a solid-to-liquid ratio of 6 g L-1 and sonicated for 15 min. The NaOH solution was 

then removed by multiple rounds of centrifugation. Residual NaOH was further removed by 

sequential washing with deionized water and ethanol, following the same procedure as the 

water-washing process. 

 

The procedures for electrode preparation, cell assembly, and electrochemical 

characterization are consistent with those described in Chapter 4. 

 

5.2.3 Materials characterization 

 

The elemental composition of the cathode material, except oxygen, was analyzed by 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), and then oxygen was 

analyzed by Carrier gas hot extraction (CGHE).  

 

The morphology of the samples was observed by a scanning electron microscope (SEM, Zeiss 

Merlin) with an acceleration voltage of 10 keV. The coupled energy-dispersive X-ray (EDX) 

analysis was conducted at a Quantax 400 system from Bruker. 

 

The Synchrotron Radiation Diffraction (SRD) data was collected at BL04-MSPD at ALBA 
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(Spain). The Rietveld refinement based on the obtained SRD patterns was performed in the 

FullProf software package 139. The background of all the diffraction patterns was fitted using 

linear interpolation between selected data points in regions with no reflections present. 

Thompson-Cox-Hastings pseudo-Voigt function was used for the reflection profile shape 

description. The scale factor, lattice parameter, fractional coordinates of atoms, their overall 

isotropic displacement (temperature) parameter, zero angular shift, profile shape parameters, 

and half-width (Caglioti) parameters were allowed to vary during fitting. 

 

The X-ray photoelectron spectroscopy (XPS) was performed using a K-Alpha+ instrument 

(Thermo Fisher Scientific) with a monochromatic Al-Kα X-ray source (1486.6 eV, 400 µm 

spot size). Thermo Avantage software was used to perform data acquisition and processing. 

The K-Alpha+ charge compensation system was employed during analysis, using electrons of 

8 eV energy, and low-energy argon ions to prevent any localized charge build-up. The spectra 

were fitted with one or more Voigt profiles (BE uncertainty: ± 0.2 eV) and Scofield sensitivity 

factors were applied for quantification 180. All spectra were referenced to the C 1s peak (C-C, 

C-H) at 285.0 eV binding energy controlled by means of the well-known photoelectron peaks 

of metallic Cu, Ag, and Au, respectively. 

 

The ex-situ Hard X-ray Absorption Spectroscopy (XAS) experiments were performed at 

beamline P64 Advanced X-ray Absorption Spectroscopy at PETRA III (Germany). The 

obtained XAS data were processed using ATHENA software 140. The corresponding k2χ(k) 

data are presented in Fig. A8, with k-ranges for Fourier transformation selected as 3-11, 3-11 

and 3-10.5 Å-1 for Ni, Co and Mn K-edge, respectively.  

 

5.3 Results and Discussions 

5.3.1 Impurity analysis 
 

In this chapter of the thesis, the spent NCM622 powder, consistent with the previous chapters, 

is also denoted as S-NCM622. Due to manual disassembly of the cell, potential impurities 

originating from the anode or other components, such as Cu and Fe, were largely avoided. 

Therefore, the impurities in S-NCM622 primarily stem from Al current collector, separator 

coatings, residual electrolyte species (carbonates / LiPF6) and their decomposition products, 

and solid electrolyte interphase (SEI) formed during cycling and its degradation products. 

 

Due to the low content of impurities in the spent cathode materials, their detection and phase 
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identification present significant analytical challenges. Conventional techniques such as lab-

scale XRD often lack sufficient sensitivity to detect the trace levels of materials. Therefore, 

SRD (λ = 0.413820 Å) is used as a more powerful analytical tool, leveraging its enhanced 

sensitivity for identification of potential impurity phases in the spent material. The 

corresponding result combined with Rietveld refinement is shown in Fig. 5.1a. The S-NCM622 

powder exhibits a characteristic rhombohedral layered structure (R-3m), but accompanied by a 

significant presence of cation-disordered domains 181. Such domains lead to profile anomalies, 

which are mainly responsible for the relatively high value of Rp and Rwp. Notably, in range Ⅰ 

(5.5° < 2θ < 9.1°), reflections corresponding to several impurity phases are observed, yet their 

relative intensities are rather too low to quantify their relative content through Rietveld 

refinement. As illustrated in Fig. 5.1b, these reflections are assigned to Li3PO4 (Pmnb), AlPO4 

(P3121), Li2CO3 (C12/c1) and Al2O3 (R-3c). Furthermore, the AlPO4 impurity appears to be 

distributed inhomogeneously. As shown in Fig. A9, a particle containing Al and P is observed 

and is presumed to be AlPO4. In contrast, a different region (Fig. A10) reveals only Ni, Co, 

Mn, and O as the primary elements, indicating an inhomogeneous distribution of AlPO4 in S-

NCM622. Other impurity elements are not detectable, most likely due to the limited sensitivity 

of the SEM-EDX technique. 

 

 
 
Fig. 5.1. SRD pattern (λ = 0.413820 Å) and corresponding Rietveld refinement results for spent NCM622 (S-

NCM622). (b) Corresponding enlarged view of range Ⅰ. 

 

The Li2CO3 impurity likely originates after the cell dismantling from the decomposition of 

carbonate-based solvents, particularly ethylene carbonate (EC). The Al2O3 impurity can result 

from the Al current collector or the separator coatings. The formation of Li3PO4 and AlPO4 is 

related to the decomposition of LiPF6, and the subsequent erosion of the Al current collector 

by its degradation products, according to the following reactions 109, 182: 
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𝐿𝑖𝑃𝐹6 → 𝐿𝑖𝐹 + 𝑃𝐹5⁡                                                                                                              (5-1) 

𝑃𝐹5 +𝐻2𝑂 → 𝑃𝑂𝐹3 + 2𝐻𝐹⁡                                                                                                 (5-2) 

𝑃𝑂𝐹3 + 3𝐻2𝑂 → 𝐻3𝑃𝑂4 + 3𝐻𝐹⁡                                                                                          (5-3) 

2𝑃𝑂𝐹3 + 6𝐿𝑖2𝐶𝑂3 → 2𝐿𝑖3𝑃𝑂4 + 6𝐿𝑖𝐹 + 6𝐶𝑂2 ↑                                                                (5-4)  

4𝐴𝑙(𝑠) + 4𝐻3𝑃𝑂4 + 3𝑂2 ↑→ 4𝐴𝑙𝑃𝑂4 + 6𝐻2𝑂                                                                    (5-5) 

4𝐴𝑙(𝑠) + 12𝐻𝐹 + 3𝑂2 ↑→ 4𝐴𝑙𝐹3 + 6𝐻2𝑂                                                                          (5-6) 

 

Based on the potential reaction pathways, the formation of P-containing compounds should be 

accompanied by the generation of F-containing species, particularly LiF. However, the 

detection of LiF via SRD remains challenging, as it typically crystallizes in the Fm-3m space 

group, with reflections that might overlap with those of the R-3m layered structure. Similarly, 

AlF3 generally adopts the R-3c space group, which is also characteristic of Al2O3. As a result, 

it is difficult to distinguish the contributions of these compounds from the diffractogram. 

 

 
 
Fig. 5.2. XPS spectra of (a) Al 2s, (b) F 1s, (c) P 2p, and (d) O 1s (from top to bottom, they are respectively S-

NCM622, water-washed NCM622 and NaOH-washed NCM622). 
 

To identify the presence of F-containing impurities in S-NCM622, XPS measurements were 

conducted. The corresponding XPS results confirm the presence of Al, F, and P elements in S-

NCM622 in addition to the primary elements Li, Ni, Co, Mn and O elements, as shown in Fig. 

5.2a-d. The Al 2s (Fig. 5.2a) shows two peaks at ~118.5 eV and ~122.5 eV, given that the 

signal at ~112.5 eV is attributed to Ni 3s appearing in the same range of binding energy like 

Al 2s. The peak at ~118.5 eV corresponds to Al in oxygen environments, which may include  
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Al2O3 
183, 184, AlPO4 

185, 186 or Al incorporated into the lattice of  NCM material 187.  The highest-

energy Al 2s peak (~122.5 eV) with low intensity can be ascribed to AlF3 
188-190, indicating the 

presence of AlF3 in S-NCM622. 

 

In the F 1s spectra (Fig. 5.2b), two peaks are observed, one at ~685.3 and another between 

687.0-689.0 eV. The lower-energy peak (~685.3 eV) can be attributed to LiF 191, indicating the 

presence of this impurity in the spent material. The second one can be assigned to LixPFyO4 

species 187, 191, and could also include contributions from AlF3, which typically appears around 

687.5 eV in F 1s spectra 190, 192. In the P 2p spectra (Fig. 5.2c), two peaks at ~133.5 and ~134.4 

eV are identified, corresponding to the spin–orbit splitting of the P 2p orbital 193. These P 2p 

peaks are attributed to PO4
3--containing species, possibly including LixPFyO4 

191, Li3PO4 
194 and 

AlPO4 
185, 186. The O 1s spectra (Fig. 5.2d) exhibit three peaks at ~529.8, ~531.7 and ~533.1 

eV. The lowest-energy peak (~529.8 eV) corresponds to lattice oxygen in the material 191. The 

intermediate peak (~531.7 eV) is associated with the oxygen-containing species on the 

material’s surface, such as Li2CO3, LiOH and Li3PO4 
187, 195. The highest-energy peak (~533.1 

eV) can be ascribed to C-O bonds 196, which is likely related to the residual organic electrolyte 

species and their decomposition products. These assignments are further supported by the C 1s 

spectra, which also reveal features linked to CO3
2- and C–O bonds in S-NCM622 (Fig. 5.3) 103, 

195. 

 

 
 
Fig. 5.3. XPS spectra of C 1s for S-NCM622 
 

It is important to note that the ~118.5 eV Al 2s feature may arise from Al2O3, AlPO4 or lattice-

incorporated Al. Similarly, the F 1s signal near ~685.5 eV could reflect not only LiF but also 

substitutional fluorine incorporated into the lattice, forming transition-metal–fluorine (TM–F) 

bonds. In transition-metal fluorides such as NiF2 and MnF2, where each metal center is 
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octahedrally coordinated by F atoms, TM–F bonds give rise to F 1s binding energies near 

~685.5 eV, which might overlap with the LiF peak.197, 198. Therefore, it is crucial to determine 

whether the detected signals in the Al 2s and F 1s spectra stem entirely from impurities or 

partially from Al and F structurally incorporated into S-NCM622. 

 

 
 
Fig. 5.4. XPS spectra of Al 2s for S-NCM622 
 

Considering the low content of impurities, and the solubility of LiF in water and that of Al2O3 

and AlPO4 in concentrated NaOH solution, washing treatments using deionized water and 1 

mol L-1 NaOH were conducted on S-NCM622 to investigate the possible inclusion of Al and 

F into the crystal structure. The washing process was mainly performed by centrifugation, 

while NaOH washing was further assisted by sonication to enhance the dissolution of Al-

containing impurities. The XPS results for water- and NaOH-washed spent material are also 

shown in Fig. 5.2a-d. In the Al 2s spectra, the characteristic Al2O3 peak at around 118.5 eV is 

still observed in both the water- and NaOH-washed samples. To further study this phenomenon, 

washing with a higher concentration NaOH solution (2 mol L-1) was conducted. Nevertheless, 

the resulting material still exhibits a peak at ~118.5 eV in the Al 2s spectra (Fig. 5.4). These 

results suggest that the observed Al 2s peak at ~118.5 eV primarily originates from Al 

incorporated into the lattice, indicating Al-inclusion in S-NCM622. This inclusion might occur 

at the interface between the Al foil current collector and the cathode active material during the 

thermal pretreatment (450 °C, air atmosphere), where Al ions incorporate into the NCM layered 

structure, facilitated by surface Li2CO3. A more detailed Al-inclusion mechanism will be 

elucidated in the Influence of Al impurity on structural repair section. In contrast, the intensity 

of the F 1s peak shows a substantial decrease after washing (nearly disappears), demonstrating 

that the observed signals primarily originate from surface LiF impurities. In addition, the 
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intensities of the P 2p and O 1s peaks also decrease, attributed to the removal of surface 

impurities such as LixPFyO4, Li3PO4, and Li2CO3. These observations are also indicated by the 

changes in Li and O stoichiometries before and after water washing, as determined by 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) and Carrier Gas Hot 

Extraction (CGHE). Specifically, the stoichiometry shifts from 

Li1.004Ni0.601Mn0.200Co0.199O1.921 (Table 4.1) to Li0.856Ni0.601Mn0.201Co0.198O1.905 (Table 4.2) 

following the water-washing treatment. 

 

Based on the above results, the impurity elements in S-NCM622 are identified to be Al, F, and 

P. The corresponding species include Al2O3, AlPO4, AlF3, Li3PO4, LiF, LixPFyO4, and Li2CO3. 

In addition, some degree of Al-inclusion may have already occurred in the spent material, likely 

due to thermal pretreatment. 

 

5.3.2 Effect of impurity on direct regeneration  

 

Understanding whether impurities in spent cathode materials influence the regeneration 

process is important in determining the necessity of a purification step prior to regeneration. It 

should be noted that, AlPO4 and AlF3, tend to transform into Al2O3, Li3PO4 and LiF during 

regeneration due to the presence of LiOH, according to the following reactions: 

 

2𝐴𝑙𝑃𝑂4 + 6𝐿𝑖𝑂𝐻 → 𝐴𝑙2𝑂3 + 2𝐿𝑖3𝑃𝑂4 + 3𝐻2𝑂⁡                                                                (5-7) 

2𝐴𝑙𝐹3 + 6𝐿𝑖𝑂𝐻 → 𝐴𝑙2𝑂3 + 6𝐿𝑖𝐹 + 3𝐻2𝑂⁡                                                                         (5-8) 

 

The standard Gibbs free energy changes (∆𝐺0) for reaction (5.7) and (5.8) are -23 and -1416 

kJ mol-1 (Table A1, adapted from NIST Chemistry Webbook and reference 199), respectively, 

indicating that both reactions are thermodynamically favorable under typical regeneration 

conditions. Meanwhile, LixPFyO4 will decompose into Li3PO4 and LiF. This reveals that the 

main impurities influencing the regeneration are Al2O3, Li3PO4, LiF and Li2CO3. 

 

The regeneration was performed by mixing the unwashed S-NCM622 powder with LiOH·H2O 

at a molar ratio of 1:0.3, followed by annealing at 750 °C. After calcination, the material was 

washed with deionized water to remove residual lithium salts and then subjected to an 

additional heat treatment at 650 °C to further eliminate any remaining lithium compounds. The 

regenerated material is denoted as R-NCM622, consistent with that in Chapter 4.  
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The XPS analysis was performed on R-NCM622 to study the potential effect of impurities in 

the spent material. In the Al 2s spectra (Fig. 5.5a), a peak at around 118.2 eV is observed, 

similar to that observed in the washed S-NCM622 samples. This feature is indicative of Al-

inclusion in the regenerated material. Furthermore, the observed peak at ~122.4 eV can be 

attributed to Al-F bonds, likely indicating concurrent F-inclusion in the regenerated material. 

In the F 1s spectra (Fig. 5.5b), a clear peak at ~685.8 eV is present, with significantly higher 

intensity compared to the washed spent samples. This observation further suggests that F-, 

derived from LiF impurities, dissolve into the layered structure during the regeneration process. 

 

 
 

Fig. 5.5. XPS spectra of (a) Al 2s, (b) F 1s, and (c) P 2p for regenerated NCM622 (R-NCM622). (d) SRD pattern 

and corresponding Rietveld refinement results for regenerated NCM622 (R-NCM622). (e) Corresponding 

enlarged view of range Ⅰ. 
 

In the P 2p spectra (Fig. 5.5c), as with the washed S-NCM622 samples, no distinct peaks are 

observed, indicating phosphorus species do not incorporate into the crystal structure during 

regeneration and might be removed through post-regeneration washing. Yet, the SRD analysis 

of R-NCM622 reveals that a small amount of Li3PO4 impurity remains, with its content 

quantified to be approximately 0.19 wt% via Rietveld refinement, as shown in Fig. 5.5d-e. For 

comparison, the Li3PO4 content in regenerated material without washing is around 0.40 wt%, 
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as discussed in later sections. This residual presence is likely due to the partial infiltration of 

impurities into the interparticle voids between primary grains 200, making their complete 

removal difficult.  Since XPS is a surface-sensitive technique, it may not detect such embedded 

impurities, and such impurities would become more difficult to remove. Additionally, as shown 

in Fig. 5.5e, no residual Li2CO3 and other impurities are detected in R-NCM622. 

 

 
 
Fig. 5.6. EXAFS results of (a) Ni, (b) Co and (c) Mn K-edges for R-NCM622. (d) Initial charge/discharge 

capacities at 0.1 C (1 C = 160 mAh g-1), over 3.0-4.3 V for R-NCM622 and pristine NCM622 (P-NCM622). (e) 

Rate performances of R-NCM622 and P-NCM622 over 3.0-4.3 V. The cells were charged to 4.3 V at the specified 

current rate and then discharged at the same rate. (f) Cycling performance of R-NCM622 and P-NCM622 at 

charge-discharge rate of 1 C, over 3.0-4.3 V. 

 

Based on the above results, it is evident that the regeneration process is primarily influenced 

by Al- and F-containing impurities, which lead to Al- and F-inclusion in the regenerated 

material. To elucidate the structural and chemical changes induced by such inclusions in R-

NCM622, commercially purchased pristine NCM622 (P-NCM622) was employed as a 

reference, which is also consistent with that in Chapter 4. EXAFS analysis at the Ni, Co, and 

Mn K-edges, were conducted on both regenerated and pristine samples to probe potential 

differences in their local structures. As observed in Fig. 5.6a-c, no obvious differences in the 

local structures between the two materials are observed. This is likely due to the low inclusion 

content, resulting from the relatively low levels of impurities present in the spent material.  
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Electrochemical testing at a charge–discharge rate of 0.1 C (1 C = 160 mA g-1) over a voltage 

range of 3.0-4.3 V (Fig. 5.7d) further reveals that the initial discharge capacity of R-NCM622 

(170.8 mAh g-1) is comparable to that of P-NCM622 (170.1 mAh g-1), indicating good 

structural reversibility of R-NCM622. This can be ascribed to the minimal local structural 

differences due to the low inclusion levels. However, at higher rates, R-NCM622 exhibits 

significantly lower capacities than P-NCM622 (Fig. 5.7e), likely due to Al- and F-inclusion 

impeding Li+ diffusion within the structure despite their low contents 201. Nevertheless, whether 

such low-level impurity inclusion affects long-term cycling stability remains uncertain. The 

inferior cycling performance of R-NCM622 compared with P-NCM622 (Fig. 5.7f) may be 

ascribed not only to potential effects of residual impurities but also to unrecovered particle 

cracks persisting after regeneration 60, 61, or the absence of protective surface coatings.  

 

5.3.3 Influence of F impurity on structural repair   
 

To gain deeper insight into the roles of Al- and F-containing impurities in the regeneration 

process, LiF and Al2O3 were deliberately introduced as additional impurities during the 

regeneration of S-NCM622. This approach enables a clearer understanding of how such 

impurities affect the local structure of the regenerated material, clarifies the specific inclusion 

mechanisms of Al and F, and highlights the effects of such inclusion on electrochemical 

properties, particularly when such inclusion accumulates over multiple regeneration processes. 

 
Table 5.1. Calculated cell parameters and impurity phase fractions for F_3wt%, F_5wt%, F_7wt% and R-

NCM622 from Rietveld refinement (“/” means that the corresponding content cannot be identified). 

 

Samples 
NCM-type R-3m phase Impurity phases (wt%) 

a (Å) c (Å) Li3PO4 Li2CO3 LiF 

Unwashed 

F_3wt% 2.86861(1) 14.22375(9) 0.38(0.10) 1.11(0.15) 1.48(0.36) 

F_5wt% 2.86860(1) 14.24364(10) 0.35(0.12) 1.08(0.17) 2.71(0.36) 

F_7wt% 2.86986(1) 14.22567(9) 0.39(0.13) 0.76(0.19) 3.66(0.28) 

Washed R-NCM622 2.86764(1) 14.21569(15) 0.19(0.12) ~0 / 

 

The regeneration of such samples was performed by mixing unwashed S-NCM622 with 

LiOH·H2O at a molar ratio of 1:0.3, followed by annealing at 750 °C, consistent with the 

process used to produce R-NCM622. At the same time, different proportions of LiF (3, 5, and 

7 wt% relative to S-NCM622, denoted as F_3wt%, F_5wt% and F_7wt%, respectively) were 

introduced. To enable a clearer investigation of residual impurities, no subsequent aqueous 

washing was applied to any of the regenerated materials. 
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Fig. 5.7. SRD pattern (λ = 0.413820 Å) and corresponding Rietveld refinement results for (a) F_3wt%, (b) 

F_5wt%, and (c) F_7wt%. 

 

Fig. 5.7a-c illustrates the corresponding SRD results of the regenerated materials. The 

impurities are primarily identified in range Ⅰ. As shown in the enlarged views of this range, 

Li3PO4 and Li2CO3 are clearly observed as impurities for all regenerated samples. Rietveld 

refinement reveals Li3PO4 contents of approximately 0.38, 0.35, and 0.39 wt%, and Li2CO3 

contents of approximately 1.11, 1.08, and 0.76 wt% in F_3wt%, F_5wt%, and F_7wt%, 
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respectively, as summarized in Table 5.1. In addition, a slight profile anomaly is found near 

the 102 reflection in F_5wt% and F_7wt%, which is most likely attributed to the presence of 

LiF. When the LiF phase is incorporated into the Rietveld refinement, its content is found to 

correlate strongly with the degree of this anomaly, increasing proportionally with the amount 

of LiF introduced during regeneration. This finding indicates that a portion of the added LiF 

does not participate in incorporation in the NCM structure. Structurally, all regenerated 

samples exhibit the characteristic rhombohedral structure with R-3m space group. However, 

compared to R-NCM622, the LiF-added samples exhibit noticeable increases in both lattice 

parameters a and c, which is most likely indicative of the F-inclusion. 

 

To further understand the structural changes induced by F-inclusion, the XAS analysis was 

conducted. The corresponding XANES spectra at Ni, Co and Mn K-edges are presented in Fig. 

5.8a-c. Compared to R-NCM622, the F-including samples exhibit edge shifts toward lower 

energies at both K-edges: Ni (max: ~0.3 eV) and Mn (max: ~0.2 eV), indicating a decrease in 

the average oxidation states of Ni and Mn. In contrast, no significant edge shift is observed at 

the Co K-edge. Given that F-inclusion typically involves substitution of oxygen atoms in the 

layered lattice, the resulting charge imbalance is compensated by a decrease in the oxidation 

states of nearby TMs 201. Therefore, the observed edge shifts imply that the F-inclusion 

preferentially occurs in the Ni and Mn local environments.  

 

 
 
Fig. 5.8. Normalized XANES spectra of (a) Ni, (b) Co and (c) Mn K-edges for R-NCM622, F_3wt%, F_5wt%, 

and F_7wt%. 

 

Fig. 5.9a illustrates the corresponding EXAFS of Ni K-edge, providing further insights into 

the local structural changes. All samples display two dominant peaks in the radial distribution 

function at ∼1.8 and ∼2.8 Å, corresponding to Ni-oxygen (Ni-O) and Ni-metal (Ni-M) 

coordination, respectively 68, 151. Compared to R-NCM622, the F-including samples exhibit a 

decrease in magnitude of the Ni-O peak. This attenuation can be ascribed to the substitution of 
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oxygen by fluorine, resulting in the formation of Ni-O6-xFx coordination environment. Due to 

the higher electronegativity of F- compared with O2-, such substitution could induce bond 

distortion and thereby reduce the symmetry of the NiO6 octahedra.  

 

 
 
Fig. 5.9. EXAFS results of (a) Ni, (b) Co and (c) Mn K-edges for R-NCM622, F_3wt%, F_5wt%, and F_7wt%.  
 

In addition, a decline in the Ni–M peak intensity is observed in the F-including samples, 

indicating that F-inclusion also affects the longer-range Ni–M6 scattering environment. This 

implies that incorporation of F ions induces noticeable lattice distortions. The peak at around 

5.5 Å, generally reflecting single and multiple scattering from Ni–M and Ni–M–M paths within 

the TM layer, also exhibits a decrease in magnitude. This further supports the presence of lattice 

distortion, which is likely oriented primarily along the a/b axis. Co and Mn K-edge EXAFS 

results (Fig. 5.10b-c) similarly reveal alterations in the local coordination environments of Co 

and Mn due to F-inclusion. Overall, these findings confirm the F-inclusion in the regenerated 

materials triggered by LiF impurity, and its induced lattice distortions.  

 

Fig. 5.10 presents the initial discharge capacities of the F-including samples at 0.1 C (1 C = 

160 mAh g-1) with a cut-off voltage of 4.3 V. Prior to testing, all samples were water-washed 

and annealed at 650 °C to eliminate surface residual lithium and ensure accurate capacity tests. 
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A clear trend of decreasing discharge capacity with increasing LiF content is observed, while 

the charge capacities exhibit relatively minor differences. This likely suggests that excessive F 

incorporation into the lattice reduces the reversibility of the layered structure. This result 

underscores the detrimental effect of cumulative F incorporation in the lattice. 

 

 
 
Fig. 5.10. Initial charge/discharge capacities at 0.1 C, over 3.0-4.3 V for R-NCM622, F_3wt%, F_5wt%, and 

F_7wt%. 

 

 
 
Fig. 5.11. (a) Schematic illustration for F-inclusion mechanism for pristine NCM materials. (b) Schematic 

illustration for a possible F-inclusion mechanism during regeneration. 

 

It has been reported that the F-inclusion involves F- substituting for O2- within the octahedral 

coordination environment of TMs 201, 202. In pristine NCM materials, such substitution results 

in the release of lattice oxygen and a respective reduction in the oxidation states of TMs, as 

schematically illustrated in Fig. 5.11a. However, in the context of direct regeneration, the F- 

inclusion likely proceeds via F⁻ substituting for O2⁻ during structural repair, thereby decreasing 

the overall demand for oxygen and mitigating lattice oxygen release. In general, the 

regeneration process involves the migration and oxidation of TM ions, accompanied by the 

reduction of O2, which accepts electrons and facilitates the reconstruction of octahedral sites 

within the TM layer 203. Under these conditions, F⁻ ions supplied by LiF can replace O2⁻, 
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becoming incorporated into the newly formed octahedral sites within the TM layer, followed 

by anion diffusion, as depicted in Fig. 5.11b. Moreover, the Li⁺ released from LiF during 

incorporation are believed to serve as an additional lithium source, facilitating reconstruction 

of the Li layer in the layered structure.  

 

5.3.4 Influence of Al impurity on structural repair  
 

Fig. 5.12a-c presents the SRD results of the Al-including samples, where different Al2O3 

contents were introduced during the regeneration process (3, 5, and 7 wt% relative to S-

NCM622, denoted as Al_3wt%, Al_5wt% and Al_7wt%, respectively). The regeneration 

conditions were the same as those for the F-including samples, with no subsequent aqueous 

washing applied. It should be noted that, during Rietveld refinement, the LiF presence and 

content could not be reliably identified in the Al2O3-added samples, due to the absence of 

noticeable profile anomalies near the 102 reflection or other indications of such phase. 

 

In the enlarged range Ⅰ, impurities such as Li3PO4 and Li2CO3 are observed in all Al-including 

samples, similar to the F-including samples. The results of Rietveld refinement (Table 5.2) 

indicate relatively higher amounts of Li3PO4 and Li2CO3 in the Al-including samples compared 

to the F-including ones. Notably, -LiAlO2 phase (P41212) is identified, particularly in Al_5wt% 

and Al_7wt%, indicating that not all Al2O3 is incorporated into the NCM lattice as well. The 

unreacted Al2O3 merges with lithium salts to generate LiAlO2, with its content increasing as 

the Al2O3 addition rises. 

 

All regenerated samples exhibit the characteristic rhombohedral structure with R-3m space 

group. However, compared to R-NCM622, Al-including samples, unlike the F-including ones, 

show a decrease in a and a slight increase in c (Table 5.3). More importantly, most reflections, 

particularly the 104 reflection, exhibit asymmetry on the right side of their respective peak 

profiles, especially in range II (Fig. 5.12a-c). This observation suggests the formation of a 

secondary layered phase that retains rhombohedral symmetry but features a shorter TM–O 

bond distance. The formation of this phase is likely related to the Al-inclusion, and is thus 

referred to as LiAlO2-type layered phase (R-3m) here. For comparison, the primary structure is 

denoted as the NCM-type layered phase (R-3m).  
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Fig. 5.12. SRD pattern (λ = 0.413820 Å) and corresponding Rietveld refinement results for (a) Al_3wt%, (b) 

Al_5wt%, and (c) Al_7wt%. 
 

To further investigate this, Rietveld refinement including both layered phases was performed. 

The results reveal that the LiAlO2-type layered phase fraction increases with higher Al2O3 

addition (Table 3). In addition, the LiAlO2-type layered structure exhibits a lower a value 
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compared to the NCM-type structure, reflecting a shorter TM-O bond distance. A continuous 

decrease in a value is observed with increasing Al2O3 content, while c value remains relatively 

unchanged, in line with the minimal asymmetry seen in the 003 reflection. The formation of 

the LiAlO2-type layered phase is most likely due to limited Al diffusion into the bulk structure 

during regeneration. This leads to the development of Al-rich domains, which in turn cause 

noticeable contraction along the a/b plane of the TM layer. This behavior can be attributed to 

the higher bond dissociation energy of Al–O in octahedral coordination (~512 kJ mol-1), 

compared to those of Ni-O (~391 kJ mol-1), Co-O (~397 kJ mol-1) and Mn-O (~402 kJ mol-1) 

bonds 204, 205, thereby decreasing the average TM-O bond distance. 

 
Table 5.2. Calculated impurity phase fractions for Al_3wt%, Al_5wt%, Al_7wt% and R-NCM622. 

 

Samples 
Impurity phases (wt%) 

Li3PO4 Li2CO3 -LiAlO2 (P41212) 

Unwashed 

Al_3wt% 0.54(0.13) 5.09(0.16) 0.12(0.07) 

Al_5wt% 0.39(0.12) 2.54(0.15) 0.93(0.08) 

Al_7wt% 0.39(0.12) 2.84(0.20) 1.08(0.09) 

Washed R-NCM622 0.19(0.12) ~0 ~0 

 
Table 5.3. Calculated cell parameters for Al_3wt%, Al_5wt%, Al_7wt% and R-NCM622(“/” means that the 

corresponding value cannot be identified). 

 

Samples 
NCM-type layered phase LiAlO2-type layered phase LiAlO2-type layered 

phase (wt%) a (Å) c (Å) a (Å) c (Å) 

Al_3wt% 2.86637(1) 14.21796(10) 2.84946(18) 14.23471(154) 28.88(0.78) 

Al_5wt% 2.86720(1) 14.21999(10) 2.84749(18) 14.24077(159) 30.11(0.72) 

Al_7wt% 2.86651(1) 14.21845(11) 2.84604(16) 14.24144(131) 35.04(0.88) 

R-NCM622 2.86764(1) 14.21569(15) / / / 

 

.

 
 
Fig. 5.13 Normalized XANES spectra of (a) Ni, (b) Co and (c) Mn K-edges for R-NCM622, Al_3wt%, Al_5wt%, 

and Al_7wt%. 
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The XAS analysis was conducted to further investigate the structural changes induced by Al-

inclusion. As displayed in Fig. 5.13a-c, the XANES spectra at Co and Mn K-edges indicate 

that the oxidation states of Co and Mn remain largely unchanged. A slight edge shift (max: 

~0.2 eV) toward lower energy in Ni K-edge is observed for Al-including samples, suggesting 

minimal decrease in its oxidation state. These results demonstrate that Al-inclusion has 

negligible effects on the oxidation states of TM.  

 

 
 

Fig. 5.14. EXAFS results of (a) Ni, (b) Co and (c) Mn K-edges for R-NCM622, Al_3wt%, Al_5wt%, and 

Al_7wt%.  

 

Fig. 5.14-a-c presents the EXAFS results. No obvious differences are observed at the Ni-O 

peak between the Al-including samples and R-NCM622, nor at the Co-O peak (Fig. 5.14a-b). 

A small variation is noted in the Mn–O peak (Fig. 5.14c), but this could be related to the poorer 

data quality due to the low Mn concentration and its lower X-ray absorption edge energy (Fig. 

A8). Overall, these results suggest that Al-inclusion induces only minor changes in the TMO6 

octahedral coordination environment. Yet, the longer scattering paths associated with Ni-M 

and Ni-M-M interactions (~2.8, ~4.7 and ~5.5 Å) all show a decrease in magnitude in the Al-

including samples compared to R-NCM622. Similar trends are observed in the Co K-edge 

EXAFS results. These changes are probably attributed to decreased backscattering from the 

TM lattice sites, resulting from the incorporation of Al, due to its lower atomic number.  
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Fig. 5.15 presents the initial discharge capacities of the Al-including samples at 0.1 C with a 

cut-off voltage of 4.3 V. Consistent with the F-including samples, these materials were 

subjected to water washing followed by annealing at 650 °C prior to testing, to remove the 

residual lithium compounds. A clear decrease in discharge capacity is observed with increasing 

Al2O3 content, likely due to the accumulation of electrochemically inactive Al within the lattice. 

This finding highlights the detrimental effect of excessive Al incorporation on electrochemical 

performance.  

 

 
 
Fig. 5.15. Initial charge/discharge capacities at 0.1 C, over 3.0-4.3 V for R-NCM622, Al_3wt%, Al_5wt%, and 

Al_7wt%. 

 

 
 

Fig. 5.16 Schematic illustration for a possible Al-inclusion mechanism during regeneration. 

 

The mechanism of Al-inclusion is generally understood to involve the substitution of Al ions 

for TM ions within the lattice 205, 206. This substitution typically implies that the incorporation 

of one Al ion necessitates the extraction of one TM ion, resulting in the formation of TM oxides. 

However, in this study, no indications of TM oxide formation are observed in either the SRD 

or XAS analyses. This absence suggests that an alternative mechanism of Al-inclusion may be 

at play. In other studies, about upcycling of cathode powder 54, 56, spent low- or mid-nickel 
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NCM materials are often mixed with nickel oxide or hydroxide and lithium salts, followed by 

high-temperature annealing. This process facilitates the transformation into high-nickel NCM 

materials. The underlying mechanism involves the extension of the TM and Li layers along 

certain crystallographic planes 55, 207. By analogy, Al-inclusion in this study is proposed to 

follow a similar route. Owing to the excess of lithium salts used during regeneration, Al2O3 

may be driven to dissolve into the lattice, promoting the crystallite growth and enabling Al 

incorporation into the crystal structure, as depicted in Fig. 5.16. However, due to the limited 

diffusion kinetics of Al in the lattice, its distribution is confined to surface-near regions, 

resulting in the generation of Al-rich domains. 

 

Potential challenges for direct recycling 

 

Based on the above observations, it can be concluded that the electrochemical capacity and 

local structure of the regenerated material show no significant difference from the pristine 

NCM622 during the first regeneration process, primarily due to the low concentration of 

impurities. Nevertheless, when impurity levels are deliberately increased, pronounced local 

structural distortions and capacity degradation are observed, driven by elemental inclusion in 

the regenerated materials. Such high-level inclusion may also accumulate over multiple cycles 

of direct regeneration if impurities are not effectively removed. Therefore, a purification step 

is essential to eliminate impurities for ensuring the long-term effectiveness of direct recycling. 

 

Since most impurities present in the spent material are soluble in water or NaOH solution, an 

aqueous washing step prior to regeneration can be an effective method to reduce their 

concentrations. However, the limited solubility of certain species, such as Li3PO4 and LiF, 

along with the possible presence of impurities distributed within the intergranular spaces 

between primary particles, may hinder complete removal. Furthermore, due to the presence of 

both intragranular and intergranular cracks induced by prolonged cycling, the spent NCM 

material is especially vulnerable to further morphological damage during centrifugation-based 

aqueous washing (Fig. 5.17a-b), particularly under intensified treatments such as sonication 

aimed at improving impurity dissolution (Fig. 5.17a and c). Such damage can lead to severe 

particle aggregation during regeneration and result in heterogeneous morphology (Fig. 5.18a), 

which are generally detrimental to electrochemical performance. In contrast, samples 

regenerated prior to washing exhibit markedly improved morphological integrity (Fig. 5.18b). 

This is likely because the regeneration process can heal some intragranular and intergranular 

cracks, thereby preventing severe morphological damage during subsequent washing.  
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Overall, for spent polycrystalline NCM materials, it is crucial to develop practical and efficient 

purification strategies prior to regeneration for maintaining the structural and morphological 

integrity of the regenerated products. 

 
 
Fig. 5.17. SEM images for (a) S-NCM622, (b) S-NCM622 after centrifugation-based aqueous washing, and (c) 

after sonication- and centrifugation-based aqueous washing. 
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Fig. 5.18. SEM images for (a) material regenerated after sonication- and centrifugation-based aqueous washing 

followed by regeneration, and (b) material regenerated first followed by centrifugation-based aqueous washing. 

 

5.4 Conclusion 
 

In summary, this chapter systematically investigates the presence of potential impurities in 

spent NCM622 cathode materials and their influence on the regeneration process, using XPS, 

SRD, and XAS techniques. The impurities identified in the spent NCM622 include Al2O3, 

AlPO4, AlF3, Li3PO4, LiF, LixPFyO4, and Li2CO3, accompanied by Al-inclusion likely induced 

by thermal pretreatment. The regeneration process is primarily affected by Al- and F-

containing impurities, which respectively lead to Al and F inclusion in the regenerated material. 

However, due to the relatively low impurity levels in the spent cathode material, the 

regenerated material shows negligible changes in local structure and electrochemical capacity 

when compared to the pristine material. 

 

To comprehensively elucidate the effect of impurities on direct regeneration, LiF and Al2O3 

were intentionally introduced during this process. The results show that the F-inclusion in 

regenerated material likely proceeds via F⁻ substituting for O2⁻ during structural repair, which 
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results in decreased oxidation states of transition metals (primarily Ni and Mn) and induces 

lattice distortions. In contrast, Al-inclusion does not appear to follow a simple substitution 

mechanism of Al for TM ions. Instead, the mechanism likely involves the extension of TM and 

Li layers along specific crystallographic planes, driven by excess lithium salts during 

regeneration. Meanwhile, due to the limited diffusion kinetics of Al, its incorporation is largely 

confined to near-surface regions, resulting in the formation of Al-rich domains and a noticeably 

localized lattice contraction along a/b axis. Both types of contaminants are found to adversely 

affect electrochemical performance when excessively incorporated. Therefore, the removal of 

corresponding impurities prior to regeneration is recommended to prevent cumulative 

incorporation of these elements into the crystal lattice over multiple recycling cycles, thereby 

ensuring the long-term viability of direct recycling. 
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6. Summary and outlook 
 

Direct recycling has attracted considerable attention in both academia and industry due to its 

strong potential, yet its practical implementation still faces challenges. This work 

systematically clarifies the main material-level mechanisms underlying the direct recycling 

processes, identifies the critical factors governing the cathode regeneration, and demonstrates 

the feasibility of recycling spent LIBs through this approach. The findings not only deepen the 

fundamental understanding of thermal pretreatment, structural repair, and impurity effects but 

also provide practical insights for designing optimized recycling protocols. 

 

In the first part (Chapter 3), the effects of thermal pretreatment under different atmospheres 

and temperatures on electrode separation and material degradation were systematically 

investigated. A treatment condition of 450 °C for 4 h under air for spent cathode was considered 

as a relatively suitable balance between separation efficiency and structural preservation, and 

the resulting NCM622 powders were used as the basis for subsequent regeneration studies. 

 

In the second part (Chapter 4), advanced characterization techniques (XRD, XAS, and 6Li 

solid-state NMR) revealed that structural degradation of spent NCM622 primarily originates 

from transition-metal migration into the Li layer, while successful regeneration is closely 

correlated with decreasing transition-metal occupancy. The optimized solid-state regeneration 

conditions (750 °C, 12 h, air; Li/TM = 0.3) yielded a repaired material with electrochemical 

capacity comparable to pristine NCM622, thus validating the effectiveness of the repair 

strategy. 

 

In the third part (Chapter 5), the effect of impurities was systematically elucidated. Al- and F-

containing species are found to significantly affect regeneration process, leading to Al- and F-

inclusion in regenerated material. Both dopants are shown to impair the electrochemical 

performance and structural integrity when accumulated, underscoring the importance of 

impurity removal prior to regeneration to ensure the long-term viability of direct recycling. 

 

Looking forward, future efforts should focus on impurity removal, optimization of regeneration 

conditions, and the development of efficient pretreatment strategies. These advances will be 

key to enhancing material recovery, preserving structural integrity, and accelerating the 

industrial implementation of direct recycling as a sustainable pathway for next-generation 

battery recycling technologies. 
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Appendix 
 

Anlage 5b  
 

Versicherung gemäß § 13 Absatz 2 Satz 2 Ziffer 5 der Promotionsordnung des Karlsruher Instituts für 

Technologie (KIT) für die KIT-Fakultät für Chemie und Biowissenschaften  

 

1. Einen erheblichen Verstoß gegen die Grundsätze guter wissenschaftlicher Praxis habe ich bislang 

nicht begangen.  

 

2. Es gab bisher keine Promotionseignungsprüfung oder gleichwertige Prüfung an einer Universität 

oder dieser gleichgestellten Hochschule, an der ich erfolglos teilgenommen habe.  

 

3. Diesem Promotionsverfahren gingen keine anderen Promotionsverfahren voran und ich bin in keinen 

weiteren Promotionsverfahren Kandidat/-in.  

 

5. Ein entgeltliches Vertragsverhältnis, das eine gewerbliche Promotionsberatung zum Gegen stand hat 

und zur Unselbstständigkeit zumindest einer Promotionsleistung führen kann, besteht bzw. bestand 

nicht.  

 

6. Die „Regeln zur Sicherung guter wissenschaftlicher Praxis am Karlsruher Institut für Technologie 

(KIT)“ habe ich beachtet.  

 

7. In die Dissertation wurden Vorveröffentlichungen einbezogen, bei denen ich im Rahmen einer 

Mitautorenschaft jeweils einen signifikanten Teil selbstständig erbracht habe. Eine Aufstellung mit den 

Angaben:  

 

Autoren/Autorinnen:  

 

Titel der Vorveröffentlichung:  

 

Veröffentlicht in:  

 

Ausführliche Darlegung des selbstständig erbrachten, signifikanten Beitrages der Vorveröffentlichung 

oder der zur Veröffentlichung eingereichten Arbeit:  

 

ist dieser Erklärung beigefügt. Die Aufstellung ist Bestandteil dieser Erklärung.  

 

8. Die Dissertation oder Teile davon wurden nicht bei einer anderen Fakultät als Dissertation eingereicht.  

 

9. Die Richtigkeit der vorstehenden Erklärungen bestätige ich.  
 

 

 

Ort und Datum                                                                                                                            Unterschrift 
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Supporting Information for Chapter 4 
 

 
 

Fig. A1. Corresponding k2χ(k) data of Ni K-edge with a spline range from 0 to 13.0 Å-1. 
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Fig. A2. Corresponding k2χ(k) data of Co K-edge with a spline range from 0 to 12.3 Å-1. 
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Fig. A3. Corresponding k2χ(k) data of Mn K-edge with a spline range from 0 to 11.0 Å-1 
 

 

 

 
 

Fig. A4. Bragg reflections of standard NiO (rock-salt phase, Fm-3m). 

 



128 

 

 
 

Fig. A5. Synchrotron Radiation Diffraction (SRD) patterns (λ = 0.9542 Å) and corresponding refinement results 

for (a) pristine NCM622 (P-NCM622) and (b) spent NCM622 (S-NCM622). 
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Fig. A6. Normalized XANES spectra of Ni, Co, and Mn K-edges for P-NCM622 and S-NCM622, measured at 

ALBA. 

 

 

 

 
 

Fig. A7. 6Li solid-state NMR waterfall spectra for materials regenerated under different temperatures (150-850 °C, 

per 100 °C) with a Li/TM ratio of 0.3. 

 



130 

 

Supporting Information for Chapter 5 

 

 
 

Fig. A8. Corresponding k2χ(k) data of (a-b) Ni K-edge with a spline range from 0 to 13.0 Å-1, (c-d) Co K-edge 

with a spline range from 0 to 11.5 Å-1, and (e-f) Mn K-edge with a spline range from 0 to 11.5 Å-1. 
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Fig. A9. SEM-EDX images of S-NCM622. 

 

 

 

 

 

 
 

Fig. A10. SEM-EDX images of S-NCM622 in a different region compared to Fig. A9. 
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Table A1. Corresponding Gibbs free energy of formation (∆𝐺𝑓
0, adapted from NIST Chemistry Webbook and 

reference 199). 

 

Substances ∆𝐺𝑓
0 (kJ mol-1) 

AlPO4 (s) -1860 

AlF3 (s) -1512 

LiOH (s) -380 

Li3PO4 (s) -1876 

Al2O3 (s) -1582 

LiF (s) -617 

H2O (g) -229 
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Manuscript 1 (Results and Discussion in Chapter 3) 
 

Authors: Shuaiwei Liu, Oleksandr Dolotko, Thomas Bergfeldt, Michael Knapp and Helmut 

Ehrenberg  

 

Publication title: Towards Sustainable Direct Recycling: Unraveling Structural Degradation 

Induced by Thermal Pretreatment of Lithium-Ion Battery Electrodes  

 

Published in: ChemSusChem   

 

The co-authors listed in Table 1 were involved in the implementation and evaluation of some 

measurements.  

 

Table 1: Statement of co-author contributions 

 

Co-authors Contributions 

Oleksandr Dolotko 
Supervise the work, XRD measurement and 

Rietveld refinement 

Thomas Bergfeldt ICP-OES and CGHE measurements 

Michael Knapp 
Supervise the work, XRD Rietveld 

refinement 

Helmut Ehrenberg Supervise the work 

 

Description of the contribution made independently:  

 

Practical work:  

This publication addresses the separation of active materials from current collectors via thermal 

pretreatment and the resulting structural changes in the active materials. All separation 

experiments were independently carried out by me. The pouch cell assembly, electrochemical 

cycling, deep discharging, and post-mortem electrode extraction were performed at the KIT 

Battery Technology Center (KIT-BATEC) by Olivia Wiegand, Steffen Jokisch, Dr. Robert 

Löwe, and Dr. Anna Smith. 

 

Measurements:  

Most XRD measurements were conducted by me, with additional support from Oleksandr 

Dolotko for some measurements. Michael Knapp and Oleksandr Dolotko provided guidance 

for the Rietveld refinement, of which the majority was independently completed by me. 
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Thomas Bergfeldt carried out the ICP-OES and CGHE measurements. 

 

Creating the manuscript:  

The idea for the publication was developed in discussion with Oleksandr Dolotko. I wrote the 

manuscript, which was subsequently revised by Oleksandr Dolotko, Michael Knapp, and 

Helmut Ehrenberg. 
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Manuscript 2 (Results and Discussion in Chapter 4) 
 

Authors: Shuaiwei Liu, Hao Liu, Arseniy Bokov, Mohammad Jaleh, Hang Li, Sylvio Indris, 

Oleksandr Dolotko, Aleksandr Kalinko, Edgar Eduardo Villalobos Portillo, Carlo Marini, 

Thomas Bergfeldt, Michael Knapp and Helmut Ehrenberg  

 

Publication title: Insights into the Mechanisms Behind Structural Repair of Spent Layered 

Cathode Materials for Lithium-Ion Batteries  

 

Published in: Angewandte Chemie   

 

The co-authors listed in Table 2 were involved in the implementation and evaluation of some 

measurements.  

 

Table 2: Statement of co-author contributions 

 

Co-authors Contributions 

Hao Liu XAS and XRD analysis 

Arseniy Bokov 
Supervise the work, in/ex-situ XRD 

measurements 

Mohammad Jaleh Part of experiments 

Hang Li & Sylvio Indris NMR measurement 

Oleksandr Dolotko XRD Rietveld refinement 

Aleksandr Kalinko XAS measurement in DESY 

Edgar Eduardo Villalobos Portillo & Carlo 

Marini 
XAS and SRD measurements in ALBA 

Thomas Bergfeldt ICP-OES and CGHE measurements 

Michael Knapp 
Supervise the work, XRD Rietveld 

refinement 

Helmut Ehrenberg Supervise the work 

 

Description of the contribution made independently:  

 

Practical work:  

This publication focuses on understanding the underlying mechanisms of structural repair. 

Most of the experiments, including material synthesis, battery assembly, and electrochemical 

testing, were independently carried out by me, with additional support from Mohammad Jaleh 
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for certain measurements. As in Manuscript 1, the pouch cell assembly, electrochemical cycling, 

deep discharging, and post-mortem electrode extraction were performed at the KIT Battery 

Technology Center (KIT-BATEC) by Olivia Wiegand, Steffen Jokisch, Dr. Robert Löwe, and 

Dr. Anna Smith. 

 

Measurements:  

The in situ and ex situ XRD measurements were performed with assistance from Arseniy 

Bokov. Hang Li and Sylvio Indris carried out the NMR spectroscopy measurements and 

supported their interpretation. Oleksandr Dolotko provided guidance with the Rietveld 

refinement. Synchrotron XAS measurements at DESY were conducted with the help of 

Aleksandr Kalinko. While synchrotron SRD and XAS measurements at ALBA were supported 

by Edgar Eduardo Villalobos Portillo and Carlo Marin, with extensive assistance from Sylvio 

Indris and Michael Knapp. ICP-OES and CGHE measurements were performed by Thomas 

Bergfeldt. SEM measurement was conducted by Bijian Deng and Liuda Mereacre. Hao Liu 

provided significant support during the interpretation of both XAS and XRD data. 

 

Creating the manuscript:  

I primarily conceived the idea and wrote the manuscript. It was subsequently revised by 

Oleksandr Dolotko, Arseniy Bokov, Michael Knapp, and Helmut Ehrenberg. Other co-authors 

listed in Table 2 contributed through data interpretation, discussion of results, and manuscript 

revision as well. 
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Manuscript 3 (Results and Discussion in Chapter 5) 

 
Authors: Shuaiwei Liu, Arseniy Bokov, Vanessa Trouillet, Ramon Zimmermanns, Sylvio 

Indris, Subhajit Nandy, Liuda Mereacre, Alexander Missyul, Thomas Bergfeldt, Michael 

Knapp and Helmut Ehrenberg 

 

Publication title: Effect of impurities on Direct Recycling of Spent LiNixCoyMnzO2 Cathode 

Material for Lithium-ion Batteries 

 

Published in: To submit   

 

The co-authors listed in Table 3 were involved in the implementation and evaluation of some 

measurements.  

 

Table 3: Statement of co-author contributions 

 

Co-authors Contributions 

Arseniy Bokov Supervise the work, XRD measurements 

Vanessa Trouillet XPS measurement and analysis 

Ramon Zimmermanns & Sylvio Indris & 

Subhajit Nandy 
XAS measurement in DESY 

Liuda Mereacre SEM and SRD measurements 

Alexander Missyul SRD measurement 

Thomas Bergfeldt ICP-OES and CGHE measurements 

Michael Knapp Supervise the work, SRD measurement 

Helmut Ehrenberg Supervise the work 

 

Description of the contribution made independently:  

 

Practical work:  

This publication focuses on understanding the effect of impurity on the regeneration process. 

All the experiments, including material synthesis, battery assembly, and electrochemical testing, 

were independently carried out by me. As in Manuscript 1 and 2, the pouch cell assembly, 

electrochemical cycling, deep discharging, and post-mortem electrode extraction were 

performed at the KIT Battery Technology Center (KIT-BATEC) by Olivia Wiegand, Steffen 

Jokisch, Dr. Robert Löwe, and Dr. Anna Smith. 
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Measurements:  

The in situ and ex situ XRD measurements were performed with assistance from Arseniy 

Bokov. The XPS measurement was carried out by Vanessa Trouillet. Synchrotron XAS 

measurements at DESY were conducted with the help of Ramon Zimmermanns, Sylvio Indris 

and Subhajit Nandy. SRD measurement at ALBA was performed with the help of Liuda 

Mereacre, Alexander Missyul and Michael Knapp. ICP-OES and CGHE measurements were 

performed by Thomas Bergfeldt. SEM measurement was conducted by Liuda Mereacre.  

 

Creating the manuscript:  

I primarily conceived the idea and wrote the manuscript. It was subsequently revised by 

Arseniy Bokov, Michael Knapp, and Helmut Ehrenberg. Other co-authors listed in Table 3 

contributed through data interpretation, discussion of results, and manuscript revision as well. 
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Publications during PhD 
 

1. Shuaiwei Liu, Hao Liu, Arseniy Bokov, Mohammad Jaleh, Hang Li, Sylvio Indris, 

Oleksandr Dolotko, Oleksandr Dolotko, Edgar Eduardo Villalobos Portillo, Carlo Marini, 

Thomas Bergfeldt, Michael Knapp, Helmut Ehrenberg. Insights into the Mechanisms Behind 

Structural Repair of Spent Layered Cathode Materials for Lithium-Ion Batteries. Angewandte 

Chemie, 2025, 137(32), e202504382. 

 

2. Shuaiwei Liu, Oleksandr Dolotko, Thomas Bergfeldt, Michael Knapp, Helmut Ehrenberg. 

Towards Sustainable Direct Recycling: Unraveling Structural Degradation Induced by 

Thermal Pretreatment of Lithium-Ion Battery Electrodes. ChemSusChem, 2025, 18(1), 

e202400727. 

 

3. Shuaiwei Liu, Jiachao Yang, Shuaipeng Hao, Shijie Jiang, Xiaohui Li, Oleksandr Dolotko, 

Feixiang Wu, Yunjiao Li, Zhenjiang He. Paving the way for electrochemical recycling of spent 

lithium-ion batteries: Targeting the direct regeneration of de-lithiated materials. Chemical 

Engineering Journal, 2024, 479, 147607. 

 

4. Shuaiwei Liu, Arseniy Bokov, Vanessa Trouillet, Ramon Zimmermanns, Sylvio Indris, 

Subhajit Nandy, Liuda Mereacre, Alexander Missyul, Thomas Bergfeldt, Michael Knapp and 

Helmut Ehrenberg. Effect of impurities on Direct Recycling of Spent LiNixCoyMnzO2 Cathode 

Material for Lithium-ion Batteries. (in peer review under Angewandte Chemie) 

 

5. Jianpeng Peng, Jiachao Yang, Shuaipeng Hao, Yunjiao Li, Shuaiwei Liu, Shijie Jiang, 

Shuhui Sun, Zhenjiang He. Enhanced mechanical property promote high stability of single-

crystal Ni-rich cathode at 4.5 V. Energy Storage Materials, 2025, 77, 104199. 

 

5. Shuaipeng Hao, Jiachao Yang, Yunjiao Li, Shuaiwei Liu, Shijie Jiang, Zhenjiang He. 

Utilizing Oxygen-Vacancy-Rich Violet Tungsten Oxide Enabling Ultralong Cycling of Nickel-

Rich Cathodes at High Voltage. ACS Nano, 2025, 19(7), 7263-7272. 

 

6. Shuaipeng Hao, Yuelin Lv, Yi Zhang, Shuaiwei Liu, Zhouliang Tan, Wei Liu, Yuanguang 

Xia, Wen Yin, Yaqi Liao, Haijin Ji, Yuelin Kong, Yudi Shao, Yunhui Huang, Lixia Yuan. 

Restoration of Li+ pathways in the [010] direction during direct regeneration for spent LiFePO4. 

Energy & Environmental Science, 2025, 18(8), 3750-3760. 
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