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Résumé de la these

La transition ¢énergétique, portée par le déploiement massif des ¢énergies
renouvelables et 1’¢lectrification de la mobilité, impose des exigences accrues aux
technologies de stockage électrochimique. Les batteries lithium-ion, qui constituent
aujourd’hui la technologie dominante, doivent conjuguer densité¢ énergétique élevée,
capacité de puissance, sécurité d’utilisation et longévité. Cependant, aucun matériau
d’¢lectrode ne satisfait pleinement 1’ensemble de ces critéres, en particulier du coté de

I’¢lectrode négative.

Les ¢lectrodes négatives conventionnelles illustrent clairement les compromis
inhérents a ces matériaux. Le graphite, qui demeure la référence industrielle, présente
une capacité spécifique élevée et un colt relativement faible. Toutefois, il présente des
limitations majeures : lors de charges rapides, le risque de dépdt de lithium métallique
est important, compromettant la sécurité et accélérant le vieillissement. A I’inverse,
Li4Ti5012, qui offre une stabilité structurale remarquable et une excellente tolérance aux
régimes de cyclage ¢levés, possede un potentiel de fonctionnement trop élevé, ce qui
limite fortement la densité énergétique atteignable, et donc son attractivité pour les
applications ou 1’autonomie et la compacité sont prioritaires. Ce constat justifie
I’exploration de matériaux alternatifs susceptibles de concilier densité énergétique

compétitive, cinétique rapide et sécurité opérationnelle.

Dans ce cadre, les oxydes de niobium adoptant la structure Wadsley—Roth
apparaissent comme des candidats particulierement intéressants. Issus de structures a
cisaillement dérivées du type ReOs, ils se distinguent par une charpente
cristallographique robuste et par des réseaux de tunnels interconnectés qui favorisent la
diffusion rapide des ions lithium. Leur potentiel d’insertion élevé, comparable a celui
du Li4Ti5012, représente un compromis intéressant permettant de limiter les risques de
dépot de lithium tout en conservant une densité énergétique satisfaisante. Parmi ceux-
ci, FeNb11029 se singularise par la combinaison de la stabilité¢ du squelette Nb—O et de
la réactivité redox du fer, offrant un équilibre prometteur entre robustesse structurale et
activité ¢€lectrochimique. Ces caractéristiques en font un matériau particulierement
pertinent pour combler 1’écart entre graphite et LisTisO12 et répondre ainsi aux besoins

émergents des batteries de nouvelle génération.



Cette these s’est attachée a évaluer le potentiel de FeNbi1029 en tant qu’électrode
négative, selon plusieurs approches complémentaires. Le travail s’est structuré autour
de quatre volets : I’optimisation de la morphologie a travers des synthéses par chauffage
micro-ondes afin de controler la taille des particules et d’améliorer la diffusion ionique;
I’étude operando par diffraction neutronique pour €élucider le mécanisme de lithiation et
comparer différentes configurations expérimentales; la mise en ceuvre pratique en
cellules complétes, depuis des formats bouton jusqu’aux prototypes industriels 18650,
accompagnée d’analyses de vieillissement systématiques; et enfin 1’intégration du
matériau dans des batteries tout solide, avec une attention particuliere portée a la

composition des ¢lectrodes et aux phénomenes interfaciaux.

Le premier volet a démontré les avantages du chauffage micro-ondes par rapport au
chauffage conventionnel en four. Cette méthode permet de réduire considérablement les
temps de réaction et limite la croissance cristalline, aboutissant a des poudres
submicrométriques mieux adaptées au transport ionique. Les caractérisations
¢lectrochimiques (GITT, courbes de capacité¢ différentielle, XRPD operando) ont
confirmé que ces poudres favorisent une diffusion plus aisée du lithium et réduisent la
polarisation. Le polymorphe monoclinique issu de ce procédé a atteint 179 mAh g™! avec
une rétention de 90% aprés 500 cycles a2 A g!, soulignant I’efficacité de cette approche.
La comparaison avec le polymorphe orthorhombique a mis en évidence I’importance de
la microstructure : les échantillons a grains fins surpassent systématiquement les
¢chantillons plus grossiers. Il convient de souligner que méme les poudres
micrométriques obtenues par chauffage conventionnel ont présenté d’excellentes
performances (~150 mAh g!' a 10 C), illustrant les cinétiques intrinséquement rapides
des phases de Wadsley—Roth. Ces résultats sont particulierement encourageants d’un
point de vue industriel, car ils montrent qu’il est possible d’obtenir de bonnes

performances sans recourir a des nanostructurations complexes et cotiteuses.

Le deuxiéme volet a porté sur la compréhension du mécanisme de fonctionnement
par diffraction neutronique operando. Cette technique, adaptée a I’étude des matériaux
de batterie, permet de suivre en temps réel les évolutions structurales et de détecter les
¢léments légers tels que le lithium. Deux types de cellules et deux diffractométres (D2B
a haute résolution et D20 a haut flux) ont été évalués. La premiere configuration de
cellule, optimisée pour la diffraction, s’est avérée facile a assembler et a permis
d’obtenir des données d’excellente qualité grace a I’utilisation de composants non

hydrogénés. Cependant, elle a montré des performances électrochimiques limitées,



caractérisées par une forte polarisation et une cinétique ralentie, liées notamment a
I’épaisseur des électrodes. A I’inverse, la deuxiéme configuration, proche d’une cellule
cylindrique, bien que générant davantage de bruit de fond, a permis une électrochimie
plus réaliste, avec des cinétiques rapides et une compatibilité avec les électrolytes

conventionnels.

Les deux diffractomeétres se sont avérés complémentaires : D2B, grace a sa haute
résolution, a permis des affinements structuraux précis, tandis que D20, grace a son flux
¢leve, s’est réveéle adapté au suivi de processus rapides en temps réel. Les expériences
menées ont confirmé que FeNb;1029 se lithie selon un mécanisme de solution solide,
comme en attestent les décalages continus et réversibles des pics de diffraction. Ces
résultats indiquent que les réactions ¢lectrochimiques se produisent de maniére
homogene dans I’¢lectrode, méme a haute vitesse de cyclage, traduisant les cinétiques
rapides propres au matériau. Outre ces résultats spécifiques, ce travail fournit des reperes
méthodologiques pour un usage plus systématique de la diffraction neutronique
operando, en soulignant les compromis entre réalisme électrochimique, qualité des

données et contraintes instrumentales.

Le troisiéme volet a concerné la mise en ceuvre pratique de FeNb;1029 en cellule
compléte. L’objectif était de dépasser le cadre des demi-cellules, qui fournissent des
informations fondamentales mais limitées en termes de pertinence technologique. Les
¢lectrodes négatives de FeNb11029 ont été testées contre des ¢lectrodes positives NMC,
d’abord en cellules bouton puis dans des prototypes cylindriques 18650. La mise a
I’échelle de la synthése et du traitement des électrodes a été réalisée avec succes,
confirmant la faisabilité de ce passage au format industriel. Les résultats ont montré que
’utilisation de FeNb11029 permet de délivrer des densités énergétiques intermédiaires a
celles obtenues avec des électrodes de graphite et de LisTisO12. Néanmoins, une
polarisation marquée et une dégradation progressive ont été observées, attribuées a des

limitations cinétiques et a la présence d’impuretés.

Les études de vieillissement ont révélé que les conditions de fonctionnement avaient
une influence déterminante : des températures €levées, des régimes de cyclage rapides
et un stockage a haut état de charge accélérent la perte de capacité et la croissance de la
résistance. Ces phénomeénes sont associés a des dégradations interfaciales et a

I’instabilité de I’¢électrolyte. Ces résultats mettent en évidence la nécessité de stratégies



d’ingénierie des électrodes et de stabilisation des interfaces, ainsi que d’analyses post-

mortem approfondies pour identifier et comprendre les mécanismes de dégradation.

Enfin, un quatriéme volet a exploré I’intégration de FeNb11029 dans des batteries tout
solide, technologie prometteuse en matiere de sécurité¢ et de densité énergétique. Les
¢lectrodes négatives ont ét¢ formulées avec différentes teneurs en carbone conducteur
(VGCF), afin d’optimiser 1’équilibre entre conduction électronique et conduction
ionique. La composition intermédiaire a donné les meilleures performances, avec une
capacité¢ réversible élevée, une polarisation réduite et de bonnes performances en
puissance. Une teneur trop faible en carbone limite la conduction électronique, tandis
qu’une teneur excessive perturbe le réseau de conduction ionique et augmente la

résistance.

Les essais ¢lectrochimiques ont révélé certaines limitations cinétiques, notamment a
haute vitesse de cyclage, mais ont montré qu'il était possible d'atténuer ces contraintes
en appliquant un palier a tension constante lors de la décharge. Les analyses structurales
et chimiques ont confirmé la stabilité globale de FeNb;1029 et de I’¢électrolyte LigPSsClI
en volume, avec une légére expansion de la maille indiquant une rétention partielle de
lithium. Toutefois, les analyses XPS ont révélé une dégradation chimique a 1’interface,
marquée par la formation d’especes soufrées (Li=S, SOs7). Ces résultats soulignent
I’importance cruciale des interfaces et la nécessit¢ de développer des stratégies

d’ingénierie adaptées pour améliorer la durabilité des batteries tout solide.

Dans son ensemble, cette thése met en évidence le potentiel de FeNb;10O29 en tant
qu’électrode négative capable d’offrir un compromis original entre densité énergétique
et sécurité. Sa stabilité structurale, ses cinétiques rapides et sa compatibilité avec des
électrolytes liquides comme solides constituent des atouts majeurs. Néanmoins, des
défis subsistent, parmi lesquels la polarisation, la dégradation des interfaces et la
sensibilité aux conditions de fonctionnement. Au-dela de ce matériau particulier, cette
thése apporte des contributions méthodologiques notables : mise au point de protocoles
de synthése assistés par micro-ondes, comparaison de cellules et d’instruments pour la
diffraction neutronique operando, prototypage au format industriel et analyse du
vieillissement. Ces avancées offrent un cadre solide pour le développement de matériaux
d’¢lectrodes de nouvelle génération et ouvrent des perspectives concrétes pour la
conception de batteries plus performantes, plus slres et mieux adaptées aux enjeux de

la transition énergétique.
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I.1. Batteries as energy storage systems

Batteries are electrochemical devices that store chemical energy and convert it into electrical
energy on demand. By enabling efficient storage and delivery of electricity, batteries play a
critical role in reducing reliance on fossil fuels and accelerating the transition to low-carbon,

sustainable energy systems.

Generally, batteries can be classified into primary (non-rechargeable) and secondary
(rechargeable) systems. While primary batteries are used in single-use applications, secondary
batteries dominate sectors where frequent recharging is essential. Among the wvarious
rechargeable technologies, lithium-ion batteries (LIBs) have emerged as the most widespread

due to their combination of performance, scalability, and economic viability.

Battery performance is evaluated using several key metrics. Energy density (Wh kg™ or
Wh L) measures how much energy can be stored for a given mass or volume, directly
influencing device runtime or EV driving range. Power density (W kg™! or W L) reflects the
rate at which energy can be delivered or recharged, an important factor for applications requiring
high bursts of power or rapid charging. Cycle life measures how many charge—discharge cycles
a battery can sustain before significant capacity loss occurs. Other critical considerations include
cost, safety, and sustainability, encompassing both raw material sourcing and end-of-life

recycling.
I.1.1. Lithium-ion batteries

Since their commercialization in the early 1990s, lithium-ion batteries have transformed
energy storage. Their success stems from their high energy density, relatively long cycle life,
and good efficiency compared to other rechargeable technologies such as nickel-metal hydride
or lead—acid batteries. From powering portable electronics and electric vehicles (EVs) to
facilitating the large-scale integration of intermittent renewable energy, batteries are the heart of

modern society towards the net-zero emission target [ 1-6].

A typical LIB consists of a positive electrode (commonly layered lithium transition-metal
oxides, spinels, or olivine-type compounds), a negative electrode (graphite being the most
prevalent), a liquid electrolyte (a lithium salt dissolved in an organic solvent), and a separator
that prevents direct contact between electrodes while allowing lithium-ion transport [1-8].
During charging and discharging, lithium ions shuttle between the two electrodes through the

electrolyte, accompanied by electron flow through the external circuit.
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Figure I.1. Lithium-ion battery structure with common negative and positive electrode materials.
Modified from [1].

Despite their advantages, LIBs face notable limitations. High charging currents can cause
lithium plating on the negative electrode, leading to capacity fade and safety risks. Elevated
temperatures during fast charging increase the likelihood of thermal runaway, while low
temperatures exacerbate internal resistance and hinder ion transport. In addition, reliance on
critical raw materials such as cobalt raises concerns about cost, supply stability, and
environmental impact. These challenges have motivated extensive research into alternative

materials, new architectures, and safer electrolyte systems [7—11].
I.1.2. Diverse research directions on batteries

The pursuit of improved LIBs spans a wide spectrum of strategies, targeting different

components and performance parameters [1-21].

e Positive electrode development focuses on enhancing capacity, stability, and resource
sustainability. High-nickel layered oxides offer increased energy density, while
cobalt-free cathodes aim to reduce cost and supply risk. Sulfur-based and polyanionic
compounds are also under active investigation for their high theoretical capacities and
elemental abundance.

e Negative electrode innovations explore alternatives to graphite, including silicon-
based materials, and titanium-based oxides such as LisTisO12 and Wadsley—Roth

phases, which offer high rate capability and structural stability.
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e FElectrolyte research aims to improve safety and broaden the operational temperature
range. Solid-state electrolytes—including sulfides, oxides, and halides—show
promise for enabling lithium metal, while ionic liquids and flame-retardant additives
enhance the safety of liquid systems.

e Sustainability and recycling efforts address the environmental footprint of battery
production and disposal, seeking closed-loop manufacturing cycles and second-life

applications for used batteries.

Beyond general performance improvements, there is increasing focus on application-
specific optimization. High energy density is crucial for EV range, long cycle life is
indispensable for stationary grid storage, and low-temperature resilience is vital for cold-climate
operation. Among these goals, fast charging stands out as one of the most urgent and challenging

targets, especially for widespread EV adoption.
I.2. Fast charging batteries

I.2.1. State of the art and challenges of fast-charging batteries

In the global transition to electric vehicles (EVs), it is important to have an optimal balance
between energy density and power density of batteries. This is required to achieve a good
compromise between the driving range and the charging time. Currently, LIBs take more time
to charge compared with the quick refuelling of internal combustion engines vehicles. In fact,
long charging time of batteries is one of the main obstacles for the widespread applications of
EVs. This emphasizes the need for fast charging or even extremely fast charging (XFC), which
aims to deliver 80% state of charge within just 15 minutes, as targeted by US Advanced Battery
Consortium (USABC) [22]. Achieving such charging performance would bring EV user

experience closer to that of conventional gasoline cars, giving more satisfaction for customers.

While research has made significant progress toward faster charging, the best-performing
commercial EVs still fall short of the XFC target. The driving range of Tesla Model 3, for
example, is about 500 km, enabled by LiNixCoyAli-—x-yO2 (NCA) paired with graphite. Using a
high-power direct-current charger, the battery can charge from 10% to 80% SoC in 20-30
minutes [23—-25]. This is the highest charging rate among all EVs in the market, yet it remains

below XFC target.

Fast charging requires high power density, but this comes at the cost of reduced energy
density. Additionally, these fast-charging conditions can adversely affect the performance,

safety and lifespan of the battery, and may accelerate degradation of cells, for example lithium
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dendrites, electrolyte decomposition, and low active material utilization. Therefore, robust high-

rate materials and stable cell designs are required to meet these needs.
1.2.2. Kinetic limitations in the negative electrode

To improve the rate capability and enhance fast charging performance of batteries, it is
crucial to gain a deeper understanding of the fundamental mechanisms that govern battery
behaviour at different scales. Fast-charging of lithium-ion batteries is inherently limited by
processes occurring at material, electrode and cell levels [22,25-30].

material level electrode level cell level
SEI

/" ratio

Figure 1.2. Parameters relevant for fast-charging batteries from material to cell level. Adapted from [26].

1.2.2.1. Kinetic limitations on the material level

At the material level, three key processes govern the fast-charging performance: (i) Li"

charge transfer, (ii) Li" solid-state diffusion, and (iii) electronic conductivity.

Firstly, charge-transfer is associated with Li" migration from the electrolyte into the active
material particles. In case of lithium insertion, this migration involves Li" desolvation, its
transport across the solid electrolyte interface (SEI) if present, and finally, and subsequent
electron acceptance from the external circuit (Figure 1.3) [26,31]. Each of these phenomena is
associated with an energy barrier that contributes to the charge-transfer resistance and
overpotential, both of which affect the electrochemical reaction kinetics. SEI layer, though
essential for interface stabilisation and suppression of electrolyte decomposition, can still hinder
Li" transport if it is poorly conductive or energetically unfavourable for Li" desolvation. For
example, the energy barrier of Li" transfer into lithium titanate (LisTisO12) is only around 0.33
eV, lower than 0.54 eV required for graphite [32]. This difference could be explained by the
absence of an SEI layer on the Li4Tis012 surface, which partially accounts for its enhanced fast-

charging performance.
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Inside the bulk of active material, Li" solid-state diffusion is the dominant rate-limiting step.
This process is governed by the intrinsic solid-state Li" diffusivity in the active material and the
effective diffusion lengths, which are strongly influenced by the particle size. Larger particles
exhibit longer diffusion pathways, which hinder Li" transport across the entire solid bulk and
result in lower capacity at high C-rates. Nanostructuring and porous morphologies are widely
used to shorten diffusion distances and enhance Li* transport. However, these strategies increase
the surface area of active materials in contact with the electrolyte, inducing more electrolyte

degradation except protected by coating layers.

Finally, electron transport is also critically important for electrochemical reaction kinetics.
For example, highly conductive materials such as graphite and lithium metal are less limited by
electronic transport, whereas silicon and LisTisO12, with inherently low electronic conductivity,
require modifications to enhance their performance. These strategies include carbon coating,

nanosizing, or incorporating conductive additives.
1.2.2.2. Kinetic limitations on the electrode level

On the electrode level, the electrochemical kinetics of batteries mainly depends on three
interconnected factors: porosity, tortuosity, and coating thickness, which are influenced by the
active material microstructure and the electrode coating process. The electrode fabrication starts
with the preparation of a slurry, typically composed of well-mixed active material, conductive
carbon and polymeric binder in a solvent. This mixture then goes through the casting, drying and
calendaring steps. The obtained electrode would contain the pores between the components,

tortuous paths connecting the pores and a certain thickness.

Firstly, porosity—the fraction of void volume in the electrode—is a crucial parameter for

cell performance, as it governs electrolyte infiltration and the ease of ion transport through the
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composite electrode. Optimizing electrode porosity is essential during electrode manufacturing
to have a good compromise between electronic and ionic conductivity, as well as a balance
between energy and power density. Higher porosity is favorable for ionic conduction but can
disrupt the electronic percolation network and reduce both gravimetric and volumetric energy
density. By contrast, low porosity improves energy but restricts ionic pathways, limiting high-
rate performance. During cycling, pores can be clogged due to ongoing SEI formation, reducing

effective porosity and impairing ion transport.

Secondly, tortuosity quantifies the efficiency of the ion transport through the zigzag,
convoluted pathways formed by electrolyte-filled pores within a porous composite electrode
microstructure. It arises from the locally heterogeneous distribution of active material,
conductive additives and binder, which forms irregular and extended pore networks that increase
the effective ion transport distance [26]. While porosity quantifies the volume fraction of voids,
it does not indicate whether these voids are well-connected. For example, an electrode may have
high porosity yet still exhibit high tortuosity if many pores are disconnected or form dead-end
routes. An ideal, straight ion pathway would have a tortuosity value of T = 1, whereas real
electrode microstructures often exhibit complex, tortuous paths. Tortuosity can be
experimentally quantified by impedance spectroscopy and tomography, often combined with
simulations to optimize electrode architecture [34]. Higher tortuosity impedes ion transport,
especially under high-rate conditions, leading to significant ohmic and concentration
polarization. These effects are worsened in thick, highly loaded electrodes, where long and

obstructed ion pathways can cause large overpotential and reduced material utilization.

\‘i; iﬁi

ey

Figure 1.4. (a) straight and efficient ionic pathways, and (b) blocked pores with high tortuosity [26]

f

The third factor in electrode engineering that affects battery performance is the electrode
coating thickness. Reducing coating thickness is an effective strategy for better fast-charging
capabilities, as thinner electrodes facilitate shorter ion and electron transport paths. However,
this comes at the expense of lower energy densities and higher manufacturing costs. In current
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commercial cells, single-sided coatings can reach thickness of up to 100 pm. While thicker
electrodes theoretically offer higher energy density, they are often impractical due to high
internal cell polarization and ineffective utilization of active material.

Fast-charging performance can be improved through various electrode engineering
strategies, such as adjusting active material loading, thickness, and porosity, reducing tortuosity,
and minimizing non-active additives. Among these, calendaring is particularly important.
Calendaring compresses the electrode, improving adhesion to the current collector, essential for
mechanical integrity during cycling, and increasing both gravimetric and volumetric energy
density. It also reduces pore volume and enhances electronic contact between active particles,
thereby optimizing both electronic conductivity and ionic transport. However, excessive
calendaring can collapse pores, restrict ionic pathways, induce particle cracking, or damage the
current collector. Therefore, calendaring parameters must be carefully optimized to balance

efficient ion/electron transport.

1.2.2.3. Key requirements for fast charging batteries: from material design to cell

architecture
Fast-charging materials should ideally possess the following characteristics:

e low energy barriers for lithium-ion insertion into the material,

e low barriers for lithium-ion diffusion within the solid phase, and

e small, uniformly distributed particle sizes, e.g. nanoparticles, to enhance kinetics,
while maintaining good processability and minimizing irreversible capacity losses.

Besides, additional factors at the electrode level must be optimized:

e low tortuosity, which is challenging for small particle size;

e balanced porosity to ensure effective electronic and ionic conductivity; and

¢ minimized volume change of electrode during cycling for mechanical integrity.

At the cell level, fast charging must address thermal management and minimize lithium
plating [26].

e At low ambient temperatures, controlled internal heating can enhance lithium-ion
mobility and diffusion while suppressing lithium plating.

e At high ambient temperatures, heat buildup should be minimized through effective
thermal dissipation in cell design.

e Charging protocols should be carefully managed to avoid low negative electrode

potentials, which can lead to lithium deposition.
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1.2.3. Degradation of materials and interfaces induced by fast charging

Degradation mechanisms in Li-ion cells have been extensively investigated in previous
studies, notably by Howey et al. [35]. These mechanisms arise from a complicated interplay of
multiple parameters, leading to lithium inventory loss or active material degradation. Under fast
charging, the most critical pathways are: (i) lithium plating on the negative electrode; (ii)
accelerated side reactions caused by overpotentials and internal heating; and (iii) mechanical

damage such as particle cracking [22,26,27].

Firstly, lithium plating and dendrite formation can occur in low-potential electrodes such as
lithium metal and graphite, and are especially pronounced at high currents. This issue poses
serious safety risks of short circuits, which can trigger exothermic reactions. A well-known
example was Moli Energy’s commercial cells using metallic lithium, which suffered severe
safety failures and were ultimately withdrawn from the market in 1989 [36]. Since then,
carbonaceous materials, including graphite, were proposed by Akira Yoshino as negative
electrode materials, laying the foundation for commercially viable LIBs [37]. However, lithium
plating cannot be completely avoided even in carbon-based electrodes due to their low lithiation

potential (e.g. < 0.2 V vs. Li'/Li for graphite).

Thermodynamically, metallic lithium deposition occurs when the negative electrode
potential is below 0 V vs. Li"/Li, but in practice, kinetic limitations also play a critical role. If
Li" flux from the electrolyte to the electrode surface exceeds the intercalation rate—due to slow
charge transfer, sluggish solid-state diffusion, local overpotentials or electrode
inhomogeneities—surface plating can occur [38—40]. Lithium plating is particularly accelerated
under harsh charging conditions such as (1) low temperatures, (2) high C-rates, (3) high states
of charge (SOC), or their combinations (Figure 1.5) [38,39,41-43]. At low temperatures, slower
Li" diffusion in graphite and electrolyte slows down intercalation kinetics, leading to Li" build-
up at particle surfaces. Likewise, during fast charging, the rate of Li" charge-transfer and Li*
solid-state diffusion cannot catch up with fast incoming Li" flux, which causes increased
polarization and can drive the potential below 0 V vs. Li'/Li — favorable for lithium deposition.
Even at low charge rate of C/6 at 20 °C, lithium plating can still occur [43]. At high SOC, the
combined effects of low potential, restricted diffusion pathways and limited residual capacity
can further promote Li" accumulation and plating at the electrode-electrolyte interface.
Deposited lithium may not be fully stripped during subsequent delithiation, even under slow
discharge, leading to “dead lithium” that reduces capacity and heightens safety risks [44]. These
effects can be mitigated by minimizing electrode overpotentials, through optimized charging
protocols or thermal management strategies such as internal heating during charging.
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Figure 1.5. Schematic of factors influencing lithium deposition on graphite electrodes: (a) low temperatures, (b)
high charging C-rates, and (c) high states of charge (SOC). Numbering indicates their relative importance, with
highlighted boxes showing the solid—liquid interface where lithium deposition occurs. Adapted from [45].

Secondly, under fast charging conditions, increased overpotentials could lead to higher risks
of electrolyte degradation and gas evolution due to parasitic processes. Even under normal
charging protocols, conventional carbonate-based electrolytes can still be decomposed when the
electrode potential is outside the electrochemical stability window, resulting in electrolyte
oxidation or reduction. For negative electrode, potentials below ~ 1.0 V vs. Li trigger electrolyte
reduction and SEI formation. Besides, fast charging can also exacerbate degradation through
heat generation. When battery pack is not optimally designed for good heat dissipation, high
current densities may lead to a substantial rise in internal cell temperatures, causing different
aging mechanisms. While high temperatures tend to suppress lithium plating, they
simultaneously worsen the electrolyte decomposition, promote SEI growth, which accelerates
long-term degradation. At ~60 °C, SEI decomposition can occur via reactions between LiCs and

the electrolyte, posing a risk of thermal runaway [46].

Thirdly, fast charging can cause mechanical degradation. High currents applied on large
active particles may cause large lithiation gradients between surface and core, resulting in non-
uniform stress and particle cracking. These cracks not only disrupt the electronic and ionic
networks but also expose fresh surface for further side reactions with the electrolyte. In graphite,
high currents may induce co-intercalation between graphite sheets, leading to exfoliation, large
volume change, and structural degradation [47]. In silicon, significant lithiation-induced
expansion similarly causes cracking, exposing new interfaces and triggering continuous SEI
formation [33]. Particle size of active materials strongly influences mechanical stability: large
particles suffer from diffusion-induced stress due to lithiation gradients, while smaller particles
allow faster Li* transport but have higher surface areas, accelerating side reactions and SEI
growth. Therefore, optimizing particle size distribution is essential to strike a balance between

fast charging capability, capacity retention, and structural integrity.
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1.2.4. Typical negative electrode materials for LIBs

1.2.4.1. Graphite

In commercial LIBs, graphite is the dominant negative electrode material thanks to its high
energy density and low cost. This high energy density arises from a high theoretical capacity
(372 mAh g!) and low lithiation potential enabling high cell voltage. The lithium intercalation
into graphite is a well-understood, stepwise process occurring through several stages,
characterized by the progressive filling of the interlayer spaces between graphene sheets. This
staging behavior involves the formation of specific lithium—graphite intercalation compounds
(Li-GICs), such as LiCse (stage 4), LiCig (stage 3), LiCi2 (stage 2), and ultimately the fully
lithiated LiCs (stage 1) [47,48].

However, graphite’s working potential is outside the electrochemical stability window of
conventional carbonate-based electrolytes, leading to formation of SEI layer, which is
electronically insulating and ionically conducting. This passivating layer plays an integral role
as it provides an extended window (=5.0 V) through kinetic protection, allowing stable lithium
insertion/deinsertion in graphite and suppressing further electrolyte’s degradation. However, it
increases cell impedance, consumes Li" during formation and lowers the initial coulombic
efficiency [49]. Moreover, as discussed in section 1.2.3., sluggish Li" transport across the SEI
layer and low operational potential of graphite limits its rate capability due to particle fracture
and the risk of Li dendrites, the latter causing short-circuit and posing serious safety hazards.

Therefore, graphite does not satisfy the requirements for fast charging applications.
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Figure 1.7. Comparison between graphite and lithium titanate. Modified from [50-52]

1.2.4.2. Lithium titanate (LisTisO12)

On the other hand, LisTisO12, with a higher working potential of 1.55 V vs. Li'/Li, is a
promising candidate for high power applications because it allows for high-rate Li
insertion/extraction without the risks of dendrite growth or significant SEI formation. Moreover,
it is a “zero-strain” material with negligible volume change during the phase transformation
between spinel-type LisTisO12 and a rock salt-type structure LizTisO12, giving it long-term
cycling stability [53]. However, its moderate specific capacity of 175 mAh/g and low full-cell
voltage gives lower energy density. Additionally, LisTisO12 has poor electronic (<107 S
cm ') and ionic conductivity (< 10! S em™') at room temperatures [54,55]. Different strategies
have been adopted to address this drawback and access high-rate capability: particle morphology
control and nanosizing to reduce the transport distances of Li" ions and electrons, and
incorporation of conductive coating. For example, Li4TisO1> electrodes with active material
loading 4.4 mg/cm?, composed of 1 um particles synthesized via solid-state method, deliver only
~60 mAh/g at 10C rate [56]. By contrast, a novel solution-based synthesis yields much smaller
particles of ~120 um, enabling electrodes with a loading of 2.0 mg/cm? to achieve an outstanding
capacity of 150 mAh/g at the same rate [50]. Nevertheless, nanometric and porous materials

inherently suffer from low tap density, which is a severe penalty in terms of volumetric energy
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density. Additionally, their high surface area in contact with electrolytes make them more
susceptible to degradation during -electrochemical cycling. Moreover, the synthesis,
characterization and large-scale manufacturing of these materials are also often time-consuming
and costly. Additionally, Li4TisO12 also suffers from the problems of gassing (mostly Hz, CO,
and CO») during cycling due to reactions between standard carbonate solvents and LisTisO12

interface [57], which lead to swelling and further safety issues.

These challenges highlight the need for alternative electrode materials better suited for fast-

charging applications.
I.3. Wadsley-Roth phases as promising high-rate negative electrode

materials for LIBs

1.3.1. Introduction and promising aspects

Wadsley—Roth compounds, also known as block phases, are a family of metal oxides
derived from the ReOs-type perovskite structure. They are characterized by corner-sharing MOg
octahedral blocks, which are connected via edge-sharing along crystallographic shear planes.

These structures exhibit several desirable electrochemical properties, including:

e “Zero-strain” frameworks that ensure robust structural integrity during cycling
e Wide diffusion channels enabling high-rate lithium transport
e High lithiation potentials that limit electrolyte decomposition and suppress SEI
formation
e Multi-electron redox activity and multiple Li* insertion sites that offer decent specific
capacities
Initial investigations into these compositions started in the 1950s-1960s [58—63] by Wadsley
and Roth, whose work laid the foundation for the structural classification now bearing their
names. In the 1980s, Cava et al. demonstrated that many compositions in this family could
undergo chemical lithiation via the reactions with n-butyllithium [64—66], giving the prospects
of using them as battery electrodes. Later in 1999, Kumagai conducted an extensive study on the
thermodynamics and kinetics of electrochemical lithium intercalation into Nb,Os [67], which is
the first time it was used in batteries. Research into this class of materials slowed down until the
pioneering works of Goodenough’s group in 2011 on TiNbO7 phase, with excellent
electrochemical properties in terms of capacity and rate capability in both half- and full-cells
[68,69]. Since then, the renewed interests have led to considerable advances, e.g. TiNb,O7

[70,71], Nb2Os [72-74], and TiaNbioO29 [75]. Later, the concept of intercalation
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pseudocapacitance was introduced to explain the excellent rate properties of this material family
[74]. Recent studies have shown that even large micron-sized particles of these shear structured
phases, for example, WNb12033 [76], H-Nb2Os [74,77], TiNb24Os2 [78], Nb1sWsOss [79],
TiNb20O7 [68,69], and PNb2O2s [80-82] can deliver impressive lithium storage capacity at high

current rates.

Academic research of Wadsley-Roth niobium-based materials have been strongly active for
around 15 years since early 2010s. These efforts have led to proof-of-concept demonstrations
and successful laboratory validation. Motivated by these advances, several companies began
developing and producing such materials, including Battery Streak, which provides nano-
structured niobium oxides (“niobia”) [83], and NEI Corp, which supplies TiNb2O7 and Nb,Os
powder [84]. This progress has paved the way for development beyond materials R&D, reaching
the stage of sample cell fabrication and prototype testing. For example, Toshiba is currently
developing SCiB™ Nb cells (Super Charge Ion Batteries) based on next-generation TiNb,O7
material [85] and is testing electric buses in Brazil in collaboration with Brazilian company of
metallurgy and mineral (Companhia Brasileira de Metalurgia e Mineracao, CBMM) [86]. More
recently, two UK-based start-ups, Echion [87] and Nyobolt [88], have been launched from the
pioneering works at Grey’s research group at Cambridge University, targeting at

commercializing niobium-based materials and cells for high-power applications.

In comparison with the mature, well-established and commercialized LisTisO12 material,
Wadsley-Roth phases show promising advantages, including comparable production costs,
higher gravimetric capacity, and enhanced volumetric energy densities. In terms of energy and
power performance, they represent a balanced compromise between graphite’s high energy
density and lithium titanate’s excellent rate capability and safety. However, for large-scale
production, it is crucial to consider the cost and supply chain of niobium, a key element in

Wadsley—Roth compounds, to ensure long-term scalability and economic viability.

Niobium (Nb) is ranked 33" in elemental abundance, with a concentration of approximately
10-26 ppm in the Earth’s crust, comparable to some critical elements in battery industry, such as
Co (10—18 ppm), Ni (19-60 ppm), Li (20—41 ppm), and Cu (14—32 ppm), but much lower than
Mn (600—735 ppm), Ti (0.45%), and Fe (4.1-4.7%) [89-91]. A comparison of niobium’s
abundance with other elements is represented in Figure 1.8 [92,93]. Outside the field of energy
storage, niobium has a wide range of applications, such as dopant in high-strength, corrosion-
resistant steels, in superconducting magnets in MRI scanners, NMR equipment, as well as
aerospace, atomic energy, medical and electronics industries. However, according to the US

Geological Survey, “the estimated global reserves and resources of niobium and tantalum are
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large and appear more than sufficient to meet global demand for the foreseeable future, possibly
the next 500 years.” [94] Therefore, niobium resources are still sufficient to meet the demand
for producing Wadsley-Roth Nb-based oxides. However, niobium has been designated as
“critical” element by the US government because of its many uses in technology and its limited
supply chains. Remarkably, about 88% of the world’s niobium production comes from Brazil,

where CBMM company dominates the global supply of niobium compounds [95].
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Figure 1.8. Relative elemental abundance of niobium compared with others in the Earth’s crust [92], and some
niobium-based products for battery industry by CBMM [96]

Regarding the precursors for material manufacturing, the price of Nb,Os (56-73 €/kg,
99.99%, Ganzhou Qian Yi Advanced Materials Co., Ltd.) is higher than TiO; (3343 €/kg, 99%.,
Luoyang Tongrun Nano Technology Co., Ltd.). However, taking into account lithium
compounds for LisTisOi12 synthesis, e.g., LioCO3 (10-13 €/kg, 99.9%, Ganzhou Qian Yi
Advanced Materials Co., Ltd.), the cost of raw materials for producing Nb-oxides and LisTisO12
are not so different. Besides, the development of materials for LIBs requires compromises and a
diverse choice of material suitable for each application as there’s no perfect materials with all
desirable properties. Wadsley-Roth phases typically exhibit high tap density which provides
significantly higher volumetric energy densities than LisTisO12, which is an important factor in
the cell and package level. Moreover, niobium-based oxides are non-toxic, chemically stable,
and air-stable, which makes it safer and easier to handle during synthesis, processing, and

electrode fabrication.
1.3.2. Crystallographic shear structure

Wadsley-Roth structure is derived from ReOs-type perovskite structure. The parent ReO3
compound belongs to a group of MOs oxides (e.g., B-MoO3, WO3, and ReO3) with a three-
dimensional network of conner-sharing MQOs octahedra [78], forming continuous perovskite

channels for lithium diffusion. However, its lithium storage ability is limited due to the correlated
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tilting and rotations of the octahedra upon lithiation, which distorts and disrupts these lithium
diffusion pathways [97]. In addition, the material becomes electronically insulating a high level

of lithiation, further hindering its electrochemical activity [97,98].
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Figure 1.9. Structural evolution from parent ReO; to Wadsley-Roth phases, with their connectivities [81]

When the valence states of the transition metals are below MY, the oxides become oxygen-
deficient, such as VsOi3, M0O3x, WOsx, and NbO25x [78]. In the case of Wadsley-Roth
niobium-based oxides, their structure cannot adopt the perfect corner-connected octahedral
ReOs-type network. Instead, a defect structure is formed to accommodate such oxygen
deficiency by creating crystallographic shear planes consisting of edge-sharing octahedra at the
periphery between corner-connected blocks. The interplay between corner- and edge-sharing
connectivity, along with the specific chemical composition, significantly impacts their structural
stability and electrochemical behavior. These shear planes not only promote electron
delocalization but also reinforce structural integrity, as they protect the structure against the
tilting and rotation typically observed in pristine ReOs-type structures [99]. With only negligible
rotation and titling of the octahedra, the wide lithium diffusion pathways are kept open to
facilitate ion insertion and transport, especially at high cycling rates. Additionally, this edge-
sharing feature also minimizes the volume change of the structure, giving the materials zero-

strain property and exceptional robustness.

The notation (m X n)« of the corner-sharing blocks indicates the finite dimensions m x n in
one plane and the octahedra units connect infinitely to form one-dimensional diffusion channels
in the perpendicular direction. Each block has multiple parallel tunnels that facilitate ion

movements. In one particular Wadsley-Roth composition, NbisW5Oss, bond valence sum (BVS)
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mapping was used to investigate possible Li pathways. This study revealed that Li" can migrate
not only along each parallel channel within the blocks but also through window sites, allowing
the ions to switch between the adjacent “lanes” within the same block [79]. As an analogy, these
3D interconnected tunnels are similar to multi-lane highways which enable facile Li" diffusion

and mitigate the channel-blocking problems at high rate conditions [100].

The block size of these phases is partially governed by the oxygen-to-metal ratio of the
compound. A higher number of oxygens per metal indicates less oxygen deficiencies and a
composition that more closely approaches that of the parent MOs. This means more corner-
sharing connections between octahedra, and therefore larger blocks [99]. Locally, within these
blocks, the octahedra are strongly distorted due to the combined effects of electrostatic repulsion
between neighboring cations and the second-order Jahn-Teller (SOJT) distortion [79,101]. SOJT
effect occurs in transition metals with d° or d'° electronic configurations, where slight interaction
between the metal’s empty or fully filled d-orbitals and surrounding ligand orbitals leads to local

asymmetry.
1.3.3. Diverse chemistries

This family of materials exhibits rich chemical versatility, mainly composed of niobium
oxide, including Nb,Os, oxygen-deficient phases such as Nb>Os.5, as well as other compounds
within the phase diagrams of MO — Nb2Os (M=Mg, Ni, Zn), M>03; — Nb>Os (M=Al, Ga, Cr, Fe),
MO; — Nb2Os (M=Ti, Nb), and MO3; — Nb,Os (M=W, Mo) systems. In most cases, they are
typically based on early transition metals (e.g. Nb, W, Ti) capable of multielectron redox
reactions, allowing the exchange of more than one lithium per transition metal [100,102]. This
contributes to their high theoretical specific capacity in the range of 350 — 400 mAh g!. Some
of the most investigated compounds belong to TiNbxO2+2.5x, Nb-W-O and XNb;1029 systems.

The research on this Wadsley-Roth family started with the parent compound Nb2Os in the
1980s. This composition exists in several polymorphs, depending on the heat treatment
conditions, including pseudohexagonal (TT-Nb2Os), orthorhombic (T-Nb2Os) tetragonal
(M-Nb20s), and monoclinic (H-Nb2Os) phases. These distinct crystal structures significantly
influence the electrochemical performance of Nb,Os. Among the various polymorphs, T-Nb2Os
exhibits significantly superior electrochemical performance. T-Nb>Os has similar structure with
tungsten bronzes but consists of highly distorted octahedral and pentagonal bipyramidal niobium
environments, rather than regular octahedra. The TT-phase is a metastable structure which shares
similarities with T-Nb>Os. Monoclinic B-Nb>Os adopts a TiO2(B)-like structure, while H-Nb,Os,
another monoclinic polymorph, belongs to the Wadsley—Roth family of crystallographic shear

structures, characterized by (3x4); and (3%5)« octahedral blocks [100,103].
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The development of Wadsley—Roth phases from monoclinic H-Nb>Os to other compositions
is driven by the need to improve electrochemical performance, structural stability, and versatility
for use as negative electrode materials in LIBs. By incorporating other metals, we can tailor
block sizes, introduce cation disorder, and modulate electronic properties to enhance lithium
storage and diffusion. Block size plays a crucial role in this family of materials. While the
crystallographic shear planes, formed by edge-sharing between adjacent blocks, help stabilize
the host structure against severe distortion during Li* insertion, they can also hinder Li* migration
across blocks. Therefore, designing shear structures with larger block dimensions and minimized

tetrahedral sites is one approach commonly used for this family [102].
1.3.4. Current progress, challenges and outlooks

Future research and development of Wadsley-Roth niobium-based oxides need to follow
several strategies as outlined below to meet the requirements for high-rate negative electrode

materials in the market.

Regarding commercial viability, electrodes must deliver areal capacity of at least
3.0mAhcm™, requiring Wadsley—Roth materials to be loaded above 10mgcm?. Most
improvement strategies, however, are based on low loadings (~1-2mgcm?), and their
effectiveness at higher loadings remains uncertain. In addition, a high initial Coulombic
efficiency (=90%) is crucial for full-cell lithium-ion batteries to ensure high energy density.
However, this modification strategy often triggers severe interfacial side reactions, lowering the
initial efficiency. Besides, large-scale synthesis and processing of Wadsley—Roth phase
compounds require strict control over key material characteristics such as microstructure,
particle size distribution, crystallinity, and uniformity of carbon coating to maintain consistent
electrochemical performance. Achieving this at large scale requires scalable, cost-effective
methods, such as sol—gel processing, or solid-state reactions, optimized for industrial throughput.
Furthermore, process parameters must ensure batch-to-batch reproducibility, compatibility with
electrode fabrication techniques (e.g., slurry casting), and low environmental impact. Therefore,
to meet commercial requirements, Wadsley—Roth materials must be optimized to deliver high

power and balanced gravimetric/volumetric energy densities under high loading conditions.

Wadsley—Roth phases are less susceptible to side reactions with electrolytes due to their
moderate operating potentials. However, such reactions can still occur under more demanding
conditions, such as high cycling rates or elevated temperatures. The ageing mechanisms of
Wadsley—Roth phases, along with their potential interfacial reactions with electrolytes, still
require thorough investigation. This is important to fully understand long-term stability, identify

degradation pathways, and develop strategies to enhance cycle life and safety in practical battery
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systems. Moreover, the safety performance of LIB full cells based on Wadsley—Roth phases
must be thoroughly assessed through standardized tests such as accelerating rate calorimetry,

nail penetration, and overcharge evaluations.

To assess the feasibility and commercial potential of Wadsley—Roth materials, it is
important to evaluate their electrochemical performance in full-cell configurations under
practical operating conditions. This includes assembling full cells using industry-available
positive electrodes and testing them across a wide range of operating parameters. Specifically,
several key factors must be considered to ensure realistic and scalable performance assessments.
These include (1) electrode architecture—such as thickness, porosity, and density—which
directly affect electron, ion transport and mechanical stability; (2) capacity balancing between
negative and positive electrodes; and (3) cell format, whether prismatic, cylindrical, or pouch-
type, which influences thermal management and packing efficiency. Additionally, metrics such
as total cell capacity, rate capability, and abuse tolerance—including stability under high or low
temperature cycling, overcharge, or mechanical stress—must be systematically investigated.
These parameters are crucial for moving from laboratory-scale research into commercially viable

lithium-ion batteries.

I.4. Target composition: FeNb11029

I.4.1. Strengths and weaknesses

Regarding the development history, this material was first reported in the 1970s [104] but
for a long time, it did not inspire any interests in the field of energy storage. In 2005, Tabero
synthesized the two stable polymorphs of this iron niobate [105], but it was not until 2014 that
its potential use as an negative electrode material in LIBs was proposed [106]. Since then,
FeNb11029 has gained attention as a promising new intercalation-type negative electrode material
for LIBs. Up to now, there are a few articles published on this particular composition [100,104—
120].

Thanks to multiple redox couples Fe**/Fe**, Nb>*/Nb*', and Nb*/Nb**, FeNb;1029 can
theoretically support the exchange of up to 23 electrons per formula unit (f.u.), giving it an
impressive theoretical capacity of 400 mAh g!. This is a slight improvement compared with 22
electron transfer per fu. of the parent compound Nbi2029 (Nb*2Nb>*19029). The theoretical
capacity of FeNb11029 about 1.3 times higher than the well-known LisTi5012 (175 mAh g™') and
even exceeds the capacity of graphite (372 mAh g'). Moreover, FeNbi1029 operates at a
relatively high voltage of around 1.6 V, similar to LisTisO12, which avoids the reduction of
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electrolytes and the formation of lithium dendrites, enhancing the cell safety. In practice, the real
capacity obtained in the voltage range between 1 V and 3 V versus Li'/Li is around 260 mAh g,
corresponding to around 16 Li" exchanged per fu. Further lithium insertion down to low

potentials leads to electrolyte degradation but with little capacity enhancement.

FeNb11029 has a double shear structure constituted by blocks of corner- and edge-sharing
octahedra that offer an excellent structural robustness and impressive cycling performance. This
material also demonstrates intrinsic pseudocapacitive behavior, which can enhance the specific

capacity, rate capability, and the long-term cycling stability [112,113].

However, the diffusion of Li* ions in FeNb11029 still needs further improvement. Moreover,
the material also has poor electronic conductivity, which stems from the oxidation states of the
iron (Fe*") and niobium (Nb’") ions. Nb** has empty 4d orbitals, meaning it does not have any
free electrons to participate in electronic conduction. As for Fe**, its 3d orbitals are half-filled,
making it relatively stable and unlikely to give up electrons, according to Hund’s rule. Together,
these factors, insufficient ion diffusion and low electronic conductivity, pose a great challenge

on the material’s ability to perform well at high charge/discharge rates.
1.4.2. Structures of two FeNb11029 polymorphs

FeNb;1029 is isostructural with Nb12029 (Nb*2Nb>"19029), which exists in two polymorphs:
an orthorhombic phase (space group Cmcm) and a monoclinic phase (space group A2/m). In both
forms, Nb*" and Nb>* cations are randomly distributed within the crystallographic blocks. This
structural flexibility allows for partial substitution of Nb*" with other transition metals, enabling
the formation of Nbi20O29 analogues with similar frameworks but improved electrochemical
properties, particularly enhanced cycling capacity. Similar to its parent compound, FeNb;1029
material also exists in two polymorphs, which are different in their formation temperatures.
According to previous studies, the monoclinic phase of FeNb11029 is synthesized at temperature
of 900-1100 °C, while the orthorhombic polymorph is obtained above 1250 °C through an
irreversible phase transition [105,111,112,114]. Both phases are constructed from blocks of
4 x 3 Nb(Fe)Os octahedra which are corner-connected within one individual block. The
interblock connection is made by edge-sharing of octahedra, typical of Wadsley-Roth phases,

creating crystallographic shear planes to accommodate the oxygen deficiencies.
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The subtle structural change between the two polymorphs lies on the linkage of blocks at
the same level, sharing cis or trans corners in orthorhombic and monoclinic forms, respectively
[105,111,112,114]. A comparative analysis between their X-ray diffractograms shows very close
resemblance because of the close structural similarity of the two phases, with some overlapping
peaks. In addition to some characteristic reflections of the monoclinic phase, the formation of
orthorhombic polymorph is accompanied by the presence of the reflections (104), (111), (106)

and (711), allowing for the distinguishment of the two phases.
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Figure 1.10. XRD patterns of monoclinic (M) and orthorhombic (O) FeNb;1029, highlighting subtle differences in
reflection peaks, such as (104), (111), (106), and (711) in the orthorhombic phase, and corresponding block linkage

(cis vs. trans) shown on the right

In both structures, niobium atoms occupy six distinct crystallographic sites, each having
varying degrees of octahedral distortion (Figure 1.11). Nb6, positioned at the center of the
structural block, is the only site that forms corner-sharing connections and is therefore the most
regular. Nbl and Nb3 connect adjacent blocks at the same level through edge-sharing and are
highly distorted. Nb2, Nb4, and Nb5 also participate in edge-sharing but connect blocks that are
offset by half an octahedron along the bh-axis; among them, Nb2 is significantly distorted,
whereas Nb4 and Nb5 are relatively regular. In the orthorhombic phase, this arrangement
suggests electrostatic repulsion between edge-sharing cations. In contrast, in the monoclinic
phase, structural comparisons with an idealized model of regular octahedra indicate a possible

tilting of the entire block to accommodate these interactions [114].
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Figure I.11. Coordination environment of Nb*>" in FeNb, 0y (top) and Li* ions in Li;FeNb;;029 (bottom), shown
for both monoclinic (left) and orthorhombic (right) structures. Different Li sites are marked in various colors (more
details in section 1.4.5), and the numbers correspond to the six distinct niobium sites [112].

1.4.3. Effect of Fe*" ion on structure, electrochemical and conducting

properties

The effect of Fe** ions within the FeNbi1029 crystal structure was also investigated, as it
can significantly influence the material's electrochemical behavior. To clarify this, a combination
of complementary techniques was used, including X-ray diffraction (XRD), neutron diffraction
(ND), X-ray absorption near edge structure (XANES), and Mdssbauer spectroscopy. Pinus et al.
used Rietveld refinement of ND data for the orthorhombic polymorph and tested two models for
Fe distribution: (i) a fully disordered model with Fe and Nb randomly distributed (1/12 Fe, 11/12
Nb) across all six Nb sites, and (ii) six ordered models with Fe localized on one site (1/2 Fe, 1/2
Nb) and full Nb occupancy elsewhere. The disordered model gave better agreement factors,
suggesting Fe is fully disordered [106]. Later, a synchrotron X-ray study confirmed these
findings, showing that models with localized Fe did not align with the experimental data,
whereas only the model with a uniform Fe distribution across all sites provided a satisfactory

match [107].

Between two phases, very similar local structures for both Nb and Fe were observed by X-
ray absorption (XAS) and Mdossbauer spectroscopy (Figure 1.12) [109], which is logical since
they are constructed from the same block type. Interesting observations on Fe** local structure
were made. Specifically, a single Fe’" environment cannot explain the observed XAS spectra,
suggesting occupation of Fe’" in multiple sites. Furthermore, Mossbauer spectra were

deconvoluted into five contributions associated with distinct local environment of Fe>™ with
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different degrees of octahedral distortion. This could be due to the favorable energetic
environment for Fe** in two cases: (1) reduced cation-cation repulsion at the edge-sharing sites
due to its smaller charge, and (2) the energetic stabilization of the less distorted, corner-sharing

octahedra at the block center, where Fe**, a non-Jahn-Teller ion, is preferentially accommodated.
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Figure 1.12. (a) Nb K-edge and (b) Fe K-edge XANES spectra of orthorhombic and monoclinic FeNb;;059, with
Nb,Os and a-Fe,Os references. Mossbauer spectra (black) of (¢) monoclinic and (d) orthorhombic FeNb;;0y9 at
293 K, with fits (red) and five deconvoluted components (coloured). Adapted from [109].

This phenomenon brings about several effects on FeNbi1O29 material. First, cationic
disorder introduces variability in the Li site energies, which can prevent lithium ordering, thereby
increasing the number of accessible intercalation sites for lithium during electrochemical
reactions. This disordered distribution of Fe and Nb was also supposed to modify the band

structure and improve electronic conductivity of the compound but only to some extent [109].
1.4.4. Electrochemical behavior

1.4.4.1. Redox reactions during cycling

Cyclic voltammograms of both FeNbi1O29 polymorphs reveal multiple redox peaks
attributed to different oxidation states of Nb and Fe: Nb>*/Nb** (~1.0-1.4 V), Nb*/Nb>* (~1.5—
2.0 V), and Fe?'/Fe*" (~2.4 V). the splitting of the Nb*/Nb** peak may originate from the

different local environments of Nb atoms occupying six crystallographic sites.
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Figure 1.13. Cyclic voltammograms of the 1% and 3™ cycles for monoclinic and orthorhombic FeNb;;Oa [111].

However, their practical capacity significantly differs in literature. For example, the
orthorhombic polymorph obtained by conventional furnace treatment was reported to deliver up
to 400 mAh g at 0.1 A g!' [108], whereas all other research showed lower capacity in the range
of 250-300 mAh g!, depending on the synthesis protocol [108]. The electrochemical difference
between the two polymorph was investigated only by Spada et al., where monoclinic one mainly
has the charge storage on the surface with higher pseudocapacitive contribution determined by

cyclic voltammetry, leading to its lower specific capacity than orthorhombic one [108].
1.4.4.2. A synergy between faradaic and pseudocapacitive behavior

Electrochemical properties of FeNb;1O29 are an interplay between pseudocapacitive and
diffusion-controlled lithium storage mechanisms. Both phases predominantly stores charge via
intercalation pseudocapacitance, in which Li" ions insert into the structure via fast, faradaic
charge-transfer processes without a phase transformation [111,115]. This behavior is enabled by
the large, interconnected perovskite-like cavities, which are too large for proper Li* coordination,
thereby facilitating rapid ion transport and minimizing kinetic limitations [111,121]. As a result,
the electrochemical reactions are not constrained by solid-state diffusion, leading to excellent
rate capability. Key structural factors influencing this mechanism include crystallinity, surface
orientation, crystal structure, and particle size. Generally, high crystallinity and small crystallite

sizes are essential for achieving pseudocapacitive behavior [72].

Quantitative analysis of CV profiles at varying scan rates allows for the separation of
capacitive and diffusion-controlled charge storage mechanisms. The current at a given potential
can be expressed as i(V) = kiv + kov"’?, where v is the scan rate, and ki and ka are coefficients
corresponding to the capacitive and diffusion-controlled contributions, respectively. In this
model, purely capacitive current is linearly dependent on v, whereas diffusion-controlled current

follows a v'? dependence. To extract these contributions, the equation is often rearranged as:
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i(V)V'? = kiv'? + ka. For each potential value within the electrochemical window, a linear

1/2

regression of i(V)~V'? versus v is performed, from which ki and k» values are obtained,

allowing for the separation of these contributions at each potential [111,115,121,122].

This approach was applied for two FeNb11029 polymorphs (Figure 1.14). Qualitatively, a
signature of capacitive behavior in CV profiles is only slight peak shift at increasing scan rates.
Quantitative analysis further reveals distinct trends between the redox couples. During the
cathodic scan (from 3.0 V to 1.0 V), Nb*/Nb>" redox process shows stronger diffusion-
controlled behavior, as indicated by more pronounced peak shifts, whereas the Nb*>*/Nb** couple
exhibits a predominantly capacitive response. In contrast, the anodic scan shows the opposite
behavior: Nb**/Nb*" becomes more diffusion-limited, while Nb**/Nb*>" demonstrates greater
capacitive character.
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Figure 1.14. Cyclic voltammetry curves at different sweep rates for monoclinic and orthorhombic samples,
showing pseudocapacitive current contributions at 0.1 and 1.1 mV/s.

1.4.4.3. Structural evolution via operando X-ray diffraction studies

Several operando X-ray diffraction studies have investigated structural evolution of
FeNb11029 during electrochemical cycling with consistent conclusions. One representative

study, as shown in Figure 1.15, focused on monoclinic FeNb;1029 coated with a nitridation layer.
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Figure 1.15. (a) Charge—discharge profile and (b) operando X-ray diffraction contour plot of FeNb;10x9, with (c)

enlarged view in 20 =21.5°-25.75°. (d) Evolution of lattice parameters and unit cell volume.

During discharge and charge, the diffraction peaks shifted continuously but returned to their

original positions after a full cycle, with no new peaks emerging. This indicates a reversible

lattice change without any phase transformation, suggesting a single-phase reaction mechanism.

The evolution of lattice parameters during discharge could be divided into three stages, each

correlated with characteristic electrochemical regions of the shear structure:

e High-voltage region (~2.5-1.7 V): expansion of the blocks within the ac-plane, along with

slight expansion perpendicular to the block plane (b direction).

e Intermediate region (~1.7-1.4 V): anisotropic behavior with block contraction in the ac-

plane, together with significant expansion along the b-axis.

e Low-voltage region (~1.4—1.0 V): multi-redox activity (beyond 1 Li* exchanged per

transition metal), lattice expansion occurred in all directions, attributed to the reduction of

Nb*" (ionic radius: 68pm) to Nb** (72 pm).

Throughout the entire discharge process, the b-axis expanded continuously, implying that

Li* diffusion predominantly occurs along this direction. Overall, the total volume increase upon

full lithiation was ~10.8%.
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1.4.5. Lithium sites and Li' insertion/extraction mechanism

1.4.5.1. Lithium crystallographic sites in monoclinic FeNb11029

In Wadsley—Roth phases with block-type structures, lithium sites are typically classified
into three groups: (i) fivefold-coordinated ‘pocket’ sites located at the edges of the blocks, (i1)
fourfold-coordinated horizontal ‘window’ sites, and (iii) fourfold-coordinated vertical ‘window’
sites [73,123]. The horizontal window sites feature a relatively symmetric oxygen coordination
environment, whereas the vertical window sites and some of the pocket sites exhibit lower
symmetry. Density Function Theory (DFT) calculations reveal that Li* insertion into fivefold-
coordinated pocket sites is the most energetically favorable partly due to high coordination
number, while vertical window sites are the least favorable due to their large size and lower
symmetry [99]. Such lithium coordination environments were observed in orthorhombic

Lii1FeNb11029, where each formula unit contains 5 Li(V) atoms and 6 Li(IV) atoms [106].
Similarly, monoclinic FeNb11029 exhibits three types of lithium sites (Figure 1.16):

e 5 pocket sites (P) at edge-sharing positions, characterized by five-fold coordination.
e Window sites, which are four-fold coordinated, can be further divided into:
o 3 horizontal window (HW) sites, coordinated by four oxygen atoms in the block plane
(ac-plane).

o 4 vertical window (VW) sites, coordinated by four oxygen atoms in the planes

perpendicular to the block.
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Figure 1.16. Monoclinic FeNb;;0y9 structure with three types of lithium sites: pocket sites (P, blue),
horizontal window (HW, green) and vertical window (VW, red) sites.

34|Page



Table I.1. Three types of lithium sites in monoclinic FeNb;;029
with their Wykoff position and atomic coordinates

Li site Wyckoff position x/a y/b z/c Site
Lil 4 0.0640 0 0.2646 P
Li2 41 0.0700 0 0.4773 P
Li3 4 0.2150 0 0.2074 P
Li4 41 0.2210 0 0.6261 P
Li5 41 12 0 0.2941 P
Li6 2a 172 172 0 Vw
Li7 41 0.2075 0 0.4128 Vw
Li8 4 0.3600 172 0.0541 Vw
Li9 4i 0.3585 0 0.3556 \AV

Lil0 41 0.4975 0 0.0947 HW
Lill 4 0.2180 0 0.8188 HW
Lil2 41 0.2160 0 0.0162 HW

This unit cell contains (4 x 5) + (4 x 3 +2) + (4 x 3) =46 Li sites. With two formula units

(f.u.) of FeNb11029 per unit cell, this corresponds to 46 / 2 =23 Li sites per f.u.
1.4.5.2. Suggestive lithiation mechanism of monoclinic FeNb11029

A semi-qualitative approach combining cyclic voltammetry and DFT calculations was used
to propose the sequence of lithium site occupation in monoclinic FeNb;1029. First, the dominant
electrochemical behavior (pseudocapacitive or diffusive) of three redox regions was identified
from cyclic voltammetry data [111,112], as discussed in [.4.4.2. These experimental
observations were then compared with the site energy predicted by DFT, allowing correlations

to be suggested between each redox process and the corresponding lithium insertion site.

Specifically, pseudocapacitive behavior is associated with lithium insertion into window
sites located at perovskite-like cavities, where weaker Li—O coordination allows for fast ion
transport kinetics and minimal diffusion limitations. By contrast, the diffusion-controlled
behavior corresponds to lithium insertion into the more stable fivefold-coordinated pocket sites
at the block edges, with limited Li" mobility. In terms of bonding energy, as mentioned earlier
from DFT results, pocket sites are energetically the most favorable, while vertical window sites

are the least [99].

For monoclinic FeNb;1029, the suggested sequence of Li" insertion/deinsertion is shown in
Figure 1.17 [112]. During lithiation, the broad feature around 2.4 V, assigned to Fe**/Fe*" redox
couple, exhibits pseudocapacitive behavior [110,111,113,115] and is attributed to lithium
intercalation into horizontal window positions. By contrast, the main Nb>*/Nb*" redox peak is

diffusion-controlled and therefore corresponds to Li" occupation of pocket sites. At lower
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potentials, Nb*" to Nb>" reduction again exhibits pseudocapacitive characteristics, suggesting
Li" insertion into window positions, including both remaining horizontal and newly accessible

vertical sites.
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Figure 1.17. First-cycle voltammetry of monoclinic FeNb1:O2 with associated structural changes; the pristine phase
is shown in green, and lithiated phases in black. Adapted from [112].

However, delithiation proceeds through a different sequence due to the different behavior
of each redox process, as discussed in section 1.4.4.2 [111]. The initial oxidation of Nb** to Nb*"
is diffusion-controlled, suggesting that Li* ions are first extracted from the pocket sites. This is
followed by Nb*"/Nb>* and Fe?*/Fe** oxidation processes with pseudocapacitive behavior, where

Li" ions are removed from vertical and horizontal window sites.
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I.5. Conclusions and objectives of the thesis

The growing demand for advanced energy storage requires negative electrode materials that
have a balance of energy density, power capability, safety, and applicability. Conventional
negative electrode materials have inherent trade-offs: graphite provides high capacity but suffers
from safety risks such as lithium plating during fast charging, while LisTisO12 offers excellent
safety and rate performance but at the expense of lower energy density. This motivates the
exploration of high-rate materials such as Wadsley—Roth phases, and in particular FeNb;102o,

which combines structural stability, fast ion transport, and a favourable operating potential.

Despite these promising features, several challenges remain for FeNbi11029. Therefore, this

thesis is structured around the following objectives:

e Impact of synthesis methods on microstructure and electrochemical behavior: We seek
to study the effect of synthesis routes (microwave-assisted vs. conventional furnace heating)
on particle size and morphology, and in turn on Li* transport, rate capability, and long-term
cycling stability. The ultimate goal is to develop rapid, energy-efficient synthesis methods.

e Operando neutron diffraction and benchmarking of experimental setups: By
investigating structural evolution of FeNb11029 during (de)lithiation using operando neutron
diffraction, we aim to benchmark cell configurations (coin-type vs. cylindrical) and
diffractometers (D2B vs. D20) in terms of practicality, electrochemical performance, data
quality, and suitability for different experimental strategies. The objective is to make
operando neutron diffraction a more accessible and routine tool in battery research.

e Full-cell evaluation and ageing behavior investigation: This chapter sets out to assess
FeNb11029 in full-cell configurations by (i) evaluating the feasibility of synthesis scale-up,
prototyping in 18650-format cells, and benchmarking its competitiveness against graphite
and Li4TisO12, and (i1) performing ageing studies in coin cells to identify degradation
mechanisms under different temperatures, cycling rates, and storage states of charge.

e Implementation and optimization in solid-state batteries: The viability of FeNb;1029 in
lithium solid-state batteries will be evaluated to identify both its opportunities and
interfacial/transport limitations. The work is directed towards optimizing composite
electrode formulations for balanced ionic/electronic transport and interfacial stability.

Through these objectives, this thesis aims to valorise FeNb11029 as a promising high-
rate negative electrode material for Li-ion and solid-state batteries. Besides, it also seeks to
contribute methodological advances in synthesis, operando neutron characterization, and

electrode optimization relevant to next-generation battery technologies.
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Chapter 11

Particle downsizing of FeNb{1029
by microwave-assisted
solid-state synthesis

for enhanced electrochemical behavior
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I1.1. Introduction

I1.1.1. Reported modification approaches of FeNb10:9

Despite promising properties of Wadsley—Roth FeNbi1029 material for high-rate Li*
storage, its rate capability and cycling stability remain insufficient due to inherently low
electronic conductivity. Moreover, further optimization is required for practical applications,
which include synthesis methods and scalability, microstructure control, surface modifications
or coating, and electrode designs. Addressing these challenges requires a fundamental
understanding of the electrochemical processes involved. As shown in Figure 1.1, Li* insertion

into negative electrode materials occurs in three key steps.

1) Li* crosses the electrical double layer and removes its solvation shell at the electrode-
electrolyte interface.
i) De-solvated Li* ions migrate across the interface and electron transfer occurs.

iii) Li* ions diffuse through the bulk of negative electrode materials.

Process (i)

Breakup of Li* Process (iii)
solvation sheath Li* diffusion in material bulk
| Structure engineering
N
< 4
« \ .
o®e
\ lon doping
29
L0
P i
¥ £ . Oxygen defect
>q
°

Carbon modification

Process (ii)
Electron transfer and Li*

diffusion through the interface

Diffusion of solvated Li*
in electrolyte

Figure I1.1. Schematic of Li* insertion into negative electrode and the roles of modification strategies [100]

By aiming to optimize one or several of these processes, a range of modification approaches
have been developed to enhance the electrochemical performance of FeNb;1029. These include
partial substitution of iron with other transition metals such as Ti, V or Mn [110,114,117],
creation of oxygen defects by annealing under vacuum or inert atmosphere [115], nitridation
surface formation by treatment in Ar/NHz atmosphere [108], or nanostructuration by
electrospinning [113]. Each of these strategies addresses specific aspects of Li" insertion and has

been explored in previous studies, as detailed below.
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11.1.1.1. Isovalent substitution of iron

A simple and effective method to improve the electronic conductivity of FeNb1109 is partial
substitution of iron with other transition metals. Lou et al. demonstrated this approach by doping
FeNb11029 with chromium, producing FeosCrooNbi1O29 via solid-state reaction, with the
oxidation states of Cr*>*, Fe**, and Nb>* confirmed by XPS [124]. The free 3d electrons in Cr**
significantly improved electronic conductivity by nearly three orders of magnitude. As a result,
the doped sample exhibited superior electrochemistry: delivering 123 mAh g™! at 10C with
86.9% retention after 500 cycles, compared to 57 mAh g! (41.6% retention) for pristine sample.
Nyquist plots further demonstrated reduced impedance in the Cr-doped material (Figure 11.2).
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Figure 11.2. Effect of Cr substitution on FeNb;1029: (a) superior rate capability and (b) reduced impedance of of
Feo,gcrolsz“Ozg [124].

Further studies extended this approach to Mn- and V-doped FeNb11029, with compositions
such as Feo.sMno2Nb11029 and FeosVo2Nbi1O29 prepared by solid-state synthesis in both
orthorhombic and monoclinic forms [110,114]. Electron Paramagnetic Resonance (EPR) and
magnetic measurements revealed the presence of Mn** and V**. Electrochemical testing
demonstrated high capacities of all doped samples (100—150 mAh g at 10C). V-doping mainly
improved cycling stability, whereas Mn-doping enhanced both capacity and rate capability.

By contrast, AI**

doping on FeNb11029 was aimed at improving structural stability through
strong Al-O bonds rather than electronic conductivity. XRD confirmed structure integrity after
doping. Alo2FeosNb11029 sample showed superior electrochemical properties: its capacity
decreased from 318 to 134 mAh g ! as current density rose from 0.1C to 10C, compared to 262
to 104 mAh g! for pristine FeNb;1029. Cycling stability was also excellent for the doped sample,

with 92.9% capacity retention after 1000 cycles at 10C [118].
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I1.1.1.2. Formation of oxygen vacancies

To address the insufficient rate capability of FeNb;1029, an oxygen-deficient composition
FeNb11027.9 was prepared via a solid-state reaction under N> atmosphere [115]. The obtained
material preserved the orthorhombic structure of the pristine sample but exhibits a larger unit-
cell volume, ~3.8% oxygen vacancies, and Nb*" ions with free 4d electrons as confirmed by XPS
(Figure 11.3). These modifications significantly enhanced transport properties: Li* diffusivity
increased by 88.3%, and electronic conductivity improved by three orders of magnitude owing
to the presence of Nb*". Consequently, pseudocapacitive behavior and electrochemical
performance were markedly improved. FeNbi11027.9 delivered an initial reversible capacity of
270 mAh g ' at 0.1C. Even at 10C, it retained 145 mAh g ' and 93.1% capacity after 200 cycles,

far surpassing pristine sample (99 mAh g ! and 88.9% under the same conditions).
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Figure II.3. Enhanced properties of oxygen-deficient FeNb;10279. (a) Superior rate capability (b) XPS Nb 3d

confirming Nb*" due to oxygen vacancies. (¢) CV curve showing dominant pseudocapacitive behavior. (d) Nyquist
plots with reduced charge-transfer resistance [115].
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I1.1.1.3. Nano-architecturing

A straightforward and commonly used approach for enhancing rate performance is to form
nanometric materials or porous structures which minimize Li" solid-state diffusion distances for
faster Li* transport. For example, FeNbi1029 nanotubes fabricated by electrospinning, delivered
excellent performance, achieving ~142 mAh g ! at 10 C and retaining ~100 mAh g!' over 2000
cycles [113]. Full cells assembled with commercial positive electrodes confirmed their
practicality, with LiFePO4// FeNb;1029 system performing best, maintaining 87.4 mAh g ! after
100 cycles with 74.3% retention at 1C.
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Figure I1.4. (a) Electrospinning schematic and SEM image of FeNb;10,9 nanofibers. (b) Voltage—capacity profiles
at various C-rates showing high-rate performance.

Morphology engineering has also proven effective. A porous, biscuit-like nanoplate
structure with carbon coating and oxygen vacancies (FeNb;102@C) was developed for LIBs
and oxygen evolution reactions (OER) [116]. This design offered several advantages: the 2D
porous structure provided increased surface area and active sites, oxygen vacancies and lattice
defects improved Li* storage, and the carbon layer enhanced electronic conductivity while
suppressing side reactions with the electrolyte. As a result, FeNbi1Ow@C delivered
240.8 mAh g ! at 0.25C and 117.6 mAh g at 10C, with only 0.98% capacity loss after 500

cycles, significantly better than the 74.7% loss for pristine material under the same conditions.
I1.1.1.4. Formation of desolvation promoting layer

Fast energy storage requires overcoming kinetic limitations, particularly charge transfer at
the electrode—electrolyte interface. While strategies such as elemental substitution,
nanostructuring, oxygen vacancies, and carbon coatings mainly enhance electronic conductivity
and bulk Li* diffusion, Li" desolvation behavior at the interface has been less explored. To
address this rate-limiting step, a multifunctional nitridation layer were coated on FeNb110O29
particles via heat treatment in Ar/NH3; atmosphere [108]. The nitridated surface acts as a

desolvation promoter, facilitating more efficient interfacial Li* transfer. DFT calculations
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showed stronger adsorption of solvated Li" ions, with a higher binding energy for Li—EC
complexes on modified sample (—3.92 eV) compared to pristine one (—3.84 eV). XPS confirmed
nitrogen incorporation, increased oxygen vacancies, and more Nb*" species, while TEM images
revealed a ~10 nm amorphous layer surrounding a crystalline core. Electrochemical analyses
further supported these findings: impedance spectroscopy showed a reduced charge-transfer
resistance (57.4 vs. 180.8 Q) and lower desolvation activation energy (55.8 vs. 69.7 kJ mol™),
and Galvanostatic Intermittent Titration Technique indicated a higher Li* diffusion coefficient.
As a result, outstanding electrochemical performance was achieved: reversible capacity of
~147 mAh g 'at 10 C and 43.6 mAh g ! at 100 C, along with superior cycling stability, retaining
129.7 mAh g ! at 10 C after 10 000 cycles.
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Figure I1.5. Enhanced interfacial kinetics in nitridated FeNb;1029: (2) schematic of reduced Li" desolvation energy,
(b) O 1s XPS showing increased oxygen vacancies, (¢) GITT-derived Li* diffusivity with lower energy barrier, (d)
rate performance vs. pristine sample [108].

Overall, these strategies have provided high-performance materials through composition
tuning, structural modification or microstructure control, thereby mitigating one or more of the
rate-limiting processes described above. Nevertheless, they require either long annealing time,
inert or reducing atmospheres (N> or Ar/NH3), or sophisticated fabrication techniques.
Therefore, it is necessary to develop alternative approaches that are efficient, fast and simple,

and capable of delivering superior performance.
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I1.1.2. Microstructural modification strategy in this study

I1.1.2.1. Optimizing particle size: balancing advantages and trade-offs

The power capability of LIBs is governed by both electronic and ionic transport. At the
material level, one of the most critical factors influencing fast-charging is Li* solid-state
diffusion within the electrode bulk. This process is dictated not only by the intrinsic diffusion
energy barrier of the host lattice but also by the diffusion distance, the latter strongly affecting
the overall kinetics. Their relationship is given by T = L?/ Dvri+, where 7 is the characteristic

diffusion time, Dri+ is the Li" diffusion coefficient, and L is the diffusion length.

Because diffusion length is strongly dependent on the particle size, particle engineering is a
key aspect in electrode design. Optimizing size distribution is essential to balance fast-charging
performance, capacity retention, and structural stability. Two limiting cases are considered:

“small” or “large” particles, each offers distinct advantages and drawbacks (Figure I1.6).

At one end of the spectrum, reducing particle size or creating porous structures has been
reported to effectively shorten Li* diffusion pathways and improve transport kinetics, as
demonstrated in numerous studies and commercial LisTisO12 materials. However, small particles
suffer from lower volumetric density, costly and complicated fabrication processes, and

increased instability with electrolytes.

Conversely, large particles, typically produced by high-temperature annealing, exhibit
longer diffusion that generally hinder ion and electron transport, thereby limiting rate
performance. Nevertheless, they offer several advantages, including higher tap density,
improved volumetric energy density, and greater industrial scalability. Breaking from the
traditional view that only small particles or porous structures can enable high-rate performance,
pioneering work by Grey’s group at Cambridge demonstrated that micrometer-sized niobium
tungsten oxides particles can also deliver exceptional rate capabilities [79]. Their findings
highlight that, with a suitably structured host lattice, conventional design principles are not

absolute requirements for achieving practical high-rate behavior.

Motivated by these opposite perspectives, our study aims to investigate both cases of particle
size to evaluate their impact on the electrochemical behavior of Wadsley-Roth FeNbi1029
materials. By comparing small and large particles, we seek to understand how microstructural
feactures influence Li* diffusion, charge-transfer kinetics, and overall rate capability. These

approaches are illustrated in Figure I1.6.
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Figure 11.6. Two opposite approaches for particle size modifications with respective benefits and trade-offs in Li*
transport, cell performance and scalability; and the research motivations in this study

I1.1.2.2. Motivation of using microwave-assisted synthesis

In this work, large-particle samples were prepared via conventional furnace annealing,
which often results in significant particle growth, therefore limiting high-rate performance.
These samples serve as a reference to evaluate the high-rate behavior of micrometric particles in
fast-charging applications. On the other end, we employed a combination of rapid microwave
heating and submicron-sized precursors to suppress particle growth and produce downsized
particles. This approach allows us to explore the extent to which this microstructural

modification can enhance Li* transport and improve high-rate performance.

The ultrafast microwave heating is known to offer the possibility of decreasing the particle
size and has been adapted for a wide range of inorganic compounds [125], including battery
electrode and electrolyte materials such as Chevrel phase CuxMoeSs, disordered rocksalt
Li13Mno4Nbo3019Fo.1 and thiophosphate solid electrolyte NasPSs, with comparable
performance as those obtained by conventional method [126—129]. Concerning Wadsley-Roth
phases, microwave-assisted solvothermal method was used to prepare TiNb>O7 [26], whereas
very recent works reported microwave-assisted solid-state synthesis for AINbi1O2 and

Ti2Nb10O29 [130].
47 |Page



I1.1.2.3. Microwave heating mechanisms

Compared with conventional heating, which relies on external heat transfer and thermal
conduction within the sample, microwave heating converts electromagnetic energy directly into
thermal energy through interaction with the microwave field. This leads to rapid and uniform
heating that is independent of thermal conductivity. Because energy is absorbed primarily by the
sample rather than the environment, microwave-assisted processes are more energy-efficient,
require shorter reaction times, and typically yield powders with smaller particle sizes and more
uniform morphologies. Microwave heating occurs mainly through three mechanisms, depending

on the material type [125,131]:

(i) Dielectric heating (polar liquids and insulators): caused by frictional losses from the
oscillation and reorientation of electric dipoles under the alternating electric field.

(i1) Magnetic heating (magnetic and conductive solids): arises from (1) relaxation of magnetic
dipoles aligning with oscillating magnetic field and (2) resistive heating from eddy currents.

(ii1) Conduction loss heating (conductors or semiconductors): results from resistive motion of

free charge carriers under the oscillating electric field, producing Joule heating.

The efficiency of these processes is quantified by the loss tangent, defined as tand = &"/¢’,
where €' is the real part of permittivity (energy storage) and ¢” the imaginary part (energy
dissipation as heat [125,131]. This parameter is critical for designing microwave-assisted
experiments. In many cases, reactants do not couple strongly to microwaves at room
temperature; heating is therefore initiated using a susceptor material (typically conductive
carbon). The susceptor rapidly absorbs microwave energy, heats up, and transfers thermal energy
to nearby reactants. Once a critical temperature is reached, the reactants themselves begin to

interact efficiently with the microwave field and heat rapidly to the target temperature.
I1.1.2.4. Practical aspects of microwave synthesis

As the microwave energy is transferred to both the susceptor and sample, their mass ratio
should be carefully optimized. Excessive susceptor takes longer time to heat up and reduces the
energy available for the target reaction, while insufficient susceptor may fail to generate the
required temperature. In addition, limiting the heating duration is crucial, as prolonged exposure
can cause rapid temperature rise, overheating, and poor product quality. To prevent thermal
runaway, stepwise or intermittent heating protocols are often employed. Overall, the amount of
susceptor, microwave power, power cycle settings, and reaction time must be tailored to the
material, its quantity, and its coupling efficiency with microwaves [125]. A schematic illustration

of microwave synthesis setup is shown in Figure I1.7 [126].
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Figure I1.7. Schematic illustrations of microwave-assisted synthesis. a) mineral wool; b) quartz tube; c) carbon; d)
alumina disk; e) sample ingot; f) graphitized inner layer; g) alumina crucible. Adapted from [126].

I1.2. Experimental conditions

I1.2.1. Synthesis protocols

Stoichiometric amounts of oxide precursors Fe;O3 (= 99 %, <5 um, Honeywell) and Nb2Os
(obtained by heating Nb powder (99.8 %, ~ 325 mesh, Alfa Aesar) at 900 °C for 24 h), weighed
around 2 g, were mixed in SPEX 8000M high-energy ball mill for 20 minutes. The mixture was

recovered and then pelletized under 2 t in a hydraulic press.

In conventional solid-state synthesis, the pellets were heated in air in Nabertherm muffle
furnace for 4 h at 1100 or 1300 °C (with a heating rate of 2 °C min™') to obtain either monoclinic
or orthorhombic polymorphs, respectively. A second series of synthesis has been carried out
similarly with submicrometric oxide precursors Fe;Os (99.9 %, 80 nm, Nanoshel) and Nb2Os
(99.9 %, 80-100 nm, Nanoshel). In a typical microwave-assisted solid-state synthesis, the pellet
of mixed oxide precursors, weighed around 0.5 g, was put inside a graphitized quartz tube placed
in a porcelain crucible filled with thermally conductive carbon powder (C-NERGY Super C45)
and covered by mineral wool (5-30 um, Sodipro). The heat treatment was conducted in a classic
kitchen microwave oven at 1200 W during one or subsequent steps of 5 minutes, with
intermediate resting time to avoid overheating and possible irreversible damage of the quartz
tube. At the end, the tube was kept inside the oven to cool down gradually. The as-obtained
pellets were manually ground in an agate mortar into fine powder for further characterization
and electrochemical evaluation. Overall, three parameters were used as illustrated in Figure I1.8,
producing eight powder samples which were labelled according to (i) the series of oxide
precursors (micrometric -u- or submicrometric -su-), (ii) the thermal treatment (furnace -f- or
microwave -w-), and finally (iii) the polymorph (monoclinic -M- or orthorhombic -O-).
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Figure I1.8. Synthesis strategy of monoclinic or orthorhombic FeNb;;O» with three parameters: (1) particle size
(micrometric vs. submicrometric oxide precursors), (2) heat treatment (furnace vs. microwave), and (3)
temperature/duration (1100-1300 °C for 4 h or successive 5 min microwave heating).

11.2.2. Characterizations

11.2.2.1. X-ray diffraction

In this study, X-ray powder diffraction (XRD) patterns were collected by using PANAlytical
Empyrean diffractometer (equipped with Co Ko, X-ray source) in Bragg-Brentano 0-0
geometry, within the angular range of 10-70° and with a step size of 0.033°. Lattice parameters

were obtained from profile matching method using Fullprof package.
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For high-temperature X-ray diffraction (HT-XRD), a stoichiometric mixture of Fe,O3 and
Nb2Os powders was finely ground, and ethanol was added to form a uniform suspension. Several
droplets of this suspension were deposited onto a platinum plate to achieve a homogeneous
distribution. The experiment was conducted using a PANalytical X Pert Spinner diffractometer
with Cu Ka» radiation. Measurements were performed from room temperature up to 1300 °C
in 50 °C increments, with a heating rate of 1 K/min. Each scan was acquired over a 20 range of
5° to 40°, with a step size of 0.0394° and a total acquisition time of 1 hour. XRD data collection
was also carried out during cooling from 1300 °C to 1000 °C to examine the reversibility of the

phase transition.

Operando XRD experiments were carried out for two microwave-heated samples: sp-w-M
and spu-w-0O, using a PANAlytical Empyrean diffractometer equipped with Co Kai, X-ray
source. Data were recorded during the first discharge and first charge at the rate of 0.5 Li'/hour,
under similar acquisition conditions as described earlier, using LeRiche version 1
electrochemical cell [132]. Self-standing electrode was prepared by mixing FeNb11029 powder
with Super P carbon (Alfa Aesar) and poly(tetrafluoroethylene) (PTFE) binder in 70:20:10
weight ratio. Each electrode contained approximately 30 mg of active material. The cell
assembling was conducted inside an Ar-filled glovebox, where the self-standing electrode was
first placed onto the beryllium window, followed by two electrolyte-soaked separators

(Whatman grade D), and finally with a lithium foil pressed against a stainless-steel plunger.
I1.2.2.2. Scanning electron microscopy

Scanning Electron Microscopy (SEM) were carried out using a JEOL microscope (JSM
6510 LV) at 20 kV. Analyses were performed by Dr. Amandine Guiet at IMMM (Le Mans). All
samples were coated with gold before analysis. Energy Dispersive X-ray Spectroscopy (EDX)
was performed on selected areas of the particles to obtain semi-quantitative elemental
abundance, as well as in mapping mode to assess the special distribution of elements. The mean

particle size was deduced by statistical evaluation of about 100 particles using ImagelJ software.
11.2.2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analyses were conducted by Valerie Flaud (ICGM)
using a Thermo Electron ESCALAB 250 instrument equipped with a monochromatic Al Ka
excitation source (1486.6 e¢V). The analysed area had a diameter of 500 um. Photoelectron
spectra were calibrated in binding energy relative to the C—C component at 284.8 eV. Charge

compensation was provided using a low-energy electron beam (-2 eV).
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11.2.2.4. Electronic conductivity

Electronic conductivity measurements of pristine samples were conducted inside a PEEK-
lined, airtight press cell equipped with stainless steel stamps (® = 7 mm) as current collectors.
About 30 mg of powder was pressed into a pellet under 260 MPa using a hydraulic press.
Conductivity was evaluated at room temperature by direct current (DC) polarization, where a
constant voltage step (AV) was applied and the resulting current decay was recorded until
stabilization. Stainless-steel plungers acted as ion-blocking electrodes, ensuring that the
measured current arose predominantly from electronic transport. The electronic conductivity (o)
was calculated as: o =L/(R x S), where R = AV/I is the steady-state resistance, L and S represent

the thickness and area of the pellet, respectively.
I1.2.2.5. Electrode casting and coin cell assembly

This procedure of electrode casting and coin cell assembly is shown in Figure IL.9.

Slurry formulation Electrode casting Half-cell vs. Li metal
* Active material (AM) * 200 pm gap CR2032-type coin cells
* Super P carbon black * Vacuum drying at 80 1M LiPFg in EC:DMC=3:7 (v/v)
* PVdF binder °C, overnight Negative cap
70:20:10 by weight * 1.8-2.2mg/cm? 7/ .
* NMP solvent ; - ,»\ Spring
- > / | - Spacer
Kakuhunter Planetary -
Centrifugal Mixer v Na foil
‘ o -» =) & D \;\:)2?;:/16: lg: :))d e
.-8.! 44 ;%“;:: - '7*‘“‘“ ] Positive ca
Binder - g \ p
Electrochemical test * Rate capability (C/2 to 100C) - Differential capacity (dQ/dV)
Voltage range: 1.0- 3.0 V * Long-term cycling at 10C

C =12 Li* exchanged = 208.6 mAh/g * Galvanostatic intermittent titration (GITT)

* Electrochemical Impedance Spectroscopy (EIS)

Figure I1.9. Process flow for Li-metal half-cell assembly and testing, including slurry preparation, electrode casting,
coin cell fabrication, and electrochemical characterization.

Regarding electrode casting, FeNb11029 powder was manually ground with carbon (Super P,
Alfa Aesar) and polymeric binder (polyvinylidene fluoride, PVdF, Solef® 5130) in 70:20:10
weight ratio. The mixture was then dispersed in N-methyl-pyrrolidone (NMP, 99.5 %, Sigma-
Aldrich) solvent and homogenized using a planetary centrifugal mixer (SK-300SII, Kakuhunter).
The obtained slurry was casted onto Cu foil (Goodfellow, thickness of 0.02 mm) and dried under
vacuum at 80 °C for 12 h. Disc electrodes (12.7 mm diameter) were then punched, with an

average coating thickness of ~50 um (excluding Cu foil), corresponding to a mass loading of
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1.8-2.2 mg cm™. Coin cells were assembled inside an Ar-filled glovebox with metallic lithium
as counter and reference electrode, glass fiber separator (Whatman grade D) and 1M LiPFs in

EC:DMC (3:7 vol.%) (Solvionic) as electrolyte.
I1.2.2.6. Galvanostatic cycling

Electrochemical measurements have been performed at room temperature using
potentiostats (MPG-2 and VMP, Bio-Logic). The nominal capacity C was set at 208.6 mAh g”!,
corresponding to the insertion of one Li" per transition metal or 12 Li" ions per formula unit.
Galvanostatic cycling with potential limitation (GCPL) was carried out by applying a constant
current to the cell, positive for the charge and negative for discharge, and the voltage response
over time is recorded. In GCPL, the cycling is constrained by upper and lower potential limits,
within a voltage window of 1.0-3.0 V vs. Li"/Li, without any voltage hold at the end of charge
or discharge. Rate capability tests were performed by cycling the cell at various C-rates, from

C/2 (104 mA g') up to 100 C (21 A g!) with five cycles at each rate before returning to C/2.
11.2.2.7. Galvanostatic Intermittent Titration Technique (GITT)

Galvanostatic Intermittent Titration Technique (GITT) was carried out on monoclinic
FeNb11029 synthesized from submicrometric precursors using either conventional or microwave

heat treatment, with C/20 current pulses of 10 minutes followed by relaxation of 20 minutes.

GITT is widely used to extract kinetic and thermodynamic information from battery
electrodes. By applying a series of small constant-current pulses followed by a relaxation period,

the method records transient voltage response and equilibrium open-circuit voltage (OCV).

¢ During positive current pulse, the cell voltage first rises sharply due to ohmic contribution

(iR), then gradually increases as Li* diffusion establishes a concentration gradient.

¢ During relaxation, the voltage drops instantly (iR drop) and then relaxes slowly toward

OCV as the electrode composition homogenizes.
¢ During discharging, the voltage response is similar but inverted.

Based on Fick’s law for derivation of the equation, the apparent Li* diffusion coefficient

can be determined as a function of state of charge (SOC):
4 (mgVy\* [AE\° 12
p=— (Y () (r«>
Tt \ MgS AE, D

where 1 is the pulse duration, Vi the molar volume, S the electrode/electrolyte contact area,

and mB and MB the mass and molar mass of the active material [133].
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Key assumptions and experimental conditions for GITT

e Electrode structure: homogeneous and dense, with negligible volume change during cycling.
Porosity, cracks, inhomogeneity, or large volume change lead to variable diffusion pathways
and unreliable diffusivity values.

e Current and pulse duration: small currents and short pulses are required to ensure linear
behavior of transient potential vs. (time)'’? and satisfy the semi-infinite diffusion (t < L%/D).

e Relaxation time: sufficiently long to reach thermodynamic equilibrium (dE/dt = 0).

e Phase stability: the active material should not undergo phase transitions during measurement,

ensuring a single, well-defined diffusivity value.

Although GITT is valuable for studying Li-ion kinetics, it is time-consuming, unsuitable for
materials with phase transitions, and yields only apparent diffusion coefficients that reflect the

whole heterogeneous electrode rather than the intrinsic active material.
11.2.2.8. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) were conducted on two monoclinic
FeNb11029 samples synthesized from submicrometric precursors by conventional or microwave
heat treatment. Measurements were carried out at room temperature, in the frequency range
between 10* Hz and 10 Hz, with a 10 mV sinusoidal voltage pertubation, during open circuit

voltage, at the end of discharge and end of charge.

I1.3. Results and discussion

I1.3.1. X-ray diffraction

I1.3.1.1. XRD of furnace-heated samples

At first, conventional solid-state synthesis in muffle furnace was used to prepare FeNb11029
reference samples. Whatever the particle size of Fe;O3 and Nb>Os precursors (micrometric or
submicrometric), the heat treatments performed at 1100 °C lead to the monoclinic form of
FeNb11029, with XRD pattern indexed in the space group 42/m, while going up to 1300 °C
induces the formation of the orthorhombic polymorph (space group Amma), as shown in
Figure 11.10. In both cases, cell parameters obtained from profile matching refinement of XRD

data (Table II.1) are in good agreement with the literature [108,111,114].
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Figure 11.10. XRD pattern of four FeNb;;O29 samples obtained by furnace heating which confirm the phase
formation (observed, Le Bail fitted, and difference profile are represented respectively on black crosses, red and
blue lines, Bragg position on green vertical bars)

I1.3.1.2. Temperature-dependent XRD following the synthesis

The temperature-dependent X-ray diffraction plot (Figure II.11) shows the sequential phase
evolution during the heating process of Fe,O3 and Nb,Os precursors mixed in stoichiometric
ratio. At 700-800 °C, an intermediate FeNbOs phase appears, as indicated by a distinct
diffraction peak near 20 =~ 21.5°. With further heating to 850-900 °C, new reflections emerge,
corresponding to the formation of monoclinic phase (M-FeNb;1029). The intensity and sharpness
of these peaks grow with temperature, confirming the progressive crystallization of the
monoclinic phase. Beyond 1250 °C up to 1300 °C, additional reflections appear, indicating the
transformation to the orthorhombic phase (O-FeNbi1O29). This monoclinic-to-orthorhombic
transition is clearly seen in the magnified patterns on the right, where the (011) peak of the
monoclinic phase splits into (011) and (111) reflections at 1300 °C. In summary, the XRD
analysis identifies FeNbOs as an intermediate phase at around 700-800 °C, formation of
monoclinic FeNb;1029 at ~850—1200 °C, and a transition to the orthorhombic phase occurring

above 1250 °C.
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Figure II.11. In situ high temperature XRPD patterns during the synthesis of FeNb;1O29 from micrometric Fe;O3
and Nb,Os oxide precursors, obtained by Empyrean diffractometer with Cu Ka X-ray source

11.3.1.3. XRPD patterns of microwave-heated samples

Microwave-assisted thermal treatment has been applied on both micrometric and

submicrometric oxide precursors. The mixture was heated during four steps of five minutes each,

at 1200 W, and XRD was performed after each step to monitor the chemical reaction . With the

micrometric precursors, after only 5 minutes the main peak of monoclinic FeNb11029 at 28° is

observed (Figure I1.12). However, another peak at 36° is present and assigned to FeNbO4 [105].

After a third heating step, FeNbO4 and Nb>Os precursor are no longer present and pure

monoclinic form of FeNb;1Oy is observed. An additional step is necessary to obtain the

orthorhombic polymorph.
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Figure II.12. Successive XRD patterns of 5-minute microwave-heating steps to follow the progress of FeNb;;Ox9
synthesis from micrometric precursors.

The use of submicrometric oxide precursors Fe;Os and Nb2Os significantly shortened the
synthesis duration. Indeed, pure and highly crystalline monoclinic form of FeNb11029 is obtained
after one heating step of 5 minutes, and the orthorhombic polymorph only needs an additional
step to be observed. The Le Bail-fitted XRD patterns of four microwave-heated FeNbi10O29
samples are presented in Figure 11.13, with the fitting details in Table II.1, showing comparable

cell parameters.
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Figure I1.13. Le Bail-fitted XRD patterns of four microwave-heated FeMn;1029 samples
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Table II.1. Le Bail-refine cell parameters of eight FeNb;;029 samples and the agreement parameters.

Samples a(A) b (A) c(A) B 1 Rpb Rwp Rexp

su-w-M  15.507(1) 3.8377(4) 20.656(1) 112.095(4) 4.30 5.52 790 3.81

su--M 15.5944(6) 3.8337(2) 20.616(1) 112.925(5) 523 596 8.62 3.77

u-w-M  15512(1) 3.8417(4) 20.657(1) 112.183(5) 8.19 2.75 4.10 1.43

a--M 15.529(1)  3.8113(1) 20.533(1) 113.042(5) 6.89 222 324 124

su-w-0  28.706(1) 3.8236(1) 20.625(1) 90.0 430 535 776 3.74

su-f-O  28.698(1) 3.8242(1) 20.6149(8)  90.0 471 561 824 3.79

u-w-0  28.706(1) 3.8245(1) 20.623(1) 90.0 613 167 257 1.04

u-f-O  28.7285(6) 3.8292(1) 20.6321(5) 90.0 739 2.03 3.04 1.12

I1.3.2. Scanning Electron Microscopy

Firstly, Energy Dispersive X-ray spectroscopy (EDX) confirms the Nb/Fe ratio and the
homogeneous elemental distribution in the samples (Figure 11.14). SEM is used to study the
influence of three synthesis parameters on the particle size of FeNb11029 powder, as shown in
Figure II.15 and I1.16. Comparing between the two polymorphs of FeNb110»9, it is reasonable
to observe that the four orthorhombic samples — synthesized either at higher temperature or
during a longer treatment time under microwave — have significant particle growth with respect
to the monoclinic ones. Regarding heating process, the four samples obtained from microwave
method show the aggregation of small primary particles (= 0.5 um) into larger secondary
assembly, while powder samples heated hours in furnace are characterized by larger particles
(= 2 um) and smooth surface. Finally, for a similar heating process, using submicrometric oxide
precursors allows to limit the grain growth. Logically, the combination of these precursors with
the rapid microwave-assisted synthesis remarkably limits particle growth and yields the product
with a limited particle size. This is particularly evidenced with the monoclinic form of FeNb;1029
obtained in only 5 minutes and exhibiting particle size of 0.3-0.5 pm, slightly larger than its

oxide precursors.
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Figure II.14. Energy Dispersive X-ray spectroscopy (EDX) mapping of four FeNb;;O samples from
submicrometric precursors shows uniform elemental distribution and Nb/Fe ratio consistent with stoichiometry.

25 pm

C) 4h @ 1100°C

Figure II.15. SEM images showing how FeNb;0y9 particles could be downsized from (a) a conventional heat
treatment with micrometric Fe>O3 and Nb,Os precursors to (b) an ultrafast microwave heating with submicrometric
precursors . In both cases, the left and right images show monoclinic and orthorhombic polymorphs, respectively.
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(a) conventional heating, from submicrometric precursors
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Figure I11.16. SEM images of eight FeNb;;O29 samples at 10000x magnification showing the influence of three
factors on particle size: precursors (micrometric or submicrometric), type of heat treatment (furnace or microwave),
and temperature (1100 °C or 1300 °C) or microwave-heating duration. The left and right images show monoclinic
and orthorhombic polymorphs, respectively.
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I1.3.3. Electronic conductivity

The influence of synthesis method on the electronic conductivity of FeNbi1O29 samples
synthesized by microwave heating or furnace from submicrometric precursors. was assessed for
two representative samples prepared from submicrometric precursors, either by conventional
furnace annealing (su-f~M) or by microwave heating (su-w-M). Figure I1.17 shows the applied
potential steps and the corresponding current decay, from which steady-state currents were
extracted. The linear current—voltage relationship in the 5-30 mV range confirms reliable
measurements and well-stabilized conductivity values. The electronic conductivities were
determined to be 2.66 x 10® S cm! for su-f-M and 4.26 x 108 S cm™! for su-w-M. These values
are slightly higher than 4.89 x 10 S cm™ reported for pristine FeNb;1029 [115], possibly due
to differences in applied pressure and pellet thickness. These results suggest that the smaller
particle size induced by microwave heating does not lead to a significant improvement in

electronic conductivity of the obtained sample.
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Figure I1.17. DC polarization tests of su-f~-M and su-w-M FeNb;1029 samples. Left: Applied voltage steps (red)
and current response (blue). Right: Linear current-voltage plots confirming stable electronic conductivity and
method reliability.
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I1.3.4. X-ray photoelectron spectroscopy

To probe the valence states in FeNb11029, XPS was performed on four representative
samples prepared from micrometric precursors. The XPS spectra are shown in Figure I1.18, with

the corresponding binding energies and atomic percentages summarized in Table I1.2.
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Figure I1.18. XPS spectra of four representative FeNb;;029 samples and Nb,Os precursor showing Fe 2p, O 1s, and
Nb 3d regions, confirming consistent Fe and Nb valence states of different synthesis and samples.

Table I1.2. XPS binding energies and atomic percentages of key elements (Nb, Fe, O, C) in FeNb;0,9 samples
synthesized under different conditions, compared with Nb,Os precursor. The consistent binding energies confirm
stable Nb°" and Fe** oxidation states, while the O/Nb ratio reflects slight changes in surface oxygen.

Element Nb20s u-f-M u-f-O u-w-M u-w-0

Nb 3dsp 207.01 206.83 206.79 206.71 206.86

Nd 3d3»2 209.76 209.59 209.56 209.48 209.62

Peak

binding € 2P - 711.51 711.51 711.45 711.47

e‘(‘:%y Fe 2pi» - 725.21 725.22 725.19 725.20
C s 284.82 284.77 284.84 284.76 284.84
O1s 530.28 530.22 530.23 530.27 530.28
Nb 17.58 15.23 15.63 12.87 13.89
Fe - 0.97 0.6 0.68 0.95

A“J/f‘ic C 40.22 4451 42.49 51.88 45
0 42.2 39.3 41.29 34.57 40.16
O/Nb 2.40 2.58 2.64 2.68 2.89
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The Nd 3d peaks of all four samples appear at closely similar binding energies (differences
< 0.2 eV), consistent with those of Nb>Os precursor. The same observation can be made for Fe
2p peaks, which also show negligible variation between the samples. These results indicate that

Nb and Fe remain in +5 and +3 valance state after the synthesis.

Regarding O 1s signal, the main peak matches well with Nb,Os precursor, but the tail at
higher binding energy is more pronounced for two microwave-heated samples. This feature
likely originates from oxygen species bonded to carbon (O-C, O=C bonds), suggesting surface
contamination. Such contamination is possible, as carbon was used as a susceptor during the
microwave heating. This result is consistent with the higher O/Nb ratio in these two samples
(u-w-M and u-w-0), 2.68 and 2.89, compared to the expected stoichiometry values of 2.64. Such

surface contamination is a common artifact in XPS measurements.
I1.3.5. Electrochemistry

I1.3.5.1. Charge-discharge and differential capacity curves

The electrochemical behavior of the eight FeNb11O29 samples has been evaluated under
similar conditions, from the electrode formulation to the cycling conditions. Notably, these
electrodes have relatively low loading of active materials (~1.8-2.2 mg cm2), similar to the
values eported in other studies, allowing for a justified comparison. Their capacity is discussed
in different ways, in terms of gravimetric charge delivered mAh g!, amount of Li* ions
exchanged per formula unit (Li'/f.u.), or number of Li" ions exchanged per transition metals
(Li*/TM).

The first galvanostatic cycles at C/2 are compared in Figure I1.19. For the monoclinic
polymorphs, the discharge/charge curves are very similar and start by short pseudoplateau at
2.4V, followed by a more apparent yet sloping plateau around 1.6 V. A total of 14 Li* ions per
formula unit (1.17 Li*/TM) could be inserted, corresponding to a capacity of 243 mAh g'!, and
with an excellent reversibility observed during the subsequent charge. The corresponding
differential capacity plots distinguish three redox reactions. Following previous works
[108,111,113,114], the first faint broad cathodic/anodic peak around 2.4 V is assigned to
Fe*'/Fe’" redox couple. The important peaks around 1.6-1.7 V correspond to Nb>*/Nb*" redox
couple, whereas the broad features below 1.5V are attributed to further redox activity of
Nb**/Nb**. Interestingly, a significant extra capacity is observed with the sample prepared by
microwave heating from the submicrometric oxide precursors (su-w-M) and this gain is
occurring below 1.25 V. This extra capacity is attributed to the multi-redox activity of niobium,

specifically involving Nb*/Nb*>" redox couple. This behavior is supported by the more
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pronounced dQ/dV peak observed in this region for su-w-M sample. These observations slightly
differ for the orthorhombic samples of FeNb11029. Stronger polarization is observed below 1.5 V
and induces a lower discharge capacity as only 12 Li" (1.0 Li"/TM) could be inserted. This
decrease of capacity is however not noticed for the sample prepared by microwave heating from
the submicrometric oxide precursors (su-w-0O), and here as well this extra capacity seems to be

explained by a stronger activity at low voltage.

(a) Monoclinic (b) Orthorhombic
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Figure I1.19. First C/2 galvanostatic cycles and dQ/dV plots for monoclinic (a) and orthorhombic (b) FeNb11Oz
samples, highlighting the impact of synthesis conditions on electrochemical performance.

I1.3.5.2. Rate capability test

As stated in the introduction, Wadsley-Roth phases recently attracted the attention thanks
to their good electrochemical activity, especially at high current rates. Consequently, rate-
capability tests have been applied to the FeNb110z9 electrodes (Figure I1.20). First, the four
monoclinic samples with smaller-sized particles generally exhibit better rate capabilities than
orthorhombic ones. This was evidenced by lower polarization, less dQ/dV peak shifts, smaller
distortion of peak shapes at high current rates, as observed in a representative monoclinic sample
(su-w-M) compared to the orthorhombic one (Figure II1.19). Second, even for micrometric
samples obtained by conventional furnace heating (e.g., 4-/~M), impressive rate behaviors were
observed, attaining 150 mAh g!' at 10 C. This is a striking example of the outstanding fast
kinetics of Wadsley-Roth phases, emphasizing that excellent rate performance can still be
achieved with larger particle sizes and standard solid-state synthesis. Such samples offer
practical advantages for scale-up, as they simplify manufacturing and processing without the
need for additional nano- or porous structuring. As a result, these furnace-treated materials are

suitable for further investigation in the following chapters.
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Figure I1.20. Rate capability tests of monoclinic (a) and orthorhombic (b) FeNb;1029 samples

Third, we demonstrated that using microwave heating for micrometric precursors gives a
clear improvement of rate behavior, with sample p-w-M delivering a better capacity of around
170 mAhg! at 10C. Finally, with even further downsized particles, obtained from
submicrometric oxide precursors by microwave heating (su-w-M and su-w-O), their rate
capability was further significantly enhanced. The extra capacity gained at C/2 for these two
samples is still observed and interestingly even more pronounced at higher current rates. A closer
analysis of these two representative samples is shown in Figure 11.21, with the charge-discharge
and differential capacity (dQ/dV) curves at progressively increasing currents. Over the range of
currents from C/2 to 100 C, su-w-M sample showed superior rate performance. At C/2, around
1.2 Li*/TM can be reversibly exchanged for a gravimetric capacity of about 250 mAh g'. When
the rate is increased by a factor of 20 from C/2 to 10 C, which corresponds to a six-minute
discharge, the sample can still deliver a capacity of 0.9 Li*/TM (185 mAh g™!). Differential
capacity curves showed little peak shifts at 10 C compared with slow currents, indicating very
fast kinetics. The orthorhombic phase exhibited slightly lower performance, likely due to larger

particle size.
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Figure I1.21. Charge—discharge and dQ/dV curves of spu-w-M and spu-w-O samples at increasing current rates

These results demonstrate significantly beneficial impact of microwave-assisted synthesis
and downsized particles on the enhancement of FeNbi1Oy9 fast-charging capabilities, giving
further improvements compared with the reference micrometric furnace-heated samples, which

already exhibit excellent rate behavior.
I1.3.5.3. Long-term cycling

Long-term cycling tests have been carried out at 10 C (Figure I1.22). The better
electrochemical behavior of the two microwave-heated samples with submicrometric oxide
precursors is unambiguously highlighted. The monoclinic form of FeNb11029 exhibits the best
cycling performance, delivering 198 mAh g™! initially and retaining a capacity of 90.4 % after
500 cycles (179 mAh g') and 77 % after 1300 cycles (153 mAh g!). These rate capability and
long-term cycling tests show good repeatability, as shown in Figure I1.23 for four samples made
from submicrometric precursors. This highest initial capacity at 10 C in the present work
surpasses previously reported values for the best FeNbiiOz9-based materials enhanced by
different strategies. For example, at the same rate of 10 C, monoclinic Feo.7Ti0.67Nb10.67029
initially delivered 170.4 mAh g and retained 133.1 mAh g™ after 10 000 cycles [117], while
monoclinic FeNb; 1029 nanotubes achieved 142.3 mAh g™ and still sustained 101.4 mAh g™! after
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2000 cycles [113] (Table I1.3). However, more effort is still needed to improve the long-term

cycling and capacity retention of our materials. Comparing between two polymorphs in this

work, monoclinic samples with smaller particle size show higher long-term capacity and better

rate capability with respect to orthorhombic ones. This result, however, is contrary to the study

by Spada et al. [108], as mentioned in the introduction part, with 200 mAh g ! and 130 mAh g’!

delivered at 10 C by the orthorhombic and monoclinic sample, respectively.
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Figure 11.22. Comparison of 500 galvanostatic cycles at 10 C for eight FeNb;;029 samples (a-b), and long-term
cycling of the sp-w-M sample over 1300 cycles at 10 C (c).
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Figure I1.23. Reproducibility of four samples made from submicrometric precursors, in terms of rate performance
and long-term cycling at 10 C

The overall superior performance of microwave-heated samples can be suggested to result

from smaller particle size, allowing effective electrolyte impregnation, faster Li" diffusion and

better material utilization during electrochemical cycling. This hypothesis will be investigated

in the following sections.

67|Page

500



Table I1.3. Long-term cycling performance of FeNb11029 from various studies. Monoclinic
and orthorhombic phases are indicated as M and O. Capacity values are reported as initial (in
bold) followed by final value after prolonged cycling.

. . 1 it
Materials Phase Synthesis method Loadln_zg Capacity  Cycle Capac.l ¥
(mg cm?) (mAh g') number retention
su-w-M Microwa.ve heating, 10C ~198— 90% .
FeNb11029 5 minutes 1897 179 500 cycles This
su-f-M Furnace heating, R 10c ~165— (1.0-3.0V) 90% work
FeNb11029 1100 °C, 4 h, air 149 °
FeNb11029 . 142— 2000 cycles
lect 1 19
nanotubes electrospinning 0C 1014 o030vy) 17
N/A [113]
FeNb;1029 Solid state 1C 151.8 100 cycles N/A
bulks ) (1.0-3.0V)
FeNb11029 1250 °C, 4 h, air 14 10C 99-88 200 cycle 89% (115]
FeNb11027.9 1250 °C, 4 h, N> ' 145-135 (0.8-3.0V) 93%
FeNb11O2 1300 °C, 4 h, air ~350-275 78% [111]
bulks 1025 2C 100 cycles
FeNb11029 ) R (0.8-3.0V)
1100 °C, 4 h 29
bulks 00°C, 4 b, air ~250-180 2%
FeNb11029 1300 °C, 4 h, air ~300-235 78%
Feo.sMno. . 100 cycles
1400 °C, 4 h ~238-240 100.9 %
No 1O ,4hair  N/A 2C 0530 V) o [110]
FeosVoa .
1300 °C, 4 h ~222-220 999
Nb1 050 , 4 h, air Y0
Feo.67T10.67- 170—-
1\?[(;‘67 1(0)‘67 Solution combustion: 1331 10 000 72%
10672 800 °C, 3 h, then ~1  10C T cycles [117]
FeNbi 02 1200°C, 3 h (10-3.0V)  60%
122.4
FeNb110m 1.hydrothermal:
N 200°C,4h .
(nitridation 2. 1000 °C, 5 h, air 130 10 000 88%
layer) 3.700 °C, 0.5 h, 1.5-2.0 10C cycles [108]
Y Ar/NH; (1.0-3.0 V)
Only st 1&2 ~150—
FeNbi1 029 Ly s%eps 46%
above 70
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11.3.5.4. Electrochemical Impedance Spectroscopy (EIS)
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Figure 11.24. Nyquist plots of two FeNb;1029 samples: spu-f-M and sp-w-M, (a) at open circuit voltage (OCV), (b)
at the end of discharge (EoD) and (c) at the end of charge (EoC). The inset shows the equivalent circuit to fit the
plots, where R, CPE and W represent resistance, constant phase element and Warburg resistance.

Electrochemical impedance spectroscopy (EIS) tests were carried out for two
submicrometric FeNb;1029 samples prepared by conventional or microwave heating. Each
Nyquist plot contains two depressed semicircles regions and one slope, which are fitted using
the equivalent circuit in the inset. The single semicircle in plot (¢) can be modelled by the overlap
of two semicircles in a close frequency range. The first element, Ro, represents the Ohmic
resistance of the cell. From the literature [113,115], the depressed semicircle in the high-
frequency range corresponds to the electron transfer and Li*-ion adsorption/desolvation
processes, which are ascribed as Ri and CPE;. In the medium-frequency region, the other
depressed semicircle can be assigned to Li‘-ion insertion at particle surfaces, denoted as R, and
CPE,. The low-frequency slope represents the Warburg resistance (W), describing Li"-ion
diffusion in the bulk of the particles. From size of semicircles and the fitted resistance values in
Table I1.4, it is evident that the microwave-heated sample has lower resistance than the furnace-
heated one, presumably due to its smaller particles, which enhances electrochemical processes
described above. This further confirms the better rate capability and better Li*-ion diffusion of

microwave-heated sample as evidenced in GCPL and GITT.
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Table 11.4. Resistance values of spu-f-M and sp-w-M samples by fitting EIS data with the equivalent circuit.

Sample State Ro (Q) Ri1(Q) R2 (Q)
ocv 13.09 40.05 45.23

su-w-M EoD 12.59 33.43 52.76
EoC 12.67 54.14 2.823
ocv 11.89 57.56 141.1

su-f-M EoD 10.71 67.45 65.25
EoC 10.90 72.77 0.05

I1.3.5.5. Galvanostatic Intermittent Titration Techniques (GITT)

To investigate further the electrochemical lithiation/delithiation of the material and confirm

the assumption of better Li" solid-state diffusion in small particles, GITT technique was

implemented (Figure I1.25 and 26). This technique only focuses on two monoclinic samples

obtained from submicrometric precursors by either furnace or microwave heating, i.e. spu-w-M

and su-f~-M samples, as they offer the best electrochemical performance. This method gives two

types of information: (i) thermodynamic equilibrium potential of the material as a function of

lithiation degree and (ii) dynamic information on apparent Li" diffusion coefficient. As Li-ion

diffusivity calculated from GITT is inversely proportional to the active mass, two electrodes of

similar mass loading were chosen for a better comparison.
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validity of the GITT analysis.
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The validity of the method was verified by checking the linear relationship between
potential (E¢) and time'? (Figure 11.25), and the results were shown in Figure I1.26. At first
glance, similar GITT potential profiles were observed for both samples, indicating no significant
change in thermodynamics of the material. Moreover, the apparent diffusion coefficients of Li+
ions are also close, remaining steadily high during the early stage of the discharge, followed by
a sharp decrease from 1.8 to 1.5 V and then an increase till 1.2 V. However, the enhancement of
the diffusion coefficient during the end of discharge (below 1.5 V) is evidently more pronounced
for the electrode with active material prepared by microwave-assisted heating (su-w-M) and the
situation remains in the subsequent charge until the voltage reaches 1.6 V. After that both
electrodes exhibit a similar evolution. The higher lithium-ion diffusivity of the microwave-
heated sample at low voltage echoes with its more intense differential capacity (dQ/dV) peak

observed in Figure I1.19 in the same voltage range.
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Figure I1.26. GITT profiles of two samples prepared from submicrometric precursors: sp-w-M and sp-f-M, with (a)
three ranges of lithiation degree corresponding to the three-stage evolution of (a,c) plane (operando XRD), and (b)
the evolution of GITT-extracted Li" diffusion coefficient vs. voltage during discharge and charge.
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I1.3.6. Operando X-ray diffraction

Operando X-ray diffraction experiments were carried out for submicrometric microwave-

heated sample of monoclinic FeNb11029 phase, as shown in Figure I1.27.

(b)

(004)

(a)

40

20 \ R3

1\r2
10 -

.Q
0

1 2 3
Voltage (V)

————

(600) doe) (-115)

30 40 50
20 (°)
C
< a0t
n -
3.9 —'..-l. l-._-
« 310 F
. R1 4e06p R2 R3
8N = "0\
3$ 74 Ay A%,
o 305 ¥ S x"’ .,
oo | N 1
o © eeer?] \ea 7
~ 300 .
— 211 F /‘A %
s [ , ‘\k AA
o 200 S ™ aasathaa,,
- ,‘f R YYYE TNV .
209 [-f “A\A
— '_ ‘,vvvV
I P V"\ Wi N
o 157 F v ~
- W, V"
15.6 | \S V1" ~
L Vovr" *Vy,,v'
& L
< 1.25
) i ..O"’."‘ .\0.
Z oee? e,
Z 120 -f,.ﬂ” ‘*\\‘
@
© -
> ] . ] ] ]

0 10 20 30 40
Scan number / Time (h)

Figure 11.27. The charge-discharge curve (a) and corresponding 2-dimensional contour plot of operando XRPD
patterns for monoclinic FeNb11029 (b), magnified view of (800) and (011) reflections (c), and the evolution of
lattice parameters, (a,c) block area and unit cell volume during cycling (d).
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Firstly, from the 2-dimensional contour plot of the XRD patterns, all the diffraction peaks
evolve continuously and return to their initial positions without any newly appeared features
during the whole discharge-charge process (Figure 11.27b). The overall electrochemical process
follows reversible lattice changes without any phase transformation or biphasic reaction as
previously reported [108,113]. Secondly, the evolution of the cell parameter is scrutinized.
Along the lithium insertion, the b parameter increases steadily and significantly, indicating that
lithium ions diffuse along the channels perpendicularly to the block planes. Meanwhile, a and ¢
parameters evolve in a more complex way, with an initial expansion of the (a,c) plane until
around 1.4 V vs. Li*/Li (region R1), which can be explained by Li*-ion insertion in the structure.
Afterwards, the (a,c) plane contracts until 1.2 V (region R2) due to the enhanced electrostatic
attraction between intercalated Li* and O* ions [108]. At the third stage of discharge, both
parameters increase again (region R3), probably because of the reduction of niobium, from Nb*"
(68 pm) to Nb** (72 pm) [108]. This three-stage feature somehow mimics the evolution of
lithium-ion diffusivity in similar ranges of lithiation degree as shown in Figure I1.26. This
indicates the close relationship between the size of the diffusion channels and the diffusive
behavior, where the expanded (a,c) plane results in faster diffusion of lithium-ions and vice
versa.

Over the charge process, these lattice parameters undergo reverse evolutions and return to
their original values, which further confirms the reversibility of the reactions. Overall, unit-cell
volume expansion after full lithiation is 5.4 %. This low value appears in line with the literature

[113] and also contributes to the long-term cycling stability.
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I1.4. Conclusions and perspectives

Two Wadsley-Roth polymorphs of FeNb11029 were successfully and rapidly synthesized by
microwave-assisted solid-state synthesis. This method presents significant benefits, including
remarkably shorter time and limited particle growth, which turns to facilitate lithium-ion
diffusion as evidenced by GITT coupled with differential capacity curves and operando XRD.
This easier ionic diffusion in turn induces enhanced rate capability and long-term cycling, with
a high capacity of 179 mAh g' (90% retention) after 500 cycles at 2 A g delivered by
microwave-heated monoclinic sample obtained from submicrometric precursors. The effect of
smaller particle size is also seen when comparing between the two polymorphs, where the
monoclinic samples exhibit higher capacity than the larger-sized orthorhombic ones. These
results open the possibility for more efficient and upscalable protocols for other Wadsley-Roth

phases as well as other battery materials.

Interestingly, even micrometric powders obtained by conventional furnace heating
demonstrated remarkable rate performance, e.g. ~150 mAh g! at 10 C for u-f-M sample. This
striking result highlights the intrinsic fast kinetics of Wadsley—Roth phases, showing that
excellent rate capability can still be achieved with larger particle sizes and standard solid-state
synthesis. In addition to their electrochemical performance, such furnace-heated samples offer
practical advantages: no need for complex nano- or porous structuring, simplified processing,
and inherent compatibility with large-scale manufacturing. These characteristics make them

attractive candidates for further study in practical implementations.

From a broader perspective, the promising results obtained here raise important
opportunities and challenges. On the one hand, the effectiveness of microwave-assisted synthesis
suggests a strong potential for upscaling this rapid and energy-efficient method, provided that
uniform heating and reproducibility can be ensured at larger batch sizes. On the other hand,
further optimization is still required to understand and mitigate long-term degradation
mechanisms, particularly under the conditions of highly loaded electrodes relevant for practical
devices. Addressing these aspects will be essential to fully unlock the potential of FeNb11O29

and related Wadsley—Roth phases for high-power, scalable energy storage applications.
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Chapter 111

Operando neutron diffraction
studies of FeNb11029:
benchmarking cell designs

and neutron diffractometers
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II1.1. Insights from neutrons for Li-ion batteries

II1.1.1. Introduction to neutrons and neutron diffraction

Neutrons are electrically neutral subatomic particles found in atomic nuclei. They were
discovered in 1932 by James Chadwick through his experiment involving the bombardment of
alpha particles with beryllium. Neutrons have a mass of approximately 1.675 x 10?7 kg, slightly
heavier than protons, and a mean lifetime of about 880 seconds in free space. With a spin of 2
and a magnetic moment of —1.91 nuclear magnetons, neutrons can interact with magnetic fields,

allowing for magnetic structure determination of magnetic phases.

Neutrons can be produced through controlled nuclear fission in reactors or by spallation. In
fission reactors, heavy nuclei like uranium-235 absorb neutrons and split into lighter fragments,
releasing energy and more neutrons to sustain the chain reaction. For example, the Institut Laue-
Langevin uses this principle to produce neutrons for experimental purposes. Alternatively,
spallation sources generate neutrons by bombarding a heavy metal target with high-energy

protons, causing the emission of neutrons among other particles.

Neutrons interact with matter in several ways, and these interactions are largely isotope
dependent. First, coherent elastic scattering occurs when neutrons are scattered in a correlated
manner by different nuclei, producing diffraction patterns and revealing structural information.
Second, incoherent elastic scattering arises from isotopic or nuclear spin disorder, which causes
random variations in neutron—nucleus interaction strengths and results in a diffuse, featureless
background. The third phenomenon is neutron absorption, which is strong for certain isotopes
(e.g., SLi, 9B, '3Cd). A key parameter in neutron scattering experiments is the scattering length
(b), which characterizes the strength and nature of the neutron—nucleus interaction. This value
depends on the isotope and can be either positive or negative, reflecting repulsive or attractive

interactions, respectively.
II1.1.2. Advantages and challenges of neutron-based techniques for batteries

The first significant advantage of neutron diffraction (ND) lies in its sensitivity to light
elements, even when they are surrounded by heavier elements. Such light elements, including
lithium and oxygen, are commonly found in battery materials but are nearly transparent to X-
rays. Lithium is of central interest in battery research, as its crystallographic position, quantity,
and dynamics are closely related to the structural and electrochemical properties of the host
material. Additionally, neutrons can distinguish between neighboring transition metals—such as

Mn, Fe, Co, and Ni—which are commonly present in electrode materials. Differentiating these
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elements using X-ray diffraction is difficult because X-rays interact predominantly with the
electrons of the sample, and the resulting X-ray scattering factors vary linearly with atomic
number. However, neutron scattering is governed by complex interactions with the atomic
nuclei, resulting in neutron scattering lengths that vary irregularly across the periodic table
(Figure II1.1). This non-monotonic trend provides enhanced contrast between light and heavy
elements, as well as between neighboring elements, making neutron powder diffraction
particularly effective for their identification and structural analysis. For example, the coherent
neutron scattering lengths of Mn, Co, and Ni are -3.73 fm, 2.49 fm and 10.3 fm, respectively,
highlighting their strong contrast [134,135].
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Figure III.1. Neutron scattering lengths for most elements (at natural abundance) across the periodic table. Elements
highlighted in red are strong absorbers of neutrons. Plotted from data in [134].

Regarding lithium, despite its small neutron scattering length (-1.90 fm), its negative value
creates strong contrast compared with most other elements, which generally possess positive
scattering lengths. In all experiments presented in this chapter, natural lithium was used, which
consists of approximately 92.5% ’Li and 7.5% °Li. The dominant abundance of "Li is a strong
advantage because this isotope not only has a negative scattering length but also has a relatively
low neutron absorption cross-section. The relevant scattering properties of lithium are

summarized in Table I11.1.

Moreover, neutrons are non-destructive and exhibit far greater penetration depths than X-
rays or most other characterization probes, due to their weak interaction with matter. This allows
for the bulk analysis of entire electrodes—or even full battery assemblies—depending on the
experimental geometry. Additionally, the underlying physical phenomenon of neutron scattering
offers a distinct advantage: whereas X-rays interact with electron clouds and produce a form

factor that decays with increasing scattering vector Q (Q = 4msinf/4), neutrons interact directly
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with atomic nuclei. This point-like interaction leads to scattering lengths that are effectively
independent of Q. As a result, ND patterns still exhibit significant intensity at high-Q regions,
enabling more precise determination of structural parameters such as site occupancies and

Debye—Waller factors.

Table III.1. Neutron scattering properties of °Li, ’Li, and natural lithium (5°*Li), adapted from [134]. Columns are
the nuclide, relative abundance (%), nuclear spin I; bound coherent (beon), incoherent (binc) scattering lengths in fm;
and coherent (Geon), incoherent (oinc), total scattering (Gscar), and absorption (Gabs) cross sections in barns.

Isotope % | bcon bine Ocoh Ginc Oscatt Oabs

6-94Lj - -1.90 --- 0.454 0.92 1.37 70.5

SLi 7.5 1 2.00-0.261i  -1.89+0.26i 0.51 046 097 940.4

Li 925 32 222 -2.49 0.619 0.78 1.4 0.0454

These benefits have been motivations for using in situ ND as a powerful tool for battery
research. However, several limitations must be acknowledged. First, the flux at neutron facilities
is several orders of magnitude lower than that of X-ray sources, and neutron scattering lengths
are an order of magnitude lower than that of X-rays, which demands large sample size and long
acquisition time for sufficient counting statistics and good signal-to-noise ratio. Second, the large
amount of sample (typically > 200 mg) required for neutron experiments further complicates
sample preparation and in the case of operando experiments, it usually necessitates the use of
thick electrodes. As a result, achieving homogeneous electrochemical reactions is more difficult
and the maximum charge/discharge rate is limited. Thirdly, lithium-ion batteries contain
components that pose challenges for neutron-based analysis: hydrogen-rich components (e.g.
electrolytes, separators) produce strong continuous backgrounds; natural lithium exhibits
neutron absorption; and metallic parts like aluminum/copper current collectors and steel casings
contribute intense Bragg peaks. In fact, hydrogen’s strong incoherent scattering (Gecon =
1.75 barns vs. oinc = 80.27 barns) from the electrolyte results in strong featureless background in
the whole angular range, with little influence on the Bragg peaks, which significantly reduces
signal-to-noise ratio. This can be overcome by using deuterated electrolyte and low-hydrogen

materials for other components, but the deuteration is highly expensive.
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II1.1.3. Neutron diffractometers at the Institute Laue-Langevin

The neutron powder diffractometers used in this work are D2B and D20 at the Institute
Laue-Langevin (ILL, Grenoble), with complementary characteristics (Figure 111.2). Regardless
of the type and characteristics of the diffractometer, the basic components along the beam path
are similar. The beam transmission begins with neutron emitted from the source and guided
through H11 thermal beam tube and then beam divergence can be reduced using removable
collimators. A monochromator then selects a single neutron wavelength according to Bragg’s
law, and monochromator slits control the beam’s size and shape. For all setups, a compromise

between incident neutron flux and instrumental resolution needs to be considered.

I11.1.3.1. High resolution D2B diffractometer
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Figure I11.2. D2B and D20 neutron powder diffractometers at the ILL

The D2B diffractometer is a very high-resolution powder diffractometer designed to achieve
the ultimate resolution, limited only by powder particle size (Ad/d 5x10™#). Its operation begins
with neutron collimation and diffraction by a Ge monochromator, which is set at a very high
take-off angle of 135° ie. the angle between the incident and diffracted beam after the
monochromator. This high take-off angle helps in narrowing the incident neutron wavelength
dispersion (AMA=cotf-AB is small at high 0). Enabling high resolution in neutron diffraction
experiments. However, this configuration naturally reduces neutron intensity. To counteract this,
the monochromator wafer is made with a relatively large mosaic spread (20 arcminutes),
allowing it to reflect a broader range of neutron angles, thereby compensating for the intensity
loss due to the high take-off angle. The outgoing neutron beam from the monochromator is a

narrow distribution of wavelength, A + AA.
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The monochromatic neutron beam interacts with the sample and is scattered with an angle
of 20, which are finally detected. The diffraction patterns were recorded by a bank of 128
vertically sensitive detectors (30 cm high) spaced at 1.25° intervals. During each scan, the
detectors are moved to cover the angular range from 0° to 160°. Such scans are typically 30
minutes long and repeated to improve the statistics. Depending on the wavelength and desired
resolution, as well as the amount and crystallinity of the samples, the typical acquisition time for
a diffractogram may vary between 1h and 8h. Since the detectors are vertically sensitive, they
produce a 2-dimesional scattering pattern that must be corrected for geometry and sample-to-

detector distance before being integrated into the final intensity vs 26 diffractogram.

Its high resolution makes D2B diffractometer versatile and suitable for a wide range of
studies, including (i) the structural chemistry of non-rigid molecules; (ii) ab-initio structure
solution from powders; (iii) crystal and magnetic structure determination of powder compounds
(even small samples); and (iv) effect of temperature/pressure/magnetic field on crystal/magnetic
structures. However, its lower neutron flux and the low active material mass in conventional in
situ cells limits its use for in situ or operando electrochemical experiments. Up to date, no such

operando electrochemical experiment has been done at D2B.

In our work, D2B was used for standard neutron powder diffraction measurements of
pristine FeNb11029 powder, as well as in situ studies of the cylindrical cell. A neutron wavelength
of A =1.594 A was chosen. This configuration gives a neutron flux of around 10° cm’'s'. A
typical sample preparation for room-temperature measurements at D2B is done by filling the
sample in a cylindrical vanadium can (diameter 6.5 mm or larger). Air-sensitive samples were
prepared inside an Ar-filled glovebox and sealed with indium wire to ensure airtightness.
Vanadium is used to make sample containers because it has very low neutron absorption and
weak neutron scattering, giving no Bragg peaks and minimized background noise. It is also

chemically stable, machinable and suitable for a wide temperature range.
I11.1.3.2. High flux D20 diffractometer

D20 is a very high intensity 2-axis diffractometer equipped with a large microstrip detector.
Its extremely high neutron flux, ranging from 107 to 10® cm™'s™!, opens new possibilities for real-
time experiments in short times or on very small samples. Therefore, it is particularly suitable

for in situ or operando experiments.

The thermal neutron beam H11 from the reactor is split into two parallel paths, one directed
to D2B, the other to D20. In the D20 path, the beam first reaches one of four available
monochromators. The monochromatic beam exits through one of five take-off ports, each
offering a different instrumental resolution, providing flexibility for various experimental
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requirements. The beam then arrives at the sample and is scattered in various directions, which
are then simultaneously detected by the large microstrip multidetector. The counts are collected
over a certain duration for sufficient statistics and good signal-to-noise for the powder
diffractograms. Typical acquisition times can be about 5 minutes for small samples but can

decrease to one minute or even a few seconds for larger or highly crystalline samples.

The detector used at D20 is a position-sensitive detector (PSD), which is enclosed in
aluminum housing and provides a detection area of 4 meters in length and 15 centimeters in
height. It is filled with a gas mixture of 3.1 bar helium-3 (*He) and 0.8 bar CF4, and uses micro-
strip gas chamber (MSGC) technology. Each of the 48 detection plates contains 32 cells, each
2.568 mm wide (equivalent to 0.1°), allowing the PSD to cover a total angular range of 153.6°.

In our work, a take-off angle of 90° with a Germanium monochromator at reflection (335)
(L=1.54 A) to have a compromise between good flux and resolution. In some cases, radial
oscillating collimator (ROC) was used to average out artefacts in the diffractograms due to the

cell or air, thus enhancing signal-to-noise ratio.

I11.2. In situ electrochemical cells for neutron diffraction studies

II1.2.1. EX situ, in situ and operando characterizations

Development of battery materials strongly depends on the characterization techniques to
obtain information on their structures, physicochemical and electrochemical properties both for
newly discovered compounds and existing ones. The latter point is of central importance for
further improvement and maximized exploitation of material capabilities. The materials need to
be investigated not only in the pristine, as-synthesized state but also for intermediate
compositions during electrochemical cycling. This allows for more insights into their structural
evolution, working and degradation mechanisms. They can be characterized under different

conditions: ex situ, in situ or operando.

Ex situ measurements are done out of the electrochemical cell, where a certain composition
is obtained by lithium insertion or extraction in the cell and the sample is subsequently recovered
and washed by disassembling the cell in an Ar-filled glovebox. This approach is commonly used
since it is relatively easy to perform and when the equipment, cell or measurement conditions
are not suitable for in situ/operando experiments. However, the compositions under study may
be metastable and transform when the sample is recovered from the cell. Samples can be exposed

to contamination or side reactions with atmospheric agents or tools in the recovery process.
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Several drawbacks of ex situ studies can be overcome by in situ or operando investigations.
In both cases, the electrochemically prepared compound is investigated directly inside the cell,
which offers the advantage of avoiding exposure to contaminants in outside environments.
However, a clear difference is made between these two terms. While in sifu means “in place”,
i.e. in the battery, operando refers to “during operation”. In the first case, in situ studies are
carried out when the battery is stopped at the desired compositions, put in relaxation and mounted
at the equipment stage for the measurement. Meanwhile, in an operando experiment, the cell is
always mounted at experimental setup and the measurement is conducted in real time when the
battery is being cycled. This approach enables real-time monitoring of structural evolution and
possible metastable phases that exist only out of the equilibrium. Besides, kinetics-related

reactions can be observed when varying the cycling rates of the cell.
I11.2.2. Development history of in situ electrochemical cells for ND

During in situ or operando experiments, obtaining high-quality neutron diffraction data is
challenging due to strict requirements of achieving good electrochemistry while cycling large
amounts of materials for sufficient counting statistics and optimal signal-to-noise ratio. These

conditions are important for the development of in situ electrochemical cells for neutron studies.

The first electrochemical cell design for in situ neutron diffraction studies was reported in
1998, featuring a cylindrical geometry with 5 g of powder contained in a Pyrex tube designed
by Edstrom’s group at Uppsala University [136,137]. The cell enabled effective charge-
discharge cycling of LiMn204 and allowed refinement of its structure and lithium occupancies
at selected potentials. However, the use of a thick, loosely packed cathode layer restricted the
current rate to below C/50. Since then, several cell designs have been developed to meet the
requirements of in situ ND experiments. They can be grouped into three categories: coin-type

cells, pouch-type cells (Figure II1.3), and cylindrical roll-over cells.
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Figure II1.3. Schematics of the earliest Pyrex tube-type electrochemical cell design used for in situ neutron
diffraction, with subsequent developments including coin-type and pouch-type cell configurations [136-141].

I11.2.2.1. Coin-type cell configuration

In coin-type configuration, a large amount of loose active material or self-standing
composite electrodes (often using poly(tetrafluoroethylene), PTFE, as binder) is compacted into
a pellet and housed in a separate compartment, which is usually the only part exposed to the
neutron beam. Different designs, geometries and materials were used for the cell body, including
PEEK, aluminum or titanium [138—140]. The cell components can contribute significantly to the
diffraction background and produce overlapping peaks with the active material. This issue was
overcome by using neutron-transparent Tiz1Zr alloys [142] for cell housing and carefully
selecting the cell components to minimize incoherent scattering, most notably through the use
of deuterated electrolytes and glass fiber separator [143]. Such improvements have enabled high-
quality structural refinement from operando ND patterns. However, thick electrodes may be
detrimental to electrochemical performance as it resulted in considerable polarization,
inhomogeneous reactions and limited current rates. This cell is used in our work and will be

described in more details in section I11.2.3.
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I11.2.2.2. Pouch cell configuration

The second neutron cell design is pouch-cell, and its use is growing due to its relatively
simple assembly and the flexibility it offers in selecting components such as separators and
electrodes. Similar to commercial pouch cells, the positive, negative electrodes and separators
are stacked and enclosed in a propylene-coated aluminium pouch, which is then heat-sealed after
electrolyte injection. While this design supports relatively high cycling rates and delivers decent
electrochemical performance, the polymer coating on the pouch contributes significantly to

background noise in the diffraction data [141].
I11.2.2.3. Cylindrical roll-over configuration

Finally, another cell design is cylindrical cell resembling the cylindrical 18650-type cell.
Three research groups have developed variations of this cell design: (1) Sharma’s group in
Australia, (2) Edstrom’s group at Uppsala University, Sweden in collaboration with ISIS
Neutron and Muon Source, and (3) Villevieille’s group at Paul Scherrer Institute (PSI), as shown
in Figure II1.4. The cell assembly involves rolling the electrode, separator, and Li foil into a
cylindrical form, followed by electrolyte filling, current collector connections and cell sealing.
In all reported studies, deuterated electrolytes were used, effectively reducing background
signals. Despite having similar configuration, these studies differ in their optimization
approaches, particularly in the following aspects: the mass loading and formulation of active
material electrode, the choice of materials for the cell body, the designs of gasket and

connections, and the type of separator used.

The first roll-over design was reported by Sharma et al. since 2011 in which around 0.4 —
0.6 g active material was coated on Cu/Al current collector. The combination of deuterated
electrolytes and vanadium casing provided good-quality ND data, but only lattice parameters
and phase fractions were refined. These results offered insights into the structural evolution of
positive (Li(Coo.16Mn1.84)O4) and negative (MoS2, Li4Ti5012) electrode materials under operando
conditions [144—147]. This first version of roll-over design offered the possibility to cycle the
cell at faster current rates, up to 15 mA (corresponding to around C/2) [147], this high current

was applied only for some short portions of charge-discharge cycle.
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Figure II1.4. Illustrations of cylindrical roll-over cell designs used for in situ neutron diffraction, developed by three
research groups. Adapted from [144,148-152]

The second group, a collaboration between Upsala University and ISIS, has been working
on cylindrical neutron cell development since 2013, focusing on half-cells using LiFePO4 [148]
or Lio.18Sr0.66Ti0.5Nbo.503 [149] versus lithium. They adapted and modified the earlier designs by
using quartz or aluminum casing and Swagelok-type metallic joints as current collectors and cell
sealing components. To increase data quality, they used higher active material loadings—
typically around 1-2 g, and selected either quartz glass fiber [148] or PVdF membranes [149] as
separators. These modifications allow for the detailed refinement of some structural parameters
(e.g., atomic coordinates, lithium occupancy), but long measurement time was required, ranging
from 1-3 hours [148] to even 15 hours per pattern [149]. These limited cycling conditions may

be better described as in situ rather than operando.

The third group based at PSI continued the work on cylindrical cell development since 2016.
Their first version in 2016 was a full cell of LiNio.sMni.504 vs. graphite mimicking 18650-type
cell, adapted with a screw for electrolyte filling, while the inner core (mandrel) was removed,
and high mass loading of 2 g was used for the electrodes [150]. However, its metallic body and
current collectors contribute many reflections of Fe, Al, Cu, and Ni to the diffraction patterns,
and significant background was caused by polyethylene/polypropylene (PE/PP) polyolefin
(20 um thick) separator. Further improvement in 2017, using full cell of the same active
materials, includes the replacement of iron casing by aluminum case to remove one Bragg
contribution to the patterns, and the use of a composite separator composed of alumina (10—

15 um, described as quasi-transparent to neutrons) and PET (ca. 10 pum) [151]. The electrode
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was highly loaded with 4 g of active material and reliable electrochemical cycling was achieved
at high rates up to C/7. This second design by PSI enables successful Rietveld refinement of 40-
minute patterns, allowing for the quantification of Li consumed by surface reactions after 100
cycles. The research group continue on the third version for half-cell of LiNip.C002Mno.202
(NMC622) vs. Li [152]. In this set-up, the cell was assembled from Al foil doubly coated with
0.7 g of NMC622, Celgard 2500 separator and lithium foil, which was then contained in an
aluminum body. The cell exhibits good electrochemical performance at C/20, even after long-
term cycling. High quality neutron diffraction patterns could be obtained after 1 hour of
acquisition. Despite Celgard’s considerable contribution to the background, an appropriate
background subtraction could allow for reliable Rietveld refinement of three phases: NMC622,
Al and Li. The results provided insight into important parameters such as Li occupancy and

oxygen atomic positions.

I11.2.3. Coin-type ILLBAT#1 cell

I11.2.3.1. Designs of ILLBAT#1 cell

Designing in situ electrochemical cells for neutron diffraction raises the challenge of
balancing good electrochemistry with sufficient neutron diffraction statistics—two requirements
that often conflict. For instance, neutron diffraction typically requires a large quantity of active

material, whereas such high loadings can hinder homogeneous electrochemical reactions.

These issues were addressed by Bianchini et al. [ 143] with a custom-designed cell for in situ

and operando neutron diffraction (Figure II1.5), developed with the following specific criteria:

e FElectrochemical compatibility: The cell is capable of stable cycling for tens of cycles
at a C/5 rate, with electrode material loadings ranging from 10 mg up to 200 mg.

e User-friendly design: The cell is easy to assemble, clean, and reuse, which is practical
at large-scale neutron scattering facilities.

e High-quality diffraction data: The cell is able to produce neutron powder diffraction
patterns of sufficient quality within 30 minutes for a 200 mg loading, with minimal

contributions from components other than the electrode material of interest.

The central component of the cell is the powder container, shown in blue, which houses the
electrode material. It is strictly required for this component to be electrochemically stable (i.e.,
resistant to oxidation or reduction during cycling) and transparent to neutron radiation. To meet
these criteria, a titanium-zirconium (Ti-Zr) alloy of composition close to Tiz0sZr was chosen.
This alloy is well-known as "null matrix material" due to the complementary neutron scattering

properties of its constituents. This unique transparency to neutrons is brought about by the
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contrasting neutron scattering lengths of titanium and Zirconium, which are opposite in sign and
differ in magnitude by roughly a factor of two (bri = —3.37x10"!2 cm and bz = 7.16x10"'2 cm).
When combined in the appropriate stoichiometric ratio, the alloy exhibits near-zero overall
coherent scattering intensity, making it an ideal container material for neutron diffraction studies.
Beyond its electrochemical inertness and neutron transparency, the alloy also offers good
mechanical strength, resistance to corrosion and excellent electrical conductivity, making it an
ideal container material for ND. With dimensions of 3 cm in height and 1 cm in diameter, this
cell can accommodate 200 mg of composite electrode in a thin layer of approximately 1 mm

thickness, which is exposed to the neutron beam.
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Figure I11.5. Coin-type ILLBAT#1 in situ cell for neutron diffraction

I11.2.3.2. Considerations for cell components

In neutron diffraction experiments, neutron beam is ideally focused on the active material
under study, through optimization of cell geometry and the use of cadmium mask to block
neutron exposure to other components. However, some scattering from surrounding materials is
often unavoidable, as other cell components may still be partially exposed to the beam and
contribute to the diffraction pattern. Therefore, it is important to wisely select cell components

during such experiments for minimized background and reliable data.

The first component is the electrode containing the material of interest, usually fabricated
in the form of self-standing films instead of loose powder, allowing better electronic and ionic

transport and mechanical integrity between particles. Self-standing electrodes for in situ
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electrochemical experiments are usually composed of active materials, conductive carbon, and
polymeric binder. In this work, amorphous Carbon Super P was used, which only contributed a
slowly incoherent background to the diffractograms. Regarding binder, polytetrafluoroethylene
CoF4 (PTFE or Teflon®) was chosen due to no presence of hydrogen to avoid incoherent

scattering, as well as its electrochemical inertness, good mechanical and binding properties.

The second component in close contact with the electrode, which can be exposed to neutron,
is separator. Common separator materials include glass fiber, PVDF ([CoHF2]n), and Celgard
([C3Hé]n), which are hydrogen-rich and therefore unsuitable for neutron diffraction. Glass-fiber
separators, composed mainly of amorphous SiO; and ~3% B>0s is a viable choice. Although
natural boron (1°B:*B = 20:80) is a strong neutron absorber (cabs = 767 barns), the low boron

content in glass-fiber results in only minor signal attenuation.

Regarding organic electrolytes, the conventional choice is hydrogen-rich systems, typically
consisting of LiPFs dissolved in organic solvents such as carbonate-based compounds. The
presence of hydrogen generates a strong incoherent background in neutron diffractograms,
which can submerge the Bragg peaks especially in the case of low active material loading. To
address this, deuterated solvents can be a good approach, where deuterium’s much lower
incoherent cross section (2.05 barns) significantly reduces background noise. However, this
solution greatly increases experimental costs (e.g., d-DMC: ~€2000/10 mL vs. H-DMC: €43/100
mL; d-EC: ~€2500/5 g vs. H-EC: €22/100 g). For ILLBAT#I cell, a small amount of deuterated
LP30 electrolyte (1M LiPFs in d-EC:d-DMC=1:1, v/v) was used.

I11.2.3.3. Assembling of ILLBAT#1 cell

Regarding cell assembling, firstly the self-standing electrode is prepared and placed onto
the bottom compartment of the cell. To ensure electrical insulation, a Mylar film lines the cell
interior. The half-cell is assembled by stacking several components over the electrode: (i) A
glass fiber separator is placed directly on top. (ii) ~0.4 mL of electrolyte is then uniformly
distributed onto the separator. (iii) The negative side of the cell is assembled in this order: a
lithium metal counter electrode, a 1 mm thick TixosZr disc serving as the negative current
collector, a spring to apply constant pressure, and a plunger that seals the cell from above, and a
plastic gasket for airtight sealing. The assembly is completed by tightening a screw that
maintains pressure and secures the components in place. Once sealed, the cell is installed
vertically in the diffractometer, with an insulating plastic screw at the top of the plunger allowing
for easy mounting. The design ensures that only the bottom section, where the electrode is

placed, is exposed to the neutron beam via precise alignment using slits and cadmium mask.
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I11.2.4. Cylindrical ILL-LEPMI cell

I11.2.4.1. Design of cylindrical ILL-LEPMI cell

The design of the cylindrical electrochemical cell for in situ or operando neutron diffraction
is illustrated by a schematic and photograph in Figure III.6. This cell was developed from the
expertise of Claire Villevieille, building on her experience at PSI, and in collaboration with the
well-established neutron community at the ILL. Therefore, its design closely resembles that of
the cell reported previously at PSI, while the materials and cell dimensions were optimized by

the ILL for maximized data quality.

The central component of the setup is the cell body — a hollow tube, shown in gray, which
houses the “jelly-roll” configuration of the rolled electrodes. Strict requirements are considered
for choosing the body materials: it must exhibit high chemical and electrochemical stability
against both reduction and oxidation, maintain mechanical integrity under operating conditions,
be compatible with practical cell manufacturing, and crucially, possess low neutron absorption
and scattering to ensure data quality. As described in the cell development history, different
materials have been tested for cell casing, including aluminum, iron or quartz, all of which

contribute Bragg reflections or broad background to the neutron diffraction patterns.

In our case, the cylindrical cell body was fabricated from Tiz.08Zr neutron-transparent alloy,
previously used in ILLBAT#1 cell, which produces no Bragg peaks and negligible background
noise. Additionally, it is a good electrical conductor and is chemically and mechanically robust,
making it suitable for the current collector, i.e. the central rod of the cell. This hollow rod is
composed of two parts: the long rod is the positive current collector around which the positive
electrode foil is directly rolled for electrical contact, while the shorter part is the negative current
collector, which is connected via a tab. These two parts are electrically insulated from each other
by insulating polyetheretherketone (PEEK) material. Besides, as PEEK is chemically stable and

mechanically strong, it is also used to design the sealing caps.
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I11.2.4.2. Considerations for cell components

Celgard is usually chosen as separator for in situ ND experiments because of its high tensile
strength, good resistance to tear and puncture, decent flexibility, and excellent ion transport
properties. Despite containing a large quantity of hydrogen, which causes incoherent scattering
contributes greatly to the high and irregular background, Celgard is still the most suitable
separator. In fact, a comparative study was conducted on the normalized neutron scattering
intensities of several separators (Celgard 2400 & 2500, polyethylene, PVdF), revealing that
Celgard 2500 is the best choice [152]. Another possibility that has been used in previous work
was composite separator made of PET (polyethylene terephthalate) and alumina layer [151].
This material was described as quasi-transparent to neutrons, mechanically strong and good for
ion transport. However, challenges remain regarding the stiffness and brittleness of the alumina
layer, which can crack or delaminate if mishandled. After considering all the compromises from

the previous arguments, Celgard 2500 is used as separator in this work.

The second component that can significantly affect the data quality is the current collector.
As copper does not alloy with lithium at low potentials (unlike aluminum), copper grid is used

as the mesh on which lithium foil is placed. Therefore, it is more preferable to also use copper
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foil as current collector for casting electrode films of active material. Although some copper
reflections overlap with those of the active material (FeNbi11029), the extent of overlap is less

significant compared to that observed with aluminum.

The third component is metallic lithium foil. Lithium can contribute some peaks to the
diffractograms, but also absorbs considerable amounts of neutron, which means less neutrons
are available for coherent scattering with the active material. This lowers the signal-to-noise ratio
of the obtained data. Therefore, lithium foil was made as thin as possible. Besides, thin lithium
foil also facilitates the cell rolling process and ensures better contact with the electrode foil,

giving lower ohmic resistance to the cell.

Fourthly, electrolytes are an important contributor to data quality. Its ability to produce
incoherent scattering not only arises from the hydrogen atoms but also from the liquid content.
Therefore, it is essential to have balanced amount of electrolyte: sufficient to ensure good
electrochemical performance, but not excessive to avoid background noise. While many studies
conventionally use deuterated electrolytes to minimize such noise, we chose to use a standard
hydrogen-containing carbonate-based electrolyte to reduce experimental costs and make such
measurements more accessible. Given the relatively large amount of active material in our cells,
we aimed to evaluate whether using a standard electrolyte would still yield high-quality data,
with the expectation that the diffraction signal would be dominated by the electrode rather than

the electrolyte.
I11.2.4.3. Assembling of cylindrical cell

The procedure of cylindrical cell assembly is illustrated in Figure III.7. First, the double-
coated electrode was cut to the dimensions of 5.5 cm x 20 cm. Two Celgard separator strips
(6 cm x 30 cm) were prepared and joined along their two parallel edges by Kapton tape to ensure
reliable electrical insulation. A copper grid of the same size as the electrode (5.5 x 20 cm) was
cut, and its sharp edges were carefully covered with narrow strips of Kapton tape to avoid
accidental tearing or puncturing of the separator, which could cause short circuits. This grid was
then attached to a small Cu grid tab, which served as an electrical lead to the negative terminal.
All these cell components and materials were dried overnight at 60 °C before being transferred

into an Ar-filled glovebox.
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Figure I11.7. Assembling procedure of cylindrical cell.

Lithium foil was manually flattened by rolling a glass vial over it to decrease its thickness,
yielding foils approximately 200-250 um thick. These foils were then firmly pressed onto the
prepared Cu grid to ensure strong adhesion, then the grid is inserted between the two Celgard
separator strips. Cell assembly started by connecting the electrode to central rod with Kapton
tape for good electrical contact. The remaining components were then attached to the rod in the
order: electrode/ separator/ Li on Cu mesh/ separator, and then tightly rolled around it. Careful
attention was given to maintain proper alignment of the four-layer stack and ensure sufficient
tightness, while avoiding any possible tearing or damage. After verifying the absence of short
circuits and fixing the jelly roll in place, the negative tab is connected to the negative terminal
as shown in Figure II1.7d. Finally, around 2 mL of 1 M LiPF¢ in EC:DMC (3:7 by volume) was

gradually and uniformly filled in the cell to achieve sufficient electrolyte wetting.
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II1.2.5. Objectives of this neutron diffraction study

The overall goal of this work is to benchmark complementary instruments and cell
configurations for in situ and operando neutron diffraction of battery materials. Specifically, we
aim to (i) compare the performance of two diffractometers at the ILL (D2B and D20), (ii)
evaluate two in situ cell designs (the coin-type ILLBAT#1 and a cylindrical cell). Our objective
is to evaluate these designs in terms of practicality, electrochemical performance, and suitability
for different experimental strategies (e.g., slow or fast cycling). This work is intended to identify
the opportunities and challenges for making in situ/ operando neutron diffraction experiments

more accessible, cost-effective, and ultimately closer to routine use.
- Benchmarking of neutron diffractometers

D2B diffractometer offers high resolution that enables reliable structural refinements, while
D20 provides higher intensity and faster data acquisition, making it suitable for following
electrochemical reactions in real time. As a proof of concept, we aim to perform the first
operando battery experiment on D2B, thereby highlighting how optimized cell designs and

instrument capabilities can be combined to improve neutron diffraction studies.
- Benchmarking of in situ cell designs

The coin-type ILLBAT#1 cell is user-friendly, easy to assemble, wash and reuse. Its design
minimizes background contributions and can yield high signal-to-noise data, but this comes at
the cost of expensive deuterated electrolytes and slow achievable cycling rates caused by the
thick electrode. By contrast, the cylindrical cell accommodates larger electrode loadings with
thin coating, which may provide better counting statistics and allow faster cycling, though this
remains to be verified. The drawback, however, is additional peaks and background from current
collectors, lithium metal, separator, and electrolyte. In this work, we aim to explore whether the
larger active-material content in the cylindrical cell can outweigh these drawbacks by providing

more dominant diffraction signals and sufficient data quality for structural refinement.

These objectives were realized by using FeNb;1O29 as a high-rate negative electrode
material, tested in half-cell configuration versus Li metal. Both in situ cell designs were
assembled in this configuration and measured on D2B and D20 at different current rates, which
enables the comparison of data quality, electrochemical performance, and suitability for various

experimental conditions.

94 |Page



II1.3. Reference cell parameters of FeNb11O02 from operando

synchrotron XRD

II1.3.1. Experimental

Operando synchrotron X-ray diffraction (SXRD) experiments were carried out on the MCX
beamline at the synchrotron Elettra (Trieste, Italy), using the LeRiChe v2 electrochemical cell
[153]. Self-supported electrodes were made by mixing dried FeNbi1O29 powder with carbon
additive (Super P, Alfa Aesar) in the 70:20 wt% ratio, followed by the addition of 10 wt% of
polytetrafluoroethylene (PTFE, Sigma-Aldrich), and the mixture was pressed into electrode
films. The cell was assembled inside Ar-filled glovebox with metallic lithium as counter
electrode, glass fiber separator (Whatman grade D) and IM LiPFs in EC:DMC (3:7 vol.%,
Solvionic) as electrolyte. Two cells were assembled: the first, containing 23.8 mg of FeNb;1029,
was cycled at a slow rate of C/3, while the second used a lower active mass of 5.95 mg to enable
cycling at higher rates of 2.5 C and 5 C. Data were collected in transmission mode at A = 0.6889
A over 20 = 2.0 - 29.2°. Operando measurements were performed during the first discharge and
charge at the three current rates, with a 10-min voltage hold at the end of each step to promote
complete reaction. Backgrounds of the obtained SXRD patterns were subtracted using the same
background function to clearly monitor peak shifts, intensity changes, broadening, and the

appearance or disappearance of reflections during cycling.
II1.3.2. Results and discussion

Figure II1.8 illustrates operando SXRD patterns of LixFeNbi11029 during the first cycle at

three C-rates: C/3, 2.5 C, and 5 C, along with corresponding voltage profiles and lithium content.

In all three current rates, the smooth and continuous peak shifts confirm the solid-solution
behavior of FeNb11029, with no evidence of phase separation or abrupt structural transitions.
While this solid-solution mechanism has been reported under slow-rate conditions, this study
demonstrates, for the first time, its persistence at significantly higher C-rates for this particular
composition. Additionally, the consistent and symmetric evolution of peaks during three
discharge/charge cycles indicates that the reversible structural evolution of FeNb;1029 is well
preserved even under fast cycling. This reversibility is further supported by reversible
expansion/contraction of the unit cell: qualitatively by the symmetric shifts of some reflections
such as (011), (115), and (020), and quantitatively by the reversible evolution of Rietveld-refined

lattice parameters (Figure I11.9).
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Overall, these results confirmed the structural robustness and impressive Li" transport

kinetics of FeNb;1029, validating its prospects as a fast-charging negative electrode material.
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Figure I11.9. Cell parameter evolution of Li\FeNb1029 during the first cycle at C/3,2.5 C, and 5 C, showing similar
and reversible structural changes at different rates.
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I11.4. Operando analysis of FeNb11029 in coin-type and cylindrical

cell

I11.4.1. Experimental and data analysis

I11.4.1.1. Coin-type cell

A self-standing electrode was prepared by grinding 400 mg of FeNbi1029, carbon super P
and PTFE in 80:10:10 ratio, followed by pressing the mixture into a pellet of around 1 mm thick.
The half-cell was assembled using metallic lithium as the counter electrode and 0.4 mL of
deuterated electrolyte (1 M LiPF¢ in d-EC:d-DMC=1:1 by volume) absorbed in one Whatman
glass fiber separator. Neutron diffraction data were collected at D20, with one pattern acquired

every 15 minutes while the cell was cycled at C/36 between 0.9 and 3.0 V vs. Li"/Li.
I11.4.1.2. Cylindrical cell

Double-coated electrodes on Cu foil with a high mass loading (~20 mg cm™) were prepared
following similar procedures described in Section 11.2.2.5, with a modified formulation of active
material: carbon: binder ratio to be 90:5:5 by weight. A total of 3 g of dry mixture (FeNb11029;
carbon Super P, Alfa Aesar; PVdF, Solef® 5130) was hand-mixed for 10 minutes, transferred to
a polypropylene cup, and dispersed in ~3.5 mL NMP, corresponding to 45% dry mass. The slurry
was homogenized in a Kakuhunter planetary centrifugal mixer (SK-300SII) for 12 minutes and
then coated onto 0.02 mm Cu foil (Goodfellow) using a 0.4 mm doctor blade gap. The coated
foil was air-dried for 2 hours to prevent cracking and adhesion issues, followed by vacuum
drying at 80 °C for 12 hours. The same procedure was repeated on the opposite side. The
resulting double-coated electrode was calendared to optimize porosity and ensure uniform

thickness, cut to 5.5 X 20 cm, and corresponded to ~4 g of active material.

The cylindrical half-cell was assembled as described in Section 1I1.2.4.3 and used for
experiments at both D2B and D20 (mounted cells shown in Figure I11.10). ND acquisitions of
several cylindrical cell components were performed to evaluate their contribution to the total ND
patterns. On D2B, 2-hour measurements were conducted for the pristine FeNbi10O29 powder,
FeNbi11029-coated Cu foil, as well as the assembled cylindrical cell before and after filling
electrolyte. On D20, 5-minute acquisitions were carried out for the same samples, and a strip of

Celgard separator.
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Figure I11.10. Cylindrical cell mounted at D2B and D20 diffractometers at the ILL

At D2B, the first discharge followed a sequence of 2 h at C/12 (1 Li*/h, 17.38 mA/g) and 6
h rest for ND data collection. This sequence was repeated five times to reach different
LixFeNb11029 compositions (x =0, 2, 4, 6, 8, 10). To optimize beamtime, the sample stage was
rotated to other samples during the 2 h discharge and returned for diffraction at the target
compositions. After discharge, the cell was recharged off-beam to restore its initial state for

subsequent experiments at D20.

At D20, ND patterns were collected every 5 minutes throughout the entire experiment,
which consisted of three discharge-charge cycles at C/12, C/6 and C/2 rates. The first discharge
process was conducted stepwise through 11 sequences, each comprising 1 h discharge at C/12
followed by 1 h rest for long ND acquisition of LixFeNb11029 compositions (x =0—11). This
discharge was followed by a C/12 charge step to restore the initial state. Two further cycles were
then conducted at higher rates (C/6 and C/2), with each step of discharge or charge followed by

a 30-minute constant-voltage hold to ensure complete reactions.
I11.4.1.3. Refinement of ND patterns

For each set of ND data collected under the same configuration and instrument, the patterns
exhibited consistent background features. Therefore, a point-by-point interpolated background

function was used for each dataset and applied for background subtraction.

Rietveld refinements of the ND patterns were carried out using the FullProf Suite package
[154]. For data obtained with the coin-type cell, only the FeNb;1029 active material phase was
observed and thus considered in the refinement. By contrast, the patterns collected with the
cylindrical cell contained three contributions: FeNbi1029 (refined by the Rietveld method) as
well as the Cu current collector and Li counter electrode, both of which were refined using the
Le Bail method (profile matching with fixed scale factors). The validity of Le Bail refinements

was justified as the two additional phases (Cu and Li) have little overlap with the main phase.
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Several challenges arose during refinement of LixFeNb11029 and could not be fully resolved.
Attempts to introduce lithium atoms into different sites among 12 possible crystallographic sites
produced no significant improvement in the refinement quality of the lithiated compositions.
Likewise, the use of Fourier difference maps to identify deficit nuclear densities—which may
suggest lithium positions—was unsuccessful, as no clear regions of missing density were
observed.

Considering these challenges and given the structural complexity of lithium sites in
LixFeNb11029, the Li amount of each lithiated composition is equally distributed over all 12 sites
(equal Li site occupancies).. The refined parameters for FeNbi1029 included the lattice constants
(a, b, ¢, B), scale factor, overall B factor. For Cu and Li phases, zero shift and cell parameters
were refined for the first pattern in each series and subsequently fixed for all following

refinements.
I11.4.2. Comparison of electrochemical cycling in two in situ cells

Figure II1.11 compares the galvanostatic cycling profiles of FeNb11029/Li1 half-cells inside

coin-type ILLBAT#1, cylindrical and lab-scale coin-cell configurations.
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Figure III.11. Voltage profiles (a) and differential capacity curves (b) of FeNb;1029/Li half-cells in three different
setups, showing stable performance up to C/2 of cylindrical cell, while ILLBAT#1 cell at C/36 suffered from strong

polarization and unstable cycling.

Firstly, at the same current rate and comparable mass loading, the cylindrical and coin cells
exhibit similar charge-discharge profiles with characteristic sloping features, consistent with
dQ/dV peaks at ~2.4 V, 1.65 V, and 1.3 V, corresponding to Fe**>*, Nb>"#* and Nb**** redox
couples, respectively. The cylindrical cell enables reversible cycling and delivers a capacity

corresponding to ~12 Li* per formula unit (f.u.), lower than that of the coin cell (~15 Li* per
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f.u.). Its voltage profiles show higher polarisation and weaker dQ/dV peaks than the coin-cell
reference, which could arise from local inhomogeneities at the rolled edges slight variations in
lithium thickness, and an imperfect compaction of the outermost layers of the jelly-roll—effects
that are difficult to eliminate completely by manual rolling. Despite these limitations, the
cylindrical cell still exhibits modest polarisation (~200 mV) and low internal resistance (~1 Q,
Figure I11.12). Increasing the rate to C/6 only led to a slight rise in polarisation and a minor
capacity decrease, with approximatively ~10 Li* exchanged (Figure II1.13). Even at C/2, despite
more pronounced polarization, the cell still accommodated ~8 Li*, highlighting its impressive
ability to endure high current while obtaining decent specific capacity. This electrochemical
stability was still maintained during prolonged cycling and during operando experiments

(Figure IIL.13).

i 3.2
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Figure II1.12. Galvanostatic cycling curves of cylindrical and coin-type operando cells. The voltage step AE at the
start of discharge and charge is used to estimate the internal resistance (R = AE/I). The cylindrical cell shows a
much lower internal resistance (< 1 Q) than the coin-type cell (~30-50 Q).

By contrast, the coin-type cell exhibits markedly poorer behavior even at a much slower
C/36 rate: lower capacity of ~10 Li*, large internal resistance (= 30-50 ), and subsequent
voltage instability. These features could be due to unstable contact, electrolyte decomposition

and parasitic reactions in the thick self-standing electrode.
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Figure III.13. Charge-discharge profiles of FeNb;;Ox/Li half-cell in cylindrical configuration during
in situ/operando experiments at (a) D2B and (b) D20 diffractometers, and (c) prolonged cycling test.

I11.4.3. Contribution of cell components to ND patterns in cylindrical cell

Figure III.14 presents ND patterns of individual components to compare their contribution
to the overall pattern of the cylindrical cell. For FeNb;1029 electrodes coated on Cu foil, the Cu
reflections dominate the diffractograms regardless of the mass loading. However, at a high
loading of 20 mgeno/cm?, FeNbi1029 signals become significantly strong, with well-defined
peaks extending to high Q. This demonstrates the critical role of mass loading in enhancing the
signal-to-noise ratio of the active phase. The electrode pattern at high loading also displays
comparable FeNbi1029 phase intensity as that of the reference powder, both at D2B and D20,
confirming the excellent data quality. Additionally, the large quantity of electrode material at

this loading enabled high-quality data collection in only 5 minutes at D20.
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Figure II1.14. Comparison of NPD patterns for FeNb;;O2 powder, some components and the assembled cylindrical
cell, obtained at D2B diffractometer in 2 hours (except Celgard, measured at D20 diffractometer in 5 minutes).

X° =15.4

FeNb,,0,, powder
Rp ™ 174
R =9.75

Bragg

¢ Observed
— Calculated
— Difference ]

| FeNb,,0,
(1 OO0 O 000 0 A 0 R0 0 0 RO A
-~ NV
. L = 1 T T s T 77 1 . T i
FeNb,,0,, in cylindrical cell ¥ =10.1
* Observed _
— Calculated R‘”P Sl
— Difference RBragg =16.0
FeNb,,0,
| i Jeu 3
w& PRV W S NN
F T EEIEIIER 0 i I\I.Illhilli\lilllllll !'IHIII[ L] IIII\I‘II!IHIIIIIIIINI\II!IIIIJIIH\IIFI\IIIIII\IIIHIIIIII\[!IIlIUIIIII IIIIllIIIHIIIIIIIIIllIIIIIIIIIII\,I\ll\’lll!lllll!llI‘.IIIIIIIIII
I I I | | |
A el Pt YA Al aagliimas oS b o e
i 1 i I B I ¥ | b I . I L
40 60 5p ©) 80 100 120

Figure III.15. Rietveld-refined ND patterns obtained at D2B of FeNb;;Oz powder and cylindrical cell after

background subtraction, fitted with FeNb;;029 (green), Cu (purple), and Li (pink).
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The second component is Celgard separator, containing hydrogen, which significantly
contributes to incoherent scattering and high background. However, when the full assembled
stack (positive, negative, current collectors and separators) is assembled inside the cylindrical
cell without electrolyte, a considerable drop in data quality is observed (blue), with diminished
intensity and less resolved peaks. This likely arises from incoherent scattering by the cell
components, especially Celgard separator, and strong absorption due to Li metal foil. After
filling electrolyte, the signal-to-noise was slightly worsened, where the peaks become suppressed
and less defined. However, after careful background subtraction, the data quality remains
sufficiently good for Rietveld refinement as shown in Figure III.15 and Table I11.2, by including
three phases, FeNb11029, Cu and Li.

These findings indicate that the conventional non-deuterated electrolyte is not the primary
factor that decreases data quality; rather, the dominant contributions come from other cell
components, notably the Celgard separator and the lithium foil. Importantly, a sufficiently high
material mass—achieved by high areal loading on thin films—can compensate for these
penalties and provide diffractograms of sufficient quality for structural analysis. Regarding
perspectives, data quality could be further improved by minimizing the influence of cell
components, for example, by adopting alternative separators with reduced background scattering

or by using thinner Li foils.
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Table I11.2. Rietveld refinement results of ND patterns of FeNb;1029 phase in cylindrical cell

Neutron diffraction FeNb11029 A2lm 7Z=2
a (A) b (A) ¢ (A) p a=1v=90°
15.623(2) 3.8494(3) 20.694(2)  113.025(11)° ¥
Atom Wygkpff Atomic coordinates Occ. Bio (A2)
position x/a /b z/c
Nbl/Fel 4i 0.0942 0.0 0.0663 0.92/0.08 3.857
Nb2/Fe2 4i 0.0846 0.0 0.6912 0.92/0.08 3.718
Nb3/Fe3 4i 0.0945 0.0 0.8826 0.92/0.08 3.825
Nb4/Fe4 4i 0.3783 0.0 0.1517 0.92/0.08 3.185
Nb5/Fe5 4i 0.3725 0.0 0.7805 0.92/0.08 3.292
Nb6/Fe6 4i 0.3708 0.0 0.9568 0.92/0.08 3.142
Ol 2d 0.5000 0.0 0.0000 0.5 6.622
02 4i 0.0649 0.0 0.1665 1.0 4.458
03 4i 0.0884 0.0 0.3667 1.0 4.849
04 4i 0.0788 0.0 0.5873 1.0 4.624
05 4i 0.0763 0.0 0.7773 1.0 6.014
06 4i 0.0809 0.0 0.9855 1.0 6.209
07 4i 0.2263 0.0 0.1075 1.0 5.653
08 4i 0.2259 0.0 0.7267 1.0 5.755
09 4i 0.2186 0.0 0.9169 1.0 4.593
010 4i 0.3653 0.0 0.0516 1.0 4.065
Oll 4i 0.3510 0.0 0.2479 1.0 6.513
012 4i 0.3510 0.0 0.4514 1.0 5.176
013 4i 0.3581 0.0 0.6641 1.0 4.191
Ol4 4i 0.3555 0.0 0.8610 1.0 5.110
015 4i 0.5017 0.0 0.1901 1.0 4.414

Rwp = 12.3%, Bragg R-factor = 19.1%, RF-factor = 14.6%

I11.4.4. Comparison of ND patterns in cylindrical cell obtained at D2B and
D20 diffractometer

The comparison between NPD patterns of the cylindrical cell at several LixFeNb11029
compositions, obtained at two diffractometers, clarifies the instrumental characteristics
(Figure I11.16). For a given composition, both diffractometers recorded comparable peak
positions and shapes, with closely similar cell parameters from Rietveld refinement. However,
some differences between the two datasets could be observed. On the one hand, the patterns
obtained at D2B instrument show slightly better separation between FeNb;1029 reflections and
Cu peaks, e.g. near Q = 3 A”!. This may come from (i) the intrinsic higher resolution of D2B

diffractometer or (ii) the phase relaxation and lithium homogenization within the electrode

105|Page



during 6 h of rest, evidenced by the noticeable potential equilibration (Figure I11.13), making the
peaks closer to a thermodynamically stable state. On the other hand, D20 instrument with higher
neutron flux enabled the collection of better signal-to-noise data in shorter time, although at the
cost of slightly reduced peak resolution. These results confirmed that both instruments can
deliver comparable structural information; and the choice between them mainly depends on

either the reaction kinetics to be probed or thermodynamics equilibrium.
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Figure I11.16. ND patterns of LixFeNb;1029 collected on D2B (6 h, black) and D20 (1 h, blue), and the corresponding
Rietveld-refined cell parameters. D2B provides higher resolution, especially near Q = 3 A™' with better peak
separation, while D20 offers better signal-to-noise.

I11.4.5. Operando ND analysis in cylindrical cell at D20 at three current rates

Operando NPD of the cylindrical cell at D20 reveals the structural changes of FeNb;1029 at
three current rates, together with the electrochemical profiles (Figure I11.17). During the initial
C/12 discharge, continuous and progressive peak shifts are observed for many reflections, such
as (011), (206), (020) and (420), indicating gradual lattice evolution as lithiation proceeds
from x = 0 to x = 11. During the subsequent charge, the Bragg reflections shift back reversibly,
with nearly all lithium extracted, and the structure returns close to its initial state. At higher rates
(C/6 and C/2), this smooth peak shift behavior is also seen, even though each five-minute
acquisition corresponds to larger composition changes, making the patterns slightly less well-
defined. Across three cycles, the absence of peak splitting or additional reflections is consistent
with a single-phase, solid-solution mechanism [108,120]. Besides, this demonstrates the robust

structural reversibility of FeNb;1O at fast cycling, which was also previously reported
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[108,120]. Overall, these results highlight the excellent capability of the cylindrical cell to

support time-resolved measurements at high currents with good capacity retention.
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Figure II1.17. Operando ND contour plots of LixFeNb;;029 collected at D20 during cycling at three current rates
(C/12, C/6, and C/2), and the corresponding electrochemical profiles.

111.4.6. Operando ND of FeNb11029 at D20: cylindrical and coin-type cells

Comparative analyses of operando NPD data obtained in cylindrical and coin-type cells
help to clarify the effect of cell designs on electrochemistry and diffraction data. Note that the
detectors were changed between the two experiments (same type, but newly installed). Overall,
the NPD patterns of each Li.FeNbi1029 composition collected in two cells exhibit comparable
peak positions for most reflections, indicating similar structural transitions and the reliability of
the cells (Figure II1.18). However, differences could still be observed. For the cylindrical cell
cycled at C/12, the contour plots exhibit clear, progressive peak shifts on discharge and a
reversible evolution on charge, which are especially evident for the (011), (020), (420), (4 2 10),

and (740) Bragg reflections (Figure I11.17), similar to the gradual and reversible peak evolutions

in Figure II1.19.
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Figure 111.18. Operando ND contour plots of FeNb1:1O2s/Li half-cells at D20 using (a) a cylindrical cell (C/12) and
(b) the ILLBAT#1 cell (C/36). Clear peak shifts are observed in the cylindrical cell, while the ILLBAT#1 cell shows
weaker or discontinuous changes.

By contrast, analogous features are less evident for the coin-type cell cycled at C/36, both
in the stacked patterns and in the contour plot (Figure II1.18-19). Firstly, while the peaks still
evolve progressively during discharge, this behaviour becomes weaker or discontinuous at the
end of charge, e.g. (020) reflection showing almost no shift and only a gradual, incomplete
recovery of intensity. Additionally, the peak shape and intensity of (3 0 10) and (700) reflections
remain nearly unchanged at the end of charge, indicating that the lithiated phase cannot be fully
delithiated. After cycling, all reflections exhibit a clear decrease in intensity accompanied by a
broadening of their full width at half maximum (FWHM), which suggests the presence of several
local lithiation states in the electrode. This could likely arise from the thick self-standing
electrode, resulting in inhomogeneous electrochemical reactions and lithium gradient within the
electrode volume. Such gradient in lithiation degree. simplified as Li-rich and Li-poor
contribution (Figure II1.19), could reasonably explain the observations above: subtle peak
evolution, incomplete intensity recovery and broadened FWHM at the end of charge. This
interpretation is further supported by the contour plots (Figure I11.18), where the shifts of some
high-angle Bragg reflections, e.g. (15 1 5) and (740), while can be unambiguously observed for
cylindrical cell, are absent for coin-type cell. These results highlight the impact of electrode
configuration on data quality, with the cylindrical cell providing more homogeneous

electrochemical reactions and, consequently, clearer structural evolution.
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cells. The cylindrical cell shows gradual peak shifts and intensity recovery, whereas the ILLBAT#1 cell exhibits
abrupt changes and reduced intensities after cycling.
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I11.4.7. Operando ND and SXRD studies of FeNb{1029: comparison of cell

parameter evolution

Beside the qualitative evaluation, further quantitative analyses allow the comparison of
FeNb11029 cell parameters evolution during operando NPD experiments in different setups and
reference data obtained from SXRD experiment in coin-type cells (Figure I11.20). These values
were refined by Rietveld method for cylindrical cell ND and SXRD data, while profile matching
was used for ND data from ILLBAT#1 cell.

In the cylindrical configuration, the cell parameters evolve with a high degree of consistency
across the three current rates (C/12, C/6, and C/2). Their values exhibit closely similar values
with reliable standard uncertainties and follow identical trends, suggesting that the structural
changes of FeNb11029 during lithiation and delithiation are largely independent from kinetics
and demonstrated the excellent ability of the cell to sustain electrochemical reversibility at high
currents.
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Figure II1.20. Cell parameter evolution of FeNbi1Oy obtained from operando ND experiments at D20 in (a)
cylindrical at three current rates, (b) compared with results from ND in ILLBAT#1 cell and SXRD experiment.
Error bars indicate the standard uncertainties of the refined parameters.
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By contrast, comparison with the ILLBAT#1 coin-type cell and SXRD data reveals more
noticeable discrepancies in parameter values, even though the overall trends are preserved. The
standard uncertainties of the refined parameters, shown as error bars in Figure III.18, are
comparable between ND data obtained in two cells, indicating similar reliability of the fits. The
consistency in cell parameter evolution in three setups confirms the same underlying solid-
solution mechanism, while their deviations highlight the influence of experimental conditions.
Key differences include electrode formulation, cycling rate, and, most critically, mass loading
and electrode thickness (~0.2 mm for the cylindrical cell versus ~1 mm for the ILLBAT#1 coin-
type cell). Thicker electrodes are more likely to have inhomogeneous reactions across the
electrode depth, which may introduce local stresses and lead to slight variations in the measured
lattice parameters. Despite these discrepancies, the general agreement across the different setups
highlights both the robust reversibility of the FeNb11029 structure under varying conditions and

the reliability of cylindrical cells for operando neutron diffraction studies.
I11.4.8. Post-cycling analyses of FeNb1109 in cylindrical cell

To evaluate the homogeneity of electrochemical reactions across different regions of the
cylindrical cell, post-cycling ND and XRD measurements were carried out. Firstly, vertical ND
scans were conducted on D20 using a 1 cm slit to probe distinct sections of the electrode. Despite
the lower signal-to-noise ratios due to reduced probed volume, the characteristic FeNb;1029
reflections (marked with asterisks) remained clearly identifiable and appeared at the same 26

positions across all vertical sections (A—E), as shown in Figure II1.21.
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Figure II1.21. Vertical ND scans on D20@ILL at different electrode positions (A—E) show consistent FeNb;1029
reflections (asterisks), confirming uniform electrochemical reactions throughout the cell.
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Complementary post-cycling XRD was performed on electrode discs punched from
different positions along the vertical and radial directions of the cylindrical cell (Figure 111.22).
The analysis reveals nearly identical peak positions and only minor fluctuations in the refined

lattice parameters across all sampled regions.
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Figure I11.22. Post-mortem laboratory XRD from different electrode positions shows nearly identical peak positions
and minor lattice variations, confirming structural homogeneity.

Together, these results demonstrate that the FeNbi1O9 electrode maintains structural
homogeneity, with electrochemical reactions proceeding uniformly throughout the cell.

Table I11.3. Refined lattice parameters of FeNb,;0,9 electrodes at different positions

Samples a (A) b (A) c(d) B© a Rwp
Al 15.589(2)  3.8627(5) 20.619(3)  113.030(11) 18.0  6.37
A2 15.5783(8)  3.8315(2) 20.6099(9) 112.9944(13) 7.49  6.13
A3 15.5761(13) 3.8313(3) 20.6078(15) 112.9978(6) 112  7.43
B1 15.5917(14) 3.8320(2) 20.6189(15) 113.053(6) 9.70  6.94
B2 15.5870(11) 3.8276(2) 20.6044(12) 113.061(5)  7.01 6.00
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111.4.9. General discussions on two in situ cells and diffractometers

The findings of this work highlight the complementary characteristics of the two in situ cell
configurations and diffractometers, each offering distinct advantages and limitations that make

them suitable for different experimental purposes.
111.4.9.1. Coin-type ILLBAT#1 cell

The coin-type cell (ILLBAT#1) offers several practical benefits. It is highly user-friendly,
as it can be easily assembled, disassembled, cleaned, and reused, which greatly facilitates
experiments during beam time at neutron facilities. The entire fabrication process, including self-
standing electrode preparation and cell assembly, can be completed from scratch in less than 30
minutes. This cell design is also particularly well suited when only a limited quantity of active
material is available, since it requires only 200—300 mg of active material together with a small

lithium foil.

To achieve sufficient data quality, however, the use of expensive deuterated electrolytes is
essential, around 0.4 mL in this study. By employing hydrogen-free materials (e.g., deuterated
electrolytes and glass-fiber separators) and separating the individual cell components, the
contribution of inactive parts to the diffraction background is minimized. As a result, the Bragg
reflections of the active material dominate, leading to a greatly enhanced signal-to-noise ratio

and the acquisition of high-quality diffraction data.

Despite these advantages, several challenges remain. Only a relatively small amount of
active material can be cycled reversibly in the cell, which inherently limits the counting statistics.
In addition, thick self-standing electrodes tend to cause significant polarization and
inhomogeneous electrochemical reactions. Consequently, the cycling performance of the cell is
restricted to slow rates (C/24 in previous report [143], and C/36 in this study). Apart from the
high cost of deuterated electrolyte, challenges may come from its reduced stability, especially at

high voltage, which may not appear in initial cycle but becomes evident upon extended cycling.
111.4.9.2. Cylindrical cell

On the other hand, cylindrical cells can effectively address several of these challenges. First,
larger amount of active material can be double coated onto the current collector as thin film,
allowing for both homogeneous electrochemistry and sufficient counting statistics, making it
possible to make shorter acquisitions of each pattern. Besides, thin electrodes enable faster
cycling with lower and acceptable polarization. In this study, reliable structural evolution was
observed at C/12 and C/6 and, for the first time to our knowledge, at the substantially higher rate
of C/2.
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The main drawback of this configuration is that all components of the cell are exposed to
the neutron beam, contributing additional signals. This includes not only the metallic current
collector for the two electrodes, which are unavoidable, but also lithium metal (in case of half-
cell), the separator, and the electrolyte. The current collectors are highly crystalline and therefore
give strong diffraction peaks, which may overlap with those of the active materials. Lithium
metal gives weaker peaks, but it is a strong neutron absorber. The separator, often Celgard, is a
dominant source of incoherent scattering because of its high hydrogen content, as demonstrated
by the suppression of active-material peaks even before electrolyte filling. The electrolyte is
another major source of background when it contains hydrogen, which contributes strongly to
incoherent scattering. These absorption and incoherent scattering effects reduce the number of

neutrons available for coherent scattering, leading to higher background and poorer statistics.

However, these drawbacks can be compensated by the large amount of active material,
which has proved to give sufficient diffraction signals. Notably, this study demonstrates that
acceptable data quality for structural refinements can still be achieved using conventional
electrolytes, with background subtraction carefully done. Looking forward, further
improvements regarding component signal mitigation could be achieved by selecting alternative
separator materials (e.g., alumina or PET, as reported in [151], although they remain difficult to
handle), using alternative current collector (V or Tiz.08Zr), optimizing lithium foil thickness, and

the use of partially deuterated electrolyte.
111.4.9.3. Neutron diffractometers at the ILL

Regarding the diffractometers, their complementary characteristics were also demonstrated
in this work. D2B offers high resolution, enabling precise structural refinements, whereas D20
provides the high flux needed to capture fast kinetics in real-time operando measurements. In
this study, operando ND was performed at D2B for the first time, producing patterns with
slightly improved resolution compared to D20, while yielding consistent peak positions and cell
parameters between both instruments. The major limitation of D2B is its relatively long
acquisition time (6 h per pattern herein), which in our case was partly due to the low reactor
power during the neutron beamtime. In practice, shorter acquisition times should be achievable
by combining higher reactor flux with optimized cell components as discussed above,
particularly through reducing hydrogen content (to which D2B is highly sensitive compared to
D20) and minimizing absorption effects. Altogether, these results emphasize the complementary
features of cell designs and diffractometers and pave the way towards the development of more
accessible, cost-effective in situ or operando neutron diffraction experiments, bringing such

measurements closer to routine use.
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II1.5. Conclusions and perspectives

In this study, we have benchmarked two sets of tools for operando neutron diffraction by
comparing the cell configurations (coin-type ILLBAT#1 wvs. cylindrical cells) and
diffractometers (D2B vs. D20) at the ILL. The results highlight the complementary
characteristics of each setup. The coin-type ILLBAT#1 cell offers ease of assembly, optimized
material usage, and excellent signal-to-noise thanks to its hydrogen-free components, but its
electrochemical performance is hindered by high resistance, strong polarization, and limited
cycling capability mainly caused by the thick electrode. In contrast, cylindrical cells provide
more realistic electrochemistry, larger sample amounts, and faster kinetics, enabling reliable
operando studies, though at the cost of additional background contributions from cell

components.

Similarly, the diffractometers serve different but complementary purposes: D2B delivers
superior resolution for precise structural analysis, while D20 provides high flux for fast kinetics
and real-time operando measurements. Operando experiments with cylindrical cells
demonstrated continuous and reversible peak shifts during cycling, confirming a solid-solution
lithiation mechanism in FeNb11029, with homogeneous electrochemical reactions throughout the
electrode even at high rates. Importantly, we showed that conventional electrolytes can still yield
data of sufficient quality for structural refinements when paired with careful background

subtraction.

Looking forward, these findings open perspectives for making operando neutron diffraction
a more accessible and routine tool in battery research. Cylindrical cell represents a promising
tool for balancing realistic electrochemistry with sufficiently good data quality, especially for
investigating high-rate electrode materials by ND. The cell design could be further optimized by
reducing parasitic scattering and absorption—for example, through the use of thinner lithium
foils, alternative separators with reduced background, optimized current collector thickness, or
partially deuterated electrolyte. On the instrumentation side, combined use of D2B and D20 can
offer both high-resolution structural details and time-resolved insights, providing comprehensive

information of electrochemical reactions.
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Chapter 1V

Evaluation of FeNb11029

in full-cell configurations
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IV.1. Prototyping of FeNb11029 in 18650 full cells

IV.1.1. Current advances of Wadsley-Roth phases in Li-ion full cells

The practical viability of several Wadsley—Roth niobium-based oxides as high-performance
negative electrode materials has been demonstrated in full-cell configurations using organic
electrolytes and paired with various commercial cathodes. These studies reveal their promising

performance, including safety, fast-charging capability, and long-term cyclability.

One of the most remarkable results comes from Takami and co-workers at Toshiba
Corporation, who fabricated large-format TiNb,O7@C/LiNig.sC002Mno20; full cells with a
capacity of 49 Ah [155]. These cells delivered an exceptional volumetric energy density of 350
Wh-L!, higher than LisTisO12-based cells, with an ultralong cycle life—retaining 86% capacity
after 7000 cycles at 1C. Furthermore, the cells performed excellently under fast-charging
conditions, reaching 90% state of charge in 6 minutes at 10C, highlighting the ultrafast Li"

transport and structural integrity of TiNb2O7 in large-scale tests.

Another direction is to take advantage of the high-voltage positive electrode LiNiosMn1.504
for higher energy density. Han and Goodenough investigated a TiNb2O7/LiNig.sMn1.504 system,
with a 3 V window and a longer cycle life than cells with a graphite negative electrode [69].
Their study provided insights on capacity balancing, where negative electrode-limited full cell
exhibits a better performance than cathode-limited cells. This high-voltage spinel was also paired
with AINb11029 in full cells, which exhibited a high operating voltage of ~3.05 V and a reversible
capacity of 136 mAh-g!, maintaining 93.2% capacity retention after 100 cycles at 1C [156].

In addition to their high-rate capability and long cycle life, full cells using LiFePO4 also
benefit from excellent thermal stability, contributing to enhanced safety under demanding
conditions. For example, TioNb10O20@TiC-C/LiFePOs full cells exhibited remarkable kinetics
and durability at high rates, retaining 125 mAh-g! at 10 C over 5000 cycles [157]. Besides,
Nb14W3044/LiFePOy4 full cells were tested at 50 °C with impressive thermal resilience, delivering

100.5 mAh-g! after 1000 cycles at 10 C [158].

Overall, these examples highlight the versatility of Wadsley—Roth phases in full cells, which
can be tailored for ultrafast charging, high energy density, or long cycle life applications with
diverse commercial cathodes. Based on these advances, it is promising to valorize the
electrochemical performance of FeNb11029 in practical full-cell configurations. For this purpose,
its integration into both 18650-format cylindrical cells and coin cells for degradation studies will
be explored. The strengths and limitations of FeNb11029 will be investigated and compared with

state-of-the-art systems to assess its suitability for large-scale applications.
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IV.1.2. Experimental

All experiments involving 18650 cylindrical cells were carried out at the Laboratoire de
Réactivité et de Chimie des Solides (LRCS) in Amiens, in collaboration with Frangois Rabuel

and Mathieu Morcrette, during a one-week stay in February 2025.
IV.1.2.1. Large-scale synthesis and characterization

Large-scale solid-state synthesis of FeNb;1029 was carried out following similar protocols
as described in chapter 2. Around 250 g of Nb2Os (Thermo Fisher, 99.5%) and 13.65 g of Fe;03
(>99 %, <5 um, Honeywell) were used as precursors. The powders were put inside a high-
density polyethylene bottle (HDPE) with 12 stainless steel balls of 20 mm diameter and mixed
by using a Turbula® 3D shaker mixer for 12 hours. The resulting powder was transferred to an
alumina crucible, which was subjected to a 6-hour heat treatment at 1100 °C, with a ramping
time of 3 hours. Compared with the small-scale synthesis, longer heating (6 hours) was used to
ensure complete reaction throughout the larger volume of the sample. The obtained product was
ground using the same Turbula® mixer for 4 hours to break the agglomeration and homogenize

the powder.

Powder X-ray diffraction of the product was done using Bruker D8 diffractometer with Cu
K as the source of radiation. The pattern was collected within the 2theta range of 5 — 70°, with
a step size of 0.033°. Scanning electron microscopy (SEM) and Energy Dispersive Spectroscopy

(EDX) was carried out using Quanta 200F ESEM-FEG (FEI) microscope.

True density of three electrode components was measured by AccuPyc 1300 helium
pycnometer (Micromeritics). True density only takes into account the volume of the particles,

without considering the voids or space between them.

IV.1.2.2. Fabrication process of 18650-format cells

Figure IV.1 illustrates the fabrication process of 18650 cells, including slurry preparation,

electrode coating and calendaring, winding, and final assembly with electrolyte filling
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Figure I'V.1. Fabrication process of 18650 cells involves slurry mixing, coating and calendaring, electrode winding,
and final cell assembly with electrolyte filling

1V.1.2.2.a. Slurry preparation

Cell fabrication begins with slurry preparation, which requires homogeneous particle size
of the active material for uniform coatings. A home-made sieving tool was used, consisting of a
100 um mesh fixed to an HDPE bottle connected to a vacuum pump, with a beaker inside to
collect the filtered material. Since FeNb110y9 is stable in water, a suspension of 200 g in ~200

mL deionized water was prepared, mixed, sieved through this setup, and dried for two days.

As in small-scale electrode casting, the slurry typically consists of active material,
conductive carbon, and binder dispersed in solvent, then coated onto a metallic current collector
foil (aluminium or copper, depending on the system). For FeNbi10O29, which operates above
1.0 V vs. Li*/Li, aluminum is preferred as a cheaper, lighter alternative to copper, while avoiding
alloying with lithium. However, with aluminum, water-based slurries can induce corrosion, so

NMP is preferred.

In a typical slurry preparation, 200 g of dry mass was used, composed of FeNb11029, carbon
black and PVdF in 90:5:5 weight ratio. A suitable amount of NMP is added to reach 50 — 55%
dry mass. The dry mass percentage depends on the target mass loading, density, particle size and
morphology of active material, casting blade gap, and solvent wetting properties. This mixture
was then subjected to an efficient stirring, dispersing process inside the planetary Dispermat

mixer (VMA-GETZMANN, model CV3-plus).
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1V.1.2.2.b. Electrode coating and calendaring

The electrode coating step was carried out using a coater machine in the prototype platform
of LRCS. This equipment enables the homogeneous deposition of slurries on both sides of the
collector, and drying was done using two independent rollers with controlled airflow and
controlled temperatures. At first, several trials of small coating were conducted with different
gaps of doctor-blade to establish a calibration curve that relates the mass loading and the gap.

From this calibration, a suitable gap for the target mass loading can be chosen.

The obtained electrodes are subjected to calendering, using a BPN-250 calendering machine
(People and Technology Inc.). Calendering improves the adhesion of the electrode material to
the current collector, which is essential for maintaining mechanical integrity during cycling. It
also optimizes the balance between electronic conductivity and ionic transport within the
electrode. Additionally, this process increases both the gravimetric and the volumetric energy

density of the electrode, thereby enhancing the overall performance of the battery.

Positive electrodes of LiNig.cC002Mng202 (NMC622, denoted as NMC herein) were pre-
fabricated by LRCS and paired with FeNb;1029 electrodes for full-cell assembly.

1V.1.2.2.c. Winding of jelly-roll cell

The electrodes are cut into strips of 5.6 cm in width and around 50 cm in length. The exact
length of the positive and negative electrodes was adjusted to attain a target negative-to-positive
(N/P) mass balance. Subsequently, a nickel-plated aluminum tab was welded onto one end of

each electrode for the connection to the cylindrical can.

The next step involves winding the four layers—negative electrode, separator, positive
electrode, and a second separator—into a tightly rolled cylindrical jelly-roll structure, using a
semi-automatic winding machine. This equipment ensures precise alignment, consistent tension
of the layers, while preventing short circuits. The jelly rolls were inserted into 18650-format
casings. This format, 18 mm in diameter and 65 mm in length, was first introduced by Sony in

1991 and has become a widely adopted standard for lithium-ion cells.

For one three-electrode cell, a reference electrode made from a small LiFePOs strip coated
on Al foil, wrapped in a Celgard separator for electronic insulation, was inserted into the jelly
roll during the winding step. After cell assembly, a specific preconditioning step was applied:
the FeNb11O2 and LiFePOs electrodes were precharged until around half of LiFePOs is
delithiated, bringing the reference to its two-phase LiFePO4/FePOj plateau at 3.45 V vs Li"/Li.
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IV.1.2.2.a. Cell closing and electrolyte filling

Afterwards, spot welding was carried out to electrically connect the electrode terminal tab
to can’s poles. This was followed by grooving, which creates a small inward indentation or

“groove” near the top of the can, to lock the cap and gasket in place.

Subsequent processes were carried out inside the dry room, with a dew point of at
least -40 °C, corresponding to very low relative humidity (RH). The cell was dried at 80 °C under
vacuum for four days, then filled with commercial LP30 electrolyte. Finally, the cell was

crimped to ensure airtight sealing, preventing electrolyte leakage and moisture intake.
IV.1.2.3. Electrochemical cycling

Two FeNb11020/NMC full-cells were assembled and subjected to various electrochemical
protocols below. Nominal capacity C is calculated based on the theoretical capacity of NMC
positive capacity.

e Formation protocol: one initial cycle at C/20, followed by five cycles at C/5.

e Asymmetric rate tests

These tests compare the kinetics of Li* insertion and extraction by fixing either charge or

discharge current while progressively increasing the other.

» D-rate test: The charge current was fixed at C/5, while the discharge current was
progressively increased every five cycles (D/5 — D/2 — 1D — 2D — 3D — D/5).

» C-rate test: The discharge current was fixed at D/5, while the charge current was
progressively increased every five cycles (C/5 — C/2 — 1C — 2C — 3C — C/5).

e Alternating slow/fast cycling

A repeated cycling sequence was used, consisting of one slow cycle (charge at C/5 and

discharge at D/5) followed by ten fast cycles (1C/1D). This sequence was repeated 20 times.
e Constant power discharge test:

The cells were discharged at a fixed power (12 W), where the potentiostat continuously
adjusts the current in response to the changing voltage to maintain constant power output
(P=E xI) until a voltage cutoff was reached. This approach allows the evaluation of energy
delivery under different power loads, represented in a Ragone plot of energy density vs. power
density.

For comparison, these tests were also performed on two LisTisO12/NMC full-cells,
assembled from the same batch of NMC electrodes, and commercial LisTisO12 material

(Targray).
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IV.1.3. Results and discussion

IV.1.3.1. FeNb11029 phase purity and elemental distribution

The XRD patterns of FeNb;1029 obtained from large-scale synthesis show high crystallinity,
with characteristic peaks similar to those of small-scale samples, except for one unidentified

impurity peak at around 31° (Figure IV.2a).
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Figure IV.2. (a) Le Bail-refined XRD pattern of FeNb;;029 synthesized in a 250 g batch, with minor impurities
(Nb2Os and an unidentified phase). (b) Optical and SEM images showing inhomogeneous Fe distribution.

EDX analysis (Figure 1V.2b) revealed inhomogeneous Fe distribution in large-scale
FeNb11029 powder. Some particles showed an Fe/Nb atomic ratio of 7.9%, close to the
theoretical 9%, while others contained only trace Fe, likely due to insufficient mixing. Small
black particles, observed by eyes and more visible under optical microscopy, showed up to 37
at.% Fe from EDX analysis, suggesting iron-based compounds from steel milling residues and/or
unreacted FeoO3 precursors. These impurities and uneven Fe distribution highlight the need for

more effective precursor mixing to improve product purity.
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1V.1.3.2. Electrode characteristics

Figure IV.3 shows how the electrode quality was improved via sieving of active materials,
and the electrode properties are shown in Table IV.1. Prior to sieving, the inhomogeneous
particle sizes of active material led to uneven slurry dispersion, resulting in non-uniform
electrode thickness during coating. Such inhomogeneity significantly may affect subsequent cell
fabrication steps, including (1) bent and wavy electrodes after calendaring due to uneven
compaction, (2) misalignment during electrode winding, and (3) non-uniform current densities

during electrochemical cycling, which can compromise cell performance.

To address these issues, a sieving step (<100 um) of FeNb;1O2 and LisTisO12 was
introduced before electrode coating. The improvement was significant for FeNb;1029. Sieving
FeNb11029 powder in water led to considerably improved electrode coatings: smooth, defect-
free, low porosity, and more uniform in thickness. This confirms that sieving enhances electrode
uniformity and manufacturability, essential for reliable 18650 cell production.

FeNb,,0,5 electrodes Sieving FeNb,,0,4 FeNb,,0,, electrodes
before sieving in water (<100 pm) after sieving

T—

~jal s

Figure IV.3. Improvement of electrode quality via material sieving: from inhomogeneous to uniform coating

Table IV.1. Electrode properties, including mass loading (per side), formulation, thickness, and porosity for
LisTi5012, FeNb;1029, and NMC electrodes

Active material Mass loading/2 Formulation Thickness Porosity

(AM) (mg cm?) (AM: C: PVdF) (um) (%)
1 LisTi5012 ~22 90:5:5 ~280 ~43.5%
2 FeNb11029 ~16 90:5:5 ~150 ~46.0%
3 NMC622 ~20 92:4:4 ~155 ~35.0%

IV.1.3.3. Comparison of full-cell properties

Table IV.2 summarizes the cell-level characteristics of three full cells using FeNb110a9,
Li4Ti5012, and graphite as negative electrode materials, each paired with an NMC positive
electrode. All cells were assembled and tested at LRCS. Note that graphite/NMC cells, in
particular, had been repeatedly tested and optimized at LRCS earlier to reach their best-

performing state.
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Table IV.2. Characteristics of full cells using FeNb;1029, LisTisO12, and graphite, paired with NMC cathodes

FeNb11029 LisTisO12  Graphite

Parameters INMC INMC INMC Units
Specific capacity of negative electrode 240 175 420 mAh g’!
Density of negative active material 4.5 34 2.2 gcm?
Cell-level discharge capacity (C/5) 1.8 1.2 1.7 Ah
Average Potential (discharge) 2.2 2.18 3.58 \Y
Specific energy (full cell) 94.3 66.5 152 Wh kg!

The discharge capacity of FeNbi102o/NMC cell after formation is comparable to that of
graphite/NMC cell. While FeNb11029 exhibits a lower specific capacity than graphite (240 vs.
420 mAh g'!), its significantly higher density (4.5 vs. 2.2 g cm™) compensates this difference,
contributing to higher mass loading of FeNbi11029 electrodes. In terms of specific energy at the
cell level, FeNbi102 (94.3 Whkg!) lies between LisTisO12 (66.5 Whkg') and graphite
(152 Wh kg, offering a balanced compromise. Overall, FeNb;1O2 presents a promising
alternative as a negative electrode material by combining moderate specific capacity with high

density, resulting in intermediate energy density between Li4TisO12 and graphite.

1V.1.3.4. Alternating slow/fast cycling
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Figure IV.4. Discharge capacities of FeNb;;O/NMC and LisTis012/NMC cells under alternating C/5 and 1C
cycling over 200 cycles. Dashed arrows indicate capacity difference between C/5 and 1C before and after 200
cycles, while solid arrows show capacity fade at C/5.
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Figure 1V.4 compares the discharge capacities of FeNbi1O29/NMC and LisTisO12/NMC
cells under alternating C/5 and 1C cycling over 200 cycles. For LisTisO12, the difference in
capacity between 1C and C/5 decreases after 200 cycles (from 283 to 231 mAh at C/5 and from
81 to 113 mAh at 1C), indicating reduced polarization. This behavior suggests that additional
Li4Ti15012 becomes electrochemically accessible over time, possibly due to improved electrolyte

penetration. However, the overall capacity still declines slightly.

In contrast, FeNb;1029 shows increased polarization over 200 cycles, as reflected in the
growing capacity gap between 1C and C/5 rates (from 353 to 463 mAh). This indicates greater
degradation, likely arising from lithium loss associated with SEI reformation, side reactions due

to the presence of impurity phases.
IV.1.3.5. Asymmetric rate tests

Figures IV.5 and IV.6 compare the kinetic behavior of Li* insertion and extraction in

FeNb11029/NMC in comparison with LisTisO12/NMC full cells under varying current rates.

In Figure IV.5, asymmetric rate cycling tests reveal that FeNb11029 exhibits slightly better
capacity retention during Li* extraction (67.2% at 3D) than during Li* insertion (65.8% at 3C),
suggesting that insertion is more kinetically limited. This is accompanied by more severe heating

during insertion (up to 60 °C at 3C), indicating increased polarization and sluggish charge-

transfer kinetics.
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Figure IV.5. Asymmetric rate tests comparing Li* insertion (left) and extraction (right) kinetics in negative
electrodes of FeNb;1O2/NMC and LisTisO12/NMC full cells. FeNb;1O29 shows greater capacity fading and
temperature rise under increased rates.
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In contrast, Li4Tis012/NMC cells show significantly better rate performance, maintaining
stable capacities and lower temperature rise even at higher rates, for extraction process.
Regarding the lithium insertion process in Li4TisO12 (cell charging), due to the cell’s upper limit

voltage of 2.7 V to avoid NMC degradation, the capacity drops sharply at high rates.

Figure IV.6 further supports asymmetric kinetic behavior of FeNb;1029. The differential
capacity (dQ/dV) curves show that Li" insertion in FeNb;1029 (left panel) leads to pronounced
peak shifts and broadening at higher C-rates, indicating stronger kinetic limitations compared to
Li* extraction (right panel), where peak features are better preserved. These findings are

consistent with trends observed in coin-cell configurations.
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Figure IV.6. Differential capacity (dQ/dV) curves of FeNb;1029/NMC full cells during asymmetric rate tests, based
on the FeNb;;0 electrode potential referenced to Li*/Li. The left and right panels compare Li* insertion and

extraction kinetics in FeNb;0», respectively, under varying rates.

Overall, these results confirm that Li" insertion into FeNb;;029 is more kinetically hindered
than extraction, and that FeNb11029 exhibits higher polarization and thermal buildup compared

to Li4TisO12, particularly under high-rate conditions.
IV.1.3.6. Constant power test

Figure IV.7 presents a Ragone plot comparing the energy—power performance of

FeNb11029/NMC full cells with other common cell chemistries under constant power discharge.
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Figure IV.7. Ragone plot of FeNb;1020/NMC compared with other cells showing energy output as a function of
power under constant power discharge.

FeNbi11020/NMC cells exhibit a balance between energy and power, with specific energy
falling between that of Li4Ti5012/NMC and graphite/NMC cells across the entire power range.
At low power, FeNb11020/NMC delivers significantly higher energy than LisTisO12/NMC, due
to its higher specific capacity. However, it does not reach the energy density of graphite-based
cells, which dominate at both low and high power. At elevated power levels, the energy output
of FeNb1102o/NMC decreases more steeply than hard carbon/NVPF and graphite/NMC. It
should be noted that these results represent only the first trial of FeNb11020/NMC cells, whose
modest performance may arise from several factors, including residual impurities, the absence
of microstructural optimization or carbon coating, and a insufficiently optimized electrode
formulation. In contrast, the reference cells were assembled from commercial materials, and
these systems have been extensively studied and optimized through repeated trials to achieve
their best performance. Therefore, FeNb;10O2-based cells hold strong promise for better

performance upon further material and electrode optimization.
IV.1.4. Conclusions and perspectives

This study demonstrates the feasibility of scaling up FeNb;1029 synthesis and integrating it
into 18650-format full cells. Large-scale solid-state synthesis produced highly crystalline
material similar to small-batch synthesis, despite the presence of impurities and inhomogeneous
Fe distribution, which emphasizes the necessity for better precursor mixing and contamination
control. Material processing steps, particularly sieving, played a critical role in ensuring uniform
slurry dispersion and homogeneous, high-quality electrode coatings. These criteria are essential

for reliable cell fabrication and cell performance.
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At the full-cell level, FeNbi11O2/NMC cells exhibited competitive discharge capacity
comparable to graphite/NMC systems, with intermediate energy density between LisTisO12 and
graphite-based cells, as also represented in Ragone plot. This is because the high density of
FeNb11029 compensates for its lower intrinsic capacity, delivering promising gravimetric and
volumetric energy density. Electrochemical cycling revealed both strengths and limitations:
FeNb110290-based cells delivered higher energy than LisTisO12-based cells at low power but
showed higher polarization, more heating, and more pronounced degradation under long-term
cycling. Kinetic asymmetry, especially sluggish Li* insertion, represents a key challenge.
However, the presence of impurity and unoptimized electrode formulation in this first
prototyping work may have led to the observed insufficient performance. Overall, these findings
highlight the promise of FeNb;102 as a next-generation negative electrode material while

emphasizing the need for further optimization.

Future work could aim to optimize synthesis and processing to address the issues of impurity
and elemental inhomogeneity. This may involve improving large-scale mixing and milling
strategies, using alternative milling media, or exploring different synthesis routes. The electronic
conductivity and electrochemical kinetics of FeNb11029 active material can be enhanced through
surface engineering or carbon coating. At the electrode level, performance could be improved
by optimizing particle size via milling and sieving, fine-tuning slurry composition, coating and
calendering parameters. Such approaches could help enhance coating quality, facilitate
electronic and ionic transport, reduce polarization and limit the heat generation during cycling.
Finally, long-term cycling studies with improved electrode formulations under various
conditions, together with post-mortem analysis, would be crucial to clarify the stability limits

and degradation mechanisms of FeNb1102.
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IV.2. Ageing tests of FeNb11020/NMC coin cells

IV.2.1. Introduction

To better understand the insufficient performance observed in the previously discussed
18650-format FeNb1102o/NMC cells, further degradation studies were carried out using coin-
cell configuration. This performance deterioration is a common challenge across all battery
technologies. The nature and severity of these reactions depend not only on the battery's
chemistry but also on its design and, most critically, its operating conditions, including

temperature, cycling rate, and storage state-of-charge, voltage window and time.

The investigations of these degradation mechanisms have attracted considerable interests in
recent years, particularly for Li-ion batteries, as they are increasingly used in electric vehicles
and grid storage—applications where long cycle life is essential. It is now widely accepted that
aging in Li-ion cells typically results from either (i) a loss of lithium inventory, caused by
parasitic processes such as SEI layer formation, electrolyte degradation, and lithium plating, or
(i1) a loss in active electrode material due to issues like particle cracking, delamination, or partial
dissolution. At the negative electrode, degradation is mainly attributed to the instability of the
Solid Electrolyte Interphase (SEI), particularly at elevated temperatures, and lithium plating,
which becomes more prominent at lower temperatures. On the positive electrode, the decrease
in performance is primarily originated from the dissolution of active materials during cycling or
storage, as well as electrolyte oxidation—both of which are exacerbated by high temperatures

and voltages.

In this study, given the high operating voltage of FeNbi1029, the extent and impact of SEI
formation and growth remain unclear. Therefore, it is interesting to explore the dominant
degradation mechanisms and the factors contributing to performance loss. For this purpose, two
types of ageing tests were carried out in coin cells at two temperatures: (i) cycle-life aging,
involving continuous cycling at different current rates to simulate repeated operation, and (ii)
storage aging, in which cells were held at defined states of charge (SoC). While cycle-life aging
provides insight into degradation during continuous operation, storage ageing offers a more
realistic perspective as batteries typically spend most of their lifetime at open-circuit voltage

(OCV).
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IV.2.1. Experimental

IV.2.1.1. Electrode characteristics and cell assembling

Highly loaded FeNb; 1029 electrodes (~20 mg cm™2) were prepared following the procedures
in chapter 3. The electrodes (1.27 cm diameter) were calendared using a hydraulic press at 2.5
T, yielding a porosity of ~42% based on mass and geometric measurements. Electrode porosity
was calculated as: Porosity = (1 - Vineoretical/ Vreal) X 100%, where Vineoretical = i (mi/pi) is the
solid volume estimated from the mass and true density of each component (4.52 g cm™ for
FeNb;1029, 1.89 g cm™ for carbon, and 1.79 g cm™ for PVdF), and Vyea = thickness x area is the

macroscopic electrode volume after calendaring.

The positive electrodes are highly loaded LiNipsMno.1C00.102 (NMCS811) electrode
(~22 mg cm?), provided by Laboratoire Electrochimie et Physicochimie des Matériaux et des

Interfaces (LEPMI, Grenoble).

Coin cells were assembled in an Ar-filled glovebox using FeNbi1O2 and NMCS811 as
negative and positive electrodes, separated by glass fiber separator (Whatman grade D) and filled
with 1 M LiPF¢ in EC:DMC (3:7 vol.%) (Solvionic) as electrolyte. The negative-to-positive
capacity ratio (N/P) was ~1.1.

1V.2.1.2. Electrochemical protocols

The assembled full cells first went through the formation stage, which includes 2 cycles at
C/20. Two types of aging tests were conducted to evaluate battery longevity: cycle-life aging
and storage aging. These tests were designed to assess the influence of the charged-discharge
current rate, temperature, and state of charge (SoC) during storage on battery lifespan. All tests
were carried out in approximately 60 days, as the battery’s state of health (SoH) reached 80%.
A summary of the testing conditions is provided in Tables IV.3. To ensure data reliability, each
test was conducted on two separate cells.

Table IV.3. Testing conditions for cycle-life and storage aging of full cells at different temperatures, C-rates, and
SoC levels. Two cells were tested for each condition; check-up intervals are listed below

Cycle-life tests Storage tests
C/10 C/5 50% SoC  100% SoC
RT X2 x2 x2 x2
Temperature
45°C x 2 x 2 x 2 x 2
Check-up every 25 cycles 50 cycles 15 days
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Cycle-life testing involved continuous charge-discharge cycles within a voltage window of
1.0 V - 3.2 V. These tests were carried out at two temperatures: room temperature (RT, around
25°C) and 45 °C, and at two different C-rates: C/10 and C/5. Periodic interruptions were made
during the cycling to perform check-up tests for tracking performance changes in the cells. These

diagnostic tests were designed to minimize any contribution to further cell degradation.

For storage aging, cells were stored under different states of charge (SoC = 50% or 100%)
and at RT or 45 °C under open-circuit voltage (OCV) conditions. Regular check-up tests were
conducted every 15 days to monitor capacity loss.

Two types of check-up protocols were used: extended and short.

e The extended check-up was carried out at the beginning and end of the aging period. It
consists of a rate capability test (C/20, C/10, C/5, C/2, 1C, 2C, and C/20) and 30-second
charge/discharge pulse tests at 1C.

e The short check-up test was performed more frequently, every 25 cycles for C/10 cycling
or every 50 cycles for C/5 cycling, or every 15 days for the storage tests. It included two
standard cycles at a C/20 rate along with 1C pulse tests.
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IV.2.2. Results and discussions

1V.2.2.1. Initial rate tests and resistance measurements

The initial rate performance of the full cells, as shown in Figure IV.8, clearly demonstrates

that capacity retention is strongly influenced by both C-rate and temperature.

At room temperature (RT), the first-cycle Coulombic efficiency (CE) is ~90%, increasing
to ~99.3% by the second cycle and remaining stable thereafter. In contrast, cells tested at 45 °C
exhibit a slightly higher initial CE of ~91.5% but a lower second-cycle CE of ~98.5%, which

then rises above 99% in subsequent cycles.

The galvanostatic charge-discharge (GCD) curves maintain a similar overall shape across
increasing rates but exhibit increasingly shifted starting points at higher C-rates. These shifts are
particularly pronounced in cells cycled at 45 °C, suggesting elevated internal resistance and
polarization. These shifts shortened the electrochemical processes as the voltage limit is reached

prematurely, leading to lower capacity.
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Figure IV.8. Rate performance of FeNb;;0,0/NMC full cells at RT and 45 °C. (a, b) GCD curves show increased
polarization at higher C-rates, more pronounced at 45 °C. (c¢) Capacity drops sharply at 45 °C at C/2 and 1C. (d) 1C
pulse resistance is higher at 45 °C, with greater voltage jumps (inset).
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During the rate test, cells at both room temperature (RT) and 45 °C show similar capacity
values at slow rate (C/20, C/10, C/5). From C/20 to C/10, 45 °C cells exhibit slightly higher
capacities than those at RT, consistent with the higher initial CE values discussed previously
(~91.5% vs. ~90%). This can be attributed to the reduced electrolyte viscosity and enhanced Li*
diffusion in LP30—a behavior also observed in other Li/Na systems. Both groups of cells show
a gradual capacity decrease with increasing current, as expected from kinetic limitations. At
45 °C, however, the drop is much stronger, especially at C/2 and 1C. For example, at 1C the
capacity falls below 1.1 mAh for 45 °C cells, compared with ~2.0 mAh at RT. This suggests that
high temperature accelerates interfacial degradation and limits Li* transport. When the current
is reduced back to C/10, both groups of cells retained ~3.9 mAh, corresponding to ~11% capacity
loss compared with the initial capacity of 4.4 mAh, likely due to SEI growth and other

degradation processes.

These observations are supported by the pulse resistance measurements (30-second, 1C
current pulses) shown in Figure IV.8d. The voltage-time profiles reveal significantly larger
voltage jumps for the 45 °C cells, indicating greater instantaneous ohmic contribution. This is
quantitatively confirmed in the resistance vs. SoC plot, where internal resistance values at 45 °C
range from 100-120 Q, compared to 60-80€Q at RT. This elevated resistance at higher
temperatures may be caused by SEI thickening, electrolyte decomposition, and worsened

interfacial contact, all of which contribute to higher polarization and reduced usable capacity.
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Figure IV.9. Differential capacity (dQ/dV) plots of (a) FeNb;Ox and (b) NMCS811 half-cells, and (c)
FeNb;102/NMC811 full cell, showing characteristic redox features
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To gain insights into the redox processes for further cell degradation evaluation, differential
capacity (dQ/dV) analysis was performed on both half- and full-cells, as shown in Figure IV.9.
For FeNb;1 029, the redox activity was previously described, involving the Fe**/Fe** couple near
2.4V, Nb*"/Nb*" around 1.6-1.7 V, and broad features below 1.5 V associated with Nb*"/Nb>".
Regarding NMCS811 in half-cell, its delithiation proceeds via several structural transitions (H1
— M — H2 — H3), each corresponding to a transition metal redox process. The H1 (R-3m) to
M (C2/m) transition corresponds to Ni** — Ni** oxidation, followed by Ni** — Ni*" oxidation
during M—H2 transition. At high voltage, the H2—H3 transformation, characterized by a
collapsed c-axis and structural stress, is associated with Co>* — Co*" oxidation. In
FeNb1102o/NMC full-cell, the dQ/dV profile shows characteristic peaks attributable to redox

processes from both electrodes, as shown in Figure Figure IV.9c.
1V.2.2.2. Cycling-induced ageing under different rates and temperatures

Figure IV.10 shows the effect of prolonged cycling on capacity loss and internal resistance

under two cycling rates (C/10 and C/5) and two temperatures (RT and 45 °C).

40 300
(a) o
304 a 250 -
°\° ~—
< 3
/2]
8 v | S 2001 :
v n ¢
2z R B
8 o :f
Q ] i tha
8 g 150 ;:"::I
v s |4
—CM0 VRT E / —CHMO0 YRT
---C/5 A45°C 100 ~ é ---C/5 A45°C
6 I

T I 1 1 T T ] T
100 150 200 250 300 50 100 150 200 250 300

Number of cycles

Figure IV.10. Capacity loss (a) and internal resistance (b) vs. cycle number for cells aged under different cycling
conditions, with two cells per condition for repeatability.

Capacity decreases steadily under all cycling conditions, but to different extents. Cells
cycled at 45 °C exhibit more pronounced degradation, consistent with the expected acceleration
of side reactions at higher temperatures. Interestingly, slower cycling at C/10 leads to slightly
greater capacity loss compared to C/5, despite the lower current. This can be explained by the
longer time spent at high cell voltage, where the positive electrode is at high potential and the
negative electrode is at low potential. Under these conditions, electrolyte degradation occurs
through oxidation at the positive electrode and reduction at the negative electrode, promoting

parasitic reactions and interfacial damage. Such behavior has also been reported in other aging
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systems [159,160]. The combination of high temperature and slow cycling is especially
detrimental: in the C/10—45 °C condition, capacity fading exceeds 35% after 125 cycles. While
higher temperature initially improves performance in the first few cycles, it also accelerates

electrolyte degradation in subsequent cycles, leading to faster capacity loss.

The evolution of internal resistance over cycling provides further insights, showing its
dependence on both cycling rates and temperatures. While resistance increases in all cases, cells
under slower cycling at C/10 exhibit larger resistance, similar to the results on capacity loss.
Also, the effect of temperature is more significant at the slower rate: while cells at C/5 show
comparable resistance growth at RT and 45 °C, those cycled at C/10 exhibit a much steeper rise
at 45 °C, exceeding 250 Q after only 50 cycles. Overall, these increases in resistance agree well
with the observed capacity fade, indicating accelerated interfacial degradation under slow
cycling at elevated temperatures. This is possibly due to more severe SEI thickening, electrolyte

decomposition, or loss of electronic contact within the electrode under this condition.

The degradation trends are further supported by differential capacity (dQ/dV) analysis from
periodic C/20 check-up tests (Figure IV.11).
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Figure IV.11. Evolution of differential capacity curves during C/20 check-up tests of full-cells aged under different
cycling conditions.
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At room temperature, both groups of cells cycled at C/10 and C/5 exhibit a gradual decline
in peak intensity, particularly at lower voltages, while maintaining the overall peak shapes. This
suggests partial loss of active material or increased polarization, yet the fundamental
electrochemical processes remain largely intact. In contrast, cells cycled at 45°C show
significant changes: progressive disappearance of the first redox peak (typically associated with
Nb>*/Nb*" and Ni** — Ni*" reactions) and peak broadening of other features. This suggests
irreversible loss of electrochemically active sites, lower crystallinity or elevated polarization.
These results align well with the resistance and capacity loss data, reinforcing the evidence for

interfacial degradation and structural deterioration induced by high temperatures.
1V.2.2.3. Storage-induced ageing under different states of charge and temperatures

The influence of temperature and state of charge (SoC) on cell degradation during the

storage ageing test is represented in Figure V.12, with corresponding dQ/dV curves during C/20
check-up tests shown in Figure IV.13.
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Figure IV.12. Capacity loss (a) and internal resistance (b) vs. cycle number for cells aged at different storage
conditions. The most severe degradation occurred at high temperature and high SoC.

At RT, storage leads to similar degradation extent regardless of SoC (50% or 100%): small
capacity loss (= 18% after 60 days), modest resistance increase to 140-170 Q, and minimal

change in dQ/dV profiles. This suggests little degradation under mild conditions.

However, storage at higher temperatures strongly accelerates cell ageing. For cells stored at
45 °C, resistance rises rapidly to 250 Q regardless of SoC, indicating that resistance build-up
during storage is primarily driven by temperature, likely due to more interfacial degradation and
SEI growth. At 50% SoC, capacity loss remains moderate and dQ/dV peaks gradually decline in
intensity, despite their positions and shapes being largely preserved, which suggests that

degradation is dominated by interfacial resistance growth rather than structural breakdown.
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Interestingly, temperature alone is not the dominant factor for capacity loss during storage
ageing. In fact, ageing becomes most severe under the combined extreme conditions of 45 °C
and 100% SoC, with capacity loss exceeding 40% and steep resistance rise after 60 days, while
dQ/dV profiles show rapid suppression of the first redox peak along with broadening and shifting
of the others. These results suggest substantial structural and electrochemical degradation, or

electrolyte oxidation under the synergistic effect of high voltage and thermal stress.
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Figure IV.13. Evolution of differential capacity curves during C/20 check-up tests of full-cells aged under different
storage conditions. High temperature and high SoC (d) exacerbate the ageing.

Overall, these results highlight the importance of storing Li-ion cells at moderate SoC and
temperature to minimize both capacity loss and resistance rise. High SoC levels, especially when
combined with elevated temperatures, accelerate not only capacity degradation but also the

growth of internal resistance and loss of electrochemical features.
IV.2.2.4. Final rate test

Figure IV.14 presents the results of the extended check-up rate test, conducted after the

cycling and storage aging protocols to evaluate the residual rate capability of each cell.

All aged cells exhibit substantial capacity loss compared to the pristine cell, indicating the

cumulative effects of the whole aging process. The pristine cell can still retain about 50% of its
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initial capacity when cycled at 1C at RT, indicating that Li* diffusion within the active material
is still achievable at this stage. After cycling and storage ageing, however, the cells can no longer
sustain operation at 1C, suggesting that SEI growth during the ageing process may impede Li"
transport across the electrode—electrolyte interface. Between two temperatures, cells subjected
to 45 °C consistently show poorer rate performance, regardless of cycling or storage ageing. This

is especially apparent at higher rates.

In the cycling-aged cells, degradation is more severe at C/10, particularly at 45 °C. This
agrees with earlier observations that prolonged cycling at low rate and high temperature
promotes stronger aging, likely due to extended time at high SoC combined with thermal stress,

which accelerates SEI growth and Li" inventory loss.
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Figure IV.14. Extended rate check-up after cycling (a) and storage (b) ageing. Capacity loss is observed in all aged
cells, with the worst performance at 45 °C and high SoC, especially at high rates.

Similarly, in the storage-aged cells, capacity is lowest for cells stored at 100% SoC and
45 °C, while the 50% SoC and RT condition yields better capacity. The contrast is particularly
clear at high rates, suggesting that storage at high SoC and elevated temperature not only reduces
capacity but also hinder Li" diffusion kinetics, likely due to irreversible interfacial damage and

electrolyte decomposition.

In summary, the extended check-up test highlights that both temperature and SoC, during
either cycling or storage, leave lasting impacts on rate capability, especially at higher currents

where internal resistance becomes most significant.
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IV.2.3. Conclusions and perspectives

This study systematically investigated the degradation of FeNb;1020/NMC full cells under
different cycling and storage conditions using coin-cell configurations. The results highlight that
capacity fading and resistance growth strongly depend on temperature, cycling protocol, and

storage state-of-charge (SoC).

During cycling ageing, high temperature (45 °C) was the most critical factor on degradation.
Cells cycled at C/10 at 45 °C showed the fastest capacity fade (>35% after 125 cycles) and steep
resistance increase (>250 Q after only 50 cycles). Interestingly, slower cycling induced stronger
degradation than faster cycling, likely due to prolonged exposure to high voltage and high SoC,
which promotes parasitic reactions and interfacial instability. Differential capacity (dQ/dV)

analysis confirmed the progressive loss of redox activity under these harsh conditions.

During storage ageing, temperature also played a dominant role. At room temperature,
capacity loss and resistance growth were modest (<20% capacity loss over 60 days), with little
difference between 50% and 100% SoC. At 45 °C, however, resistance rose sharply to ~250 €,
while the combination of high SoC (100%) and high temperature caused the most severe
degradation (>40% capacity loss, rapid suppression of redox peaks), indicating structural and
electrochemical deterioration, possibly driven by electrolyte oxidation and interfacial

breakdown.

These findings highlight the importance of managing operating conditions for FeNb11029-
based cells. Maintaining moderate temperature and SoC, together with optimized cycling
protocols that limit prolonged exposure to high voltages, is essential to mitigating performance
loss. To gain further insights into the underlying degradation mechanism, post-mortem analyses
such as XPS of interfacial layers and electrolyte decomposition studies will be necessary, which
can shed light on processes like SEI thickening, transition-metal dissolution, or irreversible

phase transformations.
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IV.3. Chapter summary and perspectives

This chapter has demonstrated both opportunities and challenges concerning the practical
implementation of FeNb11029 as a negative electrode material, through prototyping in 18650-
format full cells and systematic degradation studies in coin-cell configuration. The successful
scale-up of synthesis and electrode processing confirms its feasibility for larger formats, while
full-cell tests highlight its ability to deliver energy densities intermediate between graphite and
Li4Ti15012. However, significant polarization and degradation indicate that its kinetic limitations
and the presence of impurities must be addressed before it can compete with state-of-the-art

negative electrode materials.

Ageing studies highlight the critical importance of operating conditions on FeNb11020/NMC
full-cell performance, including temperature, cycling rates, and state of charge (SoC) during
storage. The results revealed that these full cells are particularly vulnerable under elevated
temperature and high SoC or prolonged exposure to high voltage during cycling, where
interfacial degradation and electrolyte instability strongly accelerate resistance growth and

capacity loss.

Overall, FeNb11029 can be considered a promising candidate for applications that require a
balance between energy density and safety. It can potentially bridge the gap between fast but
low-energy LisTisO12-based cells and high-energy but less stable graphite-based cells. To
accomplish this objective, advances in large-scale synthesis, electrode engineering, and
interfacial stabilization are needed. Besides optimization, future research should also clarify its
degradation pathways through post-mortem studies, providing the necessary insights to valorize

FeNb11029 among next-generation negative electrodes for Li-ion batteries.

142 |Page



Chapter V

Wadsley-Roth FeNb11029
as negative electrode material

in solid-state batteries
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V.1. Introduction

V.1.1. Challenges of other negative electrode material in SSBs

All-solid-state batteries (ASSBs) have attracted significant attention due to their enhanced
safety, durability, and higher energy density [161]. The use of solid-state electrolytes (SSEs) in
place of flammable liquid electrolytes plays a central role in ASSBs. This does not only reduce
the risk of flammability but also facilitates the use of high-capacity electrode materials like alkali
metals or silicon [161,162]. Additionally, SSEs can enable battery operation across a wider range
of temperatures and current densities, making them suitable for a variety of applications. Various
advanced negative electrode materials have been extensively studied for ASSBs, including
lithium metal, graphite, Si-based, and zero-excess lithium (anode-free engineering). Each option

presents distinct advantages and challenges, as summarized in Figure V.1.
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Figure V.1. (a) A comparison of specific capacity, volume expansion, dendrite formation, and interfacial stability
among four types of advanced negative electrodes in SSBs. (b) Schematics of the different interfacial challenges
observed in lithium metal, graphite composite, and silicon composite anodes. Adapted from [163].

V.1.1.1. Lithium metal electrodes

Lithium metal is regarded as the ideal negative electrode material for solid-state lithium
batteries thanks to its low electrochemical potential and high specific capacity. However, it faces
numerous challenges, including (electro-)chemical reactivity with SSEs, poor physical contact,

poor Coulombic efficiency, and lithium dendrite growth [163,164].

A major issue lies at the Li/SSE interface, where the uneven surface of lithium metal results
in insufficient contact with SSEs, leading to high interfacial impedance and inefficient Li*
diffusion. This inadequate physical contact also causes non-uniform distribution of electrical
potential during lithium plating and stripping processes, promoting uneven flow of ions and

electrons across the interface and hence inhomogeneous lithium nucleation and growth.
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Combined with the slow diffusion of Li* ions into the bulk of lithium metal, these factors
contribute to the formation and propagation of lithium dendrites and internal short-circuit [163].
During lithium stripping, these interfacial instabilities are worsened due to void formation,
driven by irregular ion flux and changes in morphology, especially under high current densities
[165]. These voids are not fully refilled in subsequent Li plating steps, resulting in gap

expansions, loss of connectivity and increased interfacial resistance [166].

Furthermore, the low redox potential and high reactivity of the lithium metal anode can
promote unfavorable side reactions at the interface with SSEs. This interface often exhibits
mixed ionic and electronic conduction properties, which accelerates continuous degradation and
hinders the long-term performance of ASSBs [167,168]. To address these issues, various
strategies have been proposed, such as alloying, constructing 3D current collectors [169] or
mixed electron-ion conducting frameworks [170], creating modified interfacial layers between
Li and SSEs [171]. However, these strategies, though effective in the short-term, do not
guarantee long-term chemical and morphological stabilities throughout the repeating Li stripping
and plating process. Therefore, it is vital to develop better interfacial engineering strategies or

alternative negative electrode materials to address these challenges of lithium metal electrodes.
V.1.1.2. Graphite composite electrode

Graphite is regarded as a state-of-the-art and promising electrode material for ASSBs
because of its excellent structural stability, light weight, and high electronic conductivity.
However, several challenges exist, including its lower specific capacity, sluggish kinetics, and
high chemical reactivity with SSEs at low operating potentials. The rate at which lithium ions
are inserted into graphite is relatively slow, leading to limited rate capability during discharge.
This sluggish kinetics, combined with low intercalation potential, can cause lithium plating on
the graphite surface during fast discharging, increasing the risk of dendrite formation and short-
circuiting [172,173]. Also, at low operating potentials, graphite can react with certain SSEs,
leading to the formation of unstable interfaces. The significant polarization of graphite composite
electrodes limits their fast-charging performance, particularly in electrodes with greater
thickness or a high graphite volume fraction. This polarization, caused by ionic concentration
gradients, can lead to reversible capacity degradation and even trigger lithium plating. Therefore,
enhancing graphite composite structures and carefully optimizing the components, such as
electronic conductors, ionic conductors, and binders, are essential for developing advanced

graphite composites with optimal ionic—electronic networks [163,174].
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V.1.1.3. Silicon composite electrode

Si-based materials is a promising candidate as next-generation electrodes for solid-state
batteries due to their abundance, high theoretical capacity (3579 mAh-g™'), and low redox
potential (around 0.35 V vs. Li*/Li). These materials exhibit improved chemical stability and
compatibility with SSEs, as the high lithiation potential of Si-based materials can mitigate the
side reactions and reduce the risk of lithium plating compared to lithium metal electrode.
However, Si-based electrodes face several challenges in practical applications, including drastic
volume changes (up to 400%), significant stress generation and loss of physical contact, and low
electronic conductivity [163,174,175]. This leads to poor irreversible coulombic efficiency and
capacity fading during cycling. Recent studies have addressed some of these issues through
materials engineering, including size and morphology control, alloying, and modification
strategies, as well as by developing compatible fabrication and operational protocols, such as

optimizing pressure and cut-off voltage [176].
V.1.2. Recent advances in high-voltage negative electrode materials for SSBs

In the search for high-rate and stable negative electrode materials for Li-SSBs, several high-
voltage, zero-strain materials have emerged as promising candidates, including spinel LisTisO12
and block phases of the Wadsley-Roth niobium-based oxide family [177—-185]. Their relatively
high operating potential (~1.5-1.6 V vs. Li*/Li) may enhance chemical compatibility with solid
electrolytes, mitigate interfacial side reactions, and reduce the risk of lithium plating, though at
the expense of energy density. In addition, their low volume change during lithiation/delithiation
may help limit mechanical stress, suppress particle cracking, and preserve interfacial contact,
which are key factors for long-term cycling stability [177—184]. These materials have been
implemented in Li-SSBs using diverse improvement approaches. For example, downsizing
strategy proved effective where pulverised LisTisO12 particles delivered excellent reversible
capacity of ~90 mAh-g ! at 3.8 mA-cm? and 25 °C [177]. Interface engineering further
improved the performance: in-situ sulfide coating (70Li2S-30P2Ss) around LisTisO12
nanoparticles created intimate solid—solid contact, improving both rate capability and long-term
cycling (110 mAh-g ' at 1 C, 80 °C for 0.5 mg-cm™ loading, retained after 300 cycles) [178].
Other efforts targeted at optimizing the electronic transport by incorporating carbon black and
carbon nanotubes (CNTs) as complementary short- and long-range electron pathways, which
demonstrated impressive performance of LisTisO12 [179] and TiNb2O7 electrodes [180]. More
recently, interfacial stabilisation of Nbi.6Ti0.32Wo.0s05-5 via in-situ LiWS; formation enabled
durable cycling and high rate cycling, delivering 175 mAh-g!at 0.2 A-g"!' (1C) and 25 °C for

1.8 mg-cm™ loading [181]. These advances highlight the prospects of high-voltage negative
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electrode materials in Li-SSBs and motivates the investigation of other Wadsley-Roth block
phases, many of which remained unexplored. Expanding this family could diversify available

materials and reveal new candidates for solid-state applications.
V.1.3. Motivations and objectives for FeNb1:102 implementation in Li-SSBs

Within this family, FeNb;1O29 is a promising candidate with favourable properties: a
relatively high operating potential, robust structural stability, fast ion transport in liquid
electrolyte systems [106—115,120], and low volume change during cycling [108,113,120]. These
attributes make it an attractive alternative to conventional low-potential electrodes, particularly
for high-power Li-SSB applications where interfacial and mechanical stability are critical. In
this work, the feasibility of employing FeNb110291n Li-SSBs will be evaluated for the first time

to explore both its opportunities and interfacial/transport limitations.

This chapter begins with an optimization of the electrode composite, focusing on tailoring
the ratios and interactions between the active material, SSE, and conductive additive to achieve
a well-connected ionic and electronic percolation network. Following this, the morphology,
electronic conductivity, lithium diffusion characteristics of the composite are investigated to
obtain insights into its transport behavior. Post-mortem analysis of cycled composite will be
conducted to understand the interfacial chemical composition and morphology, with the aim of

identifying the degradation mechanisms of the cells.
V.1.4. Choice of components for SSBs

V.1.4.1. In-Li alloy as counter electrode

In axially pressed solid-state battery set-up, it is complicated to insert a third electrode for
monitoring the working electrode’s potential. Therefore, the utilization of a counter electrode
acting as the lithium source and reference electrode is desired. Counter electrodes should ideally
meet several requirements for reliable electrochemical measurements: (1) provide large reservoir
of'accessible Li during cycling; (2) offer fast kinetics than the working electrodes, and (3) exhibit

a flat and stable voltage profile across a wide range of charge transfer reactions [186].

Due to the numerous challenges associated with lithium metal electrodes, alternative counter
electrodes are required for two-electrode measurements. Among these, lithium alloys present a
promising option. Certain lithium intermetallic phases, for example Li alloys with Al, Ga, In,
Sb, or Sn, exhibit higher Li"-ion chemical diffusion coefficients compared with the slow lithium
self-diffusion (i.e. slow diffusion of Li* ions into the bulk of lithium metal). This improved Li"
diffusivity in the alloy facilitates their formation via solid-state diffusion at ambient temperature

[187]. In addition to their favorable transport properties and facile synthesis, lithium alloys
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exhibit enhanced thermodynamic stability towards many SSEs. In fact, their alloy formation
potential typically lies just below the electrochemical stability window of certain SSEs (< 1V
vs. Li'/Li), which makes them less likely to trigger reductive decomposition of SSEs compared
to pure lithium metal. This facilitates the formation of a more stable electrode/solid electrolyte
interface and enables improved long-term cycling performance. Moreover, lithium alloy could
also minimize the risk of Li dendrite formation and short-circuit, thereby enhancing safety and

reliable electrochemical testing results [187].

Among various lithium alloys, the lithtum—indium (Li—In) system is commonly used in Li-
SSB research. While the high cost of indium presents a barrier to large-scale applications, its
high ductility offers significant advantages for assembling solid-state cells at the lab scale.
Furthermore, the alloy provides a stable redox potential of approximately 0.62 V vs. Li'/Li over
a wide compositional range, providing a reliable reference voltage for electrochemical studies
of other electrode materials and electrolytes [186,188]. Several processing methods can be used
to fabricate Li—In counter electrodes, including manual mixing of the two metal powders, roll
pressing, and uniaxially pressing of the foils. Different factors such as (i) Li:In molar ratio, (i1)
foil thickness, (iii) foil stacking order, and the (iv) processing techniques can have a large impact

on the electrochemical behavior and kinetics of the counter electrodes [186].

In this work, the following conditions are used: (i) Li:In molar ratio < 0.5; (ii) 100 um thick
In foil; (ii1) Li-In-SSE stacking order (In in contact with the SSE); and (iv) uniaxially pressing
fabrication. Firstly, a Li:In molar ratio below 0.5 is required for a flat, stable voltage plateau, as
electrodes with <50 at% Li form In and Liln phases, yielding a well-defined equilibrium
potential of ~0.62 V vs. Li*/Li at room temperature (Figure V.2) [188]. Secondly, 100 pm thick
In foils were chosen for in situ Li—In formation inside the solid-state cell, as thicker foils prevent
Li from being accessible [186]. Thirdly, In foil is typically placed in direct contact with the SSEs
to avoid decomposition reactions between SSEs and Li. Finally, uniaxially pressing of the two
foils was employed and the cell was rested during 24 h to promote the complete formation of

Li—In alloy before launching any electrochemical test.
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Figure V.2. Voltage profile showing alloying reactions between In and Li across different compositions. Below 50
at% Li, a flat plateau at ~0.62 V vs. Li*/Li corresponds to the two-phase region of In and Li—In [188].
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V.1.4.2. Argyrodite as solid-state electrolyte

The choice of SSEs is important as it determines the ionic transport and the electrochemical
performance of the cell. Several stringent criteria are required for effective employment of solid
electrolytes, including high ionic conductivity, negligible electronic conductivity, mechanical
compatibility, wide electrochemical stability window, and good processibility [189,190]. Three
main groups of inorganic SSEs have been extensively studied: oxides, sulfides and halides, with
different properties (Figure V.3). While oxide SSEs exhibit excellent thermal, chemical,
electrochemical stability and moderate ionic conductivity, their inherent rigidity and high
Young’s modulus present several challenges, including limited processibility, brittleness, poor
interfacial contact and poor adaptation to volume changes during cycling [191]. Besides, the
synthesis and densification of oxide SSEs often require high sintering temperature, which is
energy-intensive and might induce undesirable interfacial reactions or large grain boundary
resistance. Halide-based SSEs are well recognized as a promising candidate with high oxidation
stability and high ionic conductivity, as well as mechanical flexibility offering ease of processing
and cell assembling. However, several significant issues need to be addressed, including their

moisture sensibility and poor reduction stability when in contact with alkali metal [192-194].

Meanwhile, sulfide-based SSEs are a commonly used conductor in the lab scale thanks to
several benefits, including their high ionic conductivity, ease of synthesis, as well as mechanical
deformability which facilitates cell fabrication, promotes contact and accommodates the
expansion/contraction of electrode materials. However, several undesirable properties need to
be acknowledged, such as their chemical instability in air and moisture leading to degradation,
HaS gas release, as well as their susceptibility to oxidation reactions with high-voltage cathode
materials [195]. Conventional sulfide-based SSEs, such as Li3PS4, possess a very narrow
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electrochemical stability window; nonetheless, a combination of sulfide with halide anion as in
LisPSsCl (LPSCI) can increase significantly the electrochemical stability of the phase. In this
study, LisPSsCl was used as the SSE in both the separator layer and electrode composite.

Reduction stability

Oxidation stability
Deformability<— g\\\\ .
o

Halides
Oxides
Sulfides

J o
lonic conductivity ™ Thermal stability

\./

Air stability

Figure V.3. Comparison of various properties among three inorganic SSEs. Adapted from [196].

V.2. Experimental

V.2.1. Preparation of electrode composites

Monoclinic FeNbi1O29 was synthesized similar to chapter 2, by solid-state reaction at
1100 °C in 4 h from stoichiometric mixture of Fe2O3 (=99 %, <5 pm, Honeywell) and Nb2Os
(obtained by heating Nb powder (99.8 %, ~ 325 mesh, Alfa Aesar) at 900 °C for 24 h). Its phase
purity was verified by X-ray diffraction.

Electrode composites were prepared by manually mixing FeNb110,9, solid-state electrolyte
LigPSsCI (NEI Corporation, ionic conductivity of ~2.7 mS-cm™!), and vapor-grown carbon fiber
(VGCF, Showa Denko VGCF-H) using a mortar and pestle inside an Ar-filled glovebox (O,
H>0 < 0.1 ppm). Prior to mixing, FeNb11029 and VGCF were dried overnight at 200 °C in a
Biichi oven under dynamic vacuum to remove residual moisture. To study the influence of
electrode compositions on the ionic/electronic conductivity and cycling performance, the weight
ratio of FeNb;1029 to LisPSsCl was fixed at 40:50, while the content of VGCF was systematically
varied to have overall (FeNbi1029 + LigPSsCl): VGCF weight ratios of 90:3, 90:5, 90:10, 90:20,
and 90:30. These composites are denoted as C03, C05, C10, C20, C030, and their compositions

are summarized in Table V.1.
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Table V.1. Compositions of composite electrodes with varying VGCF content

Composite Co03 Co05 C10 C20 C30
FeNb11029 (mg) 40
LisPSsCl1 (mg) 50
VGGCF (mg) 3 5 10 20 50

V.2.2. Half-cell configuration setup

All electrochemical measurements were conducted inside a PEEK-lined, airtight press cell

equipped with stainless steel stamps (® = 7 mm) as current collectors.

The half-cell assembly process is schematically illustrated in Figure V .4.
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Figure V.4. Schematic illustration of the half-cell assembly processes. Steps (1)—(3) show the assembly sequence
with corresponding uniaxial pressures. The cell stack includes the LisPSsCl separator, composite anode layer, and
In/Li/In counter electrode.

Specac Mini
Pellet Press

Firstly, 35 mg of LisPSsCl was evenly spread in the cell and uniaxially pressed between two

stamps/plungers under 1 T (260 MPa) for 3 minutes to form a uniform separator layer.

Secondly, ~10 mg of FeNb;1029 composite (active material loading ~10.9 mg-cm 2) was
then uniformly placed on one side of the separator. This amount is required to fully cover the
area of cell interior (® =7 mm). To allow fair comparison between different composite
compositions, the active material loading was kept constant, while the total electrode mass was
adjusted accordingly. All steps were performed carefully to ensure the homogeneous distribution
and full coverage of the powders. The separator and the composite layer were densified with a
uniaxial press at 0.7 T (182 MPa) for 3 minutes.

Thirdly, the counter electrode was prepared by stacking two indium discs (® = 6 mm,
thickness = 0.127 mm, m = 31.0 mg, Sigma-Aldrich 99.99%) and one lithium disc (® = 5 mm,

m ~ 2.5 mg) in In/Li/In configuration, which was then gently pressed onto the stamp. This stamp
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is placed on the opposite side of the LisPSsCl separator, and the cell is subjected to final pressing
step at 0.6 T (156 MPa) for 3 minutes. Before all tests, a resting duration of 24 h is necessary for
Li—In alloy formation and pressure equilibration inside the cell. To ensure comparison, the
practical parameters, such as applied pressure and material quantities, were maintained

consistent for all experiments.
V.2.3. Benchmarking of the electrode composites

V.2.3.1. Rate capability tests

All galvanostatic cycling tests with potential limitations in this work were conducted in half-
cells within a voltage window of 0.4-2.4 V vs. Li"/Li—In, which equivalent to 1.0-3.0 V vs.
Li*/Li, similar to liquid electrolyte systems. The nominal capacity, 1C, is defined as the
exchange of 12 Li" ions per hour per FeNb;1O29 formula unit, corresponding to a specific
capacity of 209 mAh-g .

Concerning rate capability tests, current rates of 1, 2, 5, 10, 20, and 50 Li*/h per formula
unit were applied, followed by a return to 1 Li*/h, with each rate held for 5 cycles. These
conditions correspond to C-rates from C/12 to ~4.2 C, with equivalent gravimetric and areal
current densities summarised in Table V.2.

Table V.2. Rate capability test expressed in terms of Li” exchanged per hour per formula unit, C-rate, gravimetric
(mA-g') and areal (mA-cm™) current densities.

Li'/h 1 2 5 10 20 50
C-rate C/12 C/6 0.4C 0.8C 1.7C 4.2C
mA-g! 17.4 34.8 87 174 348 870

mA-cm? 0.19 0.38 0.95 1.9 3.8 9.5

For comparison, a liquid electrolyte-based coin cell was assembled and tested under similar
conditions. This cell used a conventional configuration of FeNb11029: PVAF: Super P =80:10:10
(wt.%) coated on Cu current collector, paired with Li metal as the counter/reference electrode
and Whatman glass fiber separator soaked in 1M LiPF¢ in EC: DMC (3/7 by volume) as
electrolyte. The active material loading is around 10 mg-cm 2, similar to that of solid-state cells.

Rate capability measurements were then carried out following the same protocol.
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V.2.3.2. Electronic and ionic conductivity measurements

Two symmetric cell configurations were used to determine the electronic and ionic
conductivity of the electrode composite (Figure V.5), following reported methods [197,198],

with some modifications to adapt to the cell dimensions in the laboratory.
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Figure V.5. Schematics of ion-blocking (left) and electron-blocking (right) setups for measuring electronic and ionic
conductivity, respectively. Numbered steps indicate pressing sequence and applied pressures.
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For ion-blocking setup (stainless steel | composite | stainless steel), 25 mg of composite was
placed in the cell and uniaxially pressed under 1 T for 3 minutes. The two stainless steel plungers
play the role as the ion-blocking electrodes, allowing only electronic transport to be measured.
Electron-blocking setup was used to measure ionic conductivity, in which a sandwich stack of
Li—In | LisPSsCl | composite | LisPSsCl | Li—In was assembled: 25 mg of composite was pressed,
followed by the addition and densification of 30 mg LisPSsCl on each side, one at a time. Finally,
indium and lithium discs were placed on both sides and pressed at 0.6 T. Before the conductivity

test, a resting duration of 24 h was applied.

Direct current (DC) polarization with a stepwise voltage protocol was conducted using ion-
or electron-blocking setups to determine the effective electronic and ionic conductivity of the
composite. In each step, a constant voltage was applied, and the current response was recorded
in 1 h until equilibrium. Voltage steps of 5— 30 mV or 1 — 6 mV were selected to keep the
current within the instrument’s resolution range. Conductivity was then calculated using the
equation ¢ = L/(RXS), where R is the steady-state resistance obtained from linear fitting of the
stabilized current and the voltage step (R = AV/I), L and S are the pellet thickness and area. For
electron-blocking setup, assuming very low resistance of Li—In layers, the resistance of two
LigPSsCl layers (calculated using R = L/(6%S)) is subtracted from the total resistance before the

calculation of ionic conductivity for the composite.
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V.2.4. Optimized composite characterization

The optimized composite is chosen for the following electrochemical tests.
V.2.4.1. Long-term cycling

Long-term galvanostatic cycling at the rate of C/6 (34.8 mA-g ') was carried out for half-

cells of the optimized composite for 50 cycles.
V.2.4.2. Asymmetric rate tests

Asymmetric rate tests were applied for half-cells containing optimised composite, in which
either the charge or discharge current was fixed while the other was progressively increased. The
purpose is to compare Li* insertion and extraction kinetics in FeNb11029. In the D-rate test, the
charge current was fixed at C/12, while the discharge current was varied stepwise every five
cycles from D/12 to 4.2D, similar to the conventional rate protocol. Conversely, in the C-rate

test, the discharge current was fixed at D/12 while the charge current was varied similarly.
V.2.4.3. Constant current - constant voltage (during discharge) (CC-CV)

A rate capability test was conducted but with slight modifications. A voltage hold was
applied at the end of discharge to maximize lithium insertion into the active material. This
constant-voltage step was maintained until the current dropped below C/40 (0.022 mA), or for a

maximum of 5 hours, whichever limit was reached first.
V.2.4.4. Cyclic voltammetry

Cyclic voltammetry was performed on a solid-state half-cell using the optimized composite,
and a liquid electrolyte-based coin cell to investigate its redox behavior and lithium-ion diffusion
properties. Measurements were conducted within the same electrochemical window (1.0-3.0 V
vs. Li*/Li) at increasing scan rates of 0.10, 0.15, 0.20, 0.25, and 0.30 mV-s . The resulting
voltammograms were analysed qualitatively based on the characteristic anodic and cathodic
peaks and quantitatively using the Randles—Sev¢ik equation [199,200] to estimate Li* diffusion

coefficients D (cm?s™!), which relates the peak current to the square root of the scan rate:
ip = (2.69 x 10°)n3/2ACD/?v*/?

e i, is the peak current (A)

e The constant 2.69 X 10° has a unit of C mol™! V-2

e nis the number of electrons transferred; n = 1 for Nb>*#* redox couple

e Sis electrode surface area

e C is the concentration of redox species (mol-cm™) in the electrode, calculated from

the mass of active material and electrode volume (area x thickness)
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V.2.5. Pre- and post-cycling analyses

The optimized composite was further examined using several ex situ techniques to
investigate the changes in the morphology, composing phases and cell parameters, electronic
states of the elements in the electrode composite before and after cycling. Three samples were
analyzed. The first one is either pristine FeNb11029 powder or pristine composite, as a reference.
Second, the compacted sample, prepared by evenly distributing 10.0 mg of pristine composite
into the cell and pressing it under 0.7 T. The cell was then disassembled, and the pellet was
broken to recover the powder. The third sample was the composite after 50 cycles at C/6, which

was recovered by disassembling the cell and scraping the cycled composite on the plunger.
V.2.5.1. X-ray diffraction

Two samples were analysed: (1) pristine and (2) cycled composite by X-ray diffraction
(XRD). Measurements were acquired using a Panalytical X’pert Spinner diffractometer
(equipped with Cu Kai > X-ray source) in Bragg-Brentano 0-0 geometry, within the angular range
of 10-70° and with a step size of 0.033°. All the air-sensitive samples were protected using a

Kapton® polyimide film covered on a silicon zero-background sample holder.
V.2.5.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was performed using FEI Quanta 200 FEG. Energy-
dispersive X-ray spectroscopy (EDS) was used alongside SEM to check the elemental
distribution in the electrode. Three composite samples were investigated: (1) pristine composite,
(2) compacted composite, and (3) the composite after 50 cycles. The sample preparation was
carried out inside an Ar-filled glovebox, where the samples were deposited onto the carbon tape
of the sample holder and then sealed in airtight vials and quickly transferred to the SEM chamber.

This transfer process exposes the sample to air for less than 10 seconds.
V.2.5.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was conducted on three samples: (1) pristine
FeNb11029 powder, (2) compacted and (3) cycled composites. XPS measurements were carried
out with a THERMO Escalab 250Xi spectrometer at IPREM Institute in Pau, using focused
monochromatic Al Ka radiation (hv = 1486.6 eV) with an X-ray spot size of 650 pm for longer
axis ellipse. The spectrometer was calibrated with reference binding energies (BE) of clean
samples: Cu (932.6 eV), Ag (368.2 eV) and Au (84.0 eV). The samples were never in contact
with air nor moisture from their preparation to their analysis since the XPS spectrometer is
directly connected to an Ar-filled glove box. The high-energy resolution spectra were recorded

with constant pass energy of 20 eV. The charge neutralization was used for all the acquisitions.
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The pressure in the analysis chamber was around 2x10~7 mbar during analyses. Short acquisition
time spectra were recorded before each experiment to check that the samples were not subject to
degradation during the X-ray irradiation. For the pristine material FeNb11029, the binding energy
scale was corrected using as reference the C 1s peak at 285.0 eV characteristic of the
hydrocarbon species CH>-CHb. For the samples containing LigPSsCl, this correction was done
with respect to the Cl 2p position at 199.0 eV. For data analysis, the spectra were mathematically
fitted with Casa XPS software using a Shirley type background, and a combination of Gaussian

and Lorentzian distributions for peaks fitting.
V.2.5.4. Electrochemical impedance spectroscopy (EIS)

EIS measurement was performed on a VSP impedance analyzer (Biologic), with an
excitation voltage of 10 mV in the frequency range of 1 MHz - 100 mHz, and 10 points per
decade were recorded. DRT analysis was performed with RelaxIS Online DRT (rhd
instruments), using the radial-basis-function (RBF) discretization approach described by Ciucci

and co-workers [201].
V.3. Results and discussions

V.3.1. Benchmarking of the electrode composites

V.3.1.1. Voltage profiles and differential capacity curves

Solid-state cells with FeNb11029 composite electrodes with varying VGCF content, denoted
as Cx, were investigated using rate capability test to identify the optimized composition. For
comparison, a coin cell using a liquid electrolyte and similar active material loading was tested
under the same rate protocol. Their galvanostatic cycling performance was compared in
Figure V.6, showing their voltage profiles and differential capacity (dQ/dV) curves at C/12 for
the first two cycles. Both systems exhibit similar shapes of charge-discharge curves with
characteristic sloping features, consistent with the comparable redox peaks at ~2.4 V, 1.65 V,
and 1.3 V corresponding to Fe***, Nb**#* and Nb*** redox couples, respectively. These results
confirm the successful implementation of FeNb11029 in solid-state battery systems.

All composites exhibited a pronounced capacity drop from the first discharge to the first
charge, reflected in their initial Coulombic efficiencies (iCEs). In every case, iCEs were below
90%, with the lowest values observed in the high-VGCF composites—81.1% for C30 and 85.8%
for C20—while the others remained ~86%. In contrast, the liquid-electrolyte coin cell showed a
much higher iCE of 96%. By the second cycle, the Coulombic efficiencies (CEs) of the solid-

state cells improved to the range of 89-93%, whereas the coin cell achieved ~98%. The
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considerably higher capacity observed in discharge suggests two possible scenarios: (1) a portion
of the discharge current is consumed by side reactions, such as SSE decomposition or interfacial
degradation, or (2) the charge process is unable to fully extract the lithium inserted during
discharge. Both possibilities affect the long-term cycling stability and raise the question of

chemical/electrochemical compatibility between FeNbi1029 and LigPSsCl.

Regarding capacity, a clear improvement was observed as the VGCF content decreased. In
the second cycle at C/12, the charge capacities of C30, C20, C10, and CO5 were ~145, 170, 195,
and 212 mAh-g!, respectively. This superior performance of C05 is also evident in the dQ/dV
plot, showing a stronger Nb>"#* peak and, more prominently, a broader feature below 1.5 V. The
reduced capacity at higher VGCF content may result from (i) surface functional groups on VGCF
that promote irreversible reactions with LigPSsCl [40], and (i1) the poor densification of VGCF
relative to FeNb11029 or LisPSsCl, which may increase porosity in the composite pellets. On the
other hand, lowering the VGCF content too far (C03) caused the discharge capacity to drop again
(~185 mAh-g™), likely due to insufficient electronic conductivity.
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Figure V.6. Voltage profiles and differential capacity (dQ/dV) curves of five FNO composites and a liquid
electrolyte-based coin cell, tested at C/12 current rate for the first cycle (a, b) and second cycle (c, d). The inset in
(d) compares polarization values derived from peak separations in the dQ/dV curves. (1C = 2.28 mA-cm™)

158 |Page



Cell polarisation can be quantitatively estimated from the voltage separation between the
dQ/dV peaks during charge and discharge. In general, reducing the VGCF content in the
composites leads to lower polarization. A similar trend is observed in the dQ/dV plots, though
the peak separation does not follow a strictly monotonic pattern. However, composites with
higher VGCF content, such as C30 and C20, exhibit larger polarization in the range of 80—100
mV, as shown in the inset bar chart of Figure V.6, while C10, C05 and C03 demonstrates a lower
polarization (50—60 mV).

These trends in terms of capacity, coulombic efficiency and polarization indicate that the
CO05 composite is the best-performing composition, delivered the highest capacity, supported by

the prominent low-voltage feature (< 1.5 V) associated with deeper Nb redox activity.
V.3.1.2. Rate capability tests

To further evaluate the performance of FeNbi1029 composites under practical cycling
conditions, rate capability tests were conducted at increasing currents stepwise from C/12 to
4.2C, followed by a return to the initial rate (Figure V.7).
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Figure V.7. Rate capability of (a) five composites in solid-state half-cells and reproducibility of (b) composite C05

and (c) FeNb10y in liquid electrolyte coin cells with comparable mass loading, averaged from four cells in each
case. (1C=2.28 mA-cm)
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Across the entire current range, C05 composite consistently delivered the best performance,
achieving > 220 mAh-g ! at C/12 and retaining ~80 mAh-g 'at 0.83C. Besides, reproducibility
test on four C05-based cells (Figure V.7) showed highly consistent rate behaviour with small
error margins, confirming the reliability of these tests. However, capacity retention remains

limited, with a gradual decline observed, especially when cycled at higher current rates.

By contrast, high-VGCF composites (C30 and C20) exhibited substantially lower capacities
and more severe capacity losses with increasing current, likely due to reduced contact between
the composite components through the porous carbon network. The C10 composite
demonstrated intermediate performance, whereas C03 performed reasonably well at low current
rates but its capacity faded rapidly at higher rates, likely due to insufficient electronic
conductivity. When the current rate was returned C/12, all composites showed partial capacity

recovery, with C05 and C10 recovering most effectively.

Overall, the trends in capacity, CEs, polarization and rate capability suggest that the best
performance was achieved for the FeNb;1O29 composite with intermediate VGCF content.
Specifically, CO5 delivered the highest capacity and best rate performance, raising the question

of how ion and electron transport affect the performance of solid-state cells.
V.3.1.3. Ionic and electronic conductivity tests of representative composites

To further investigate transport properties, the best-performing composite (C05) and the
VGCF-richest one (C30) were examined using electron- and ion-blocking electrode setups with
the DC polarization method (Figure V.8). The final equilibrium current at each voltage step was
used to make the I-V plots, from which the resistance values were extracted via linear fitting

and the effective values of 6ion and o were then calculated.

For C05, the electronic conductivity (ce = 337 mS-cm™") is about three orders of magnitude
higher than its ionic value (Gion = 0.110 mS-cm™!). Although modest, this ionic conductivity is
sufficient to sustain Li* transport due to the well-dispersed FeNb11029 and LisPSsCl particles
observed in SEM (Figure V.15), consistent with its strong rate capability. In contrast, the C30
composite, with the largest VGCF fraction, exhibits an even higher electronic conductivity
(~915 mS-cm™), nearly three times that of C05, reflecting the dominant carbon network for
electronic conduction. However, its ionic conductivity (~0.099 mS-cm™) is slightly lower,
suggesting that excessive carbon disrupts the LisPSsCl network and increases tortuosity for Li*
migration. As a result, ionic transport becomes the bottleneck in C30, leading to higher
overpotentials and poor rate behavior, whereas C05 achieves a more effective balance of ionic
and electronic transport, enabling high capacity and robust rate performance. This optimized
composite (C05) was therefore selected for further analysis.
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Figure V.8. DC polarization measurements for electronic and ionic conductivities of C05 and C30 composites. Left:
Stepwise  voltages (red) were applied, and current responses (blue) were recorded.
Right: Current-voltage step plots were fitted linearly to extract resistance and calculate conductivity.

V.3.2. Comparison with other systems

V.3.2.1. FeNb11029 in solid- and liquid-electrolyte cells

The performance of FeNbi1029 in solid- and liquid-electrolyte cells is compared based on

rate capability test (Figure V.7) and Cyclic Voltammetry (Figure V.9).

At similar mass loadings, FeNbi1O29 solid-state cells exhibit inferior rate capability
(~30 mAh-g ! at 1.7C) compared with liquid electrolyte coin-cells (~160 mAh-g ! at 2C), as

shown in Figure V.7.
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Left: CV curves. Right: Peak current vs. square root of scan rate, fitted using the Randles—Sev¢ik equation to

This was also demonstrated by Cyclic Voltammetry, where analysis of Nb>"/4*

estimate Li* diffusion coefficients.

redox peak

gives apparent lithium-ion diffusivities of ~4 x 10 cm?s™! for solid-state cell, one order of

magnitude lower than that in liquid electrolyte-based cell (~2 x 10 cm?-s™!) (Figure V.9). This

reduced diffusivity and weaker rate performance could arise from limited ionic conductivity of

the solid-state electrolyte compared with the liquid counterpart, as well as interfacial or

microstructural limitations inherent to the solid-solid contacts. In solid-state cells, increasing

the scan rate resulted in a pronounced increase of the peak separation (AEp), which rose from

0.304 V at 0.1 mV-s ! to 0.620 V at 0.3 mV-s . This separation is significantly larger than that

observed in coin cells of equivalent mass loading at identical scan rates (0.156 V at 0.1 mV-s !

to 0.286 V at 0.3 mV-s!). These trends suggest a deviation from ideal reversible behavior,

possibly due to kinetic limitations of electronic and ionic transport.
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V.3.2.2. Performance of FeNb11029 vs. other high-voltage materials in SSBs

FeNb11029 shows strong promises when compared with other high-voltage negative

electrode materials in Li-SSBs (Table V.3) [177-184]. Most reported cells typically used

electrodes of low to moderate mass loadings (0.5-3 mg-cm™), fabricated by various formulations

and methods (slurry casting, uniaxial pressing, or pulsed laser deposition), often achieved higher

capacities than FeNb10290-based cells at comparable or higher current densities (see Table S3).

However, the electrodes in this study were uniaxially pressed with a much high active material

loading (~10 mg-cm 2) yet still delivered ~210 mAh-g ! at C/12 and ~80 mAh-g! at 0.8C, which

are competitive performance within the context of solid-state systems.

Table V.3. Electrochemical performance of some high-voltage negative electrode materials in half-cell SSBs

# Electrode composition Ma-s i Performance Ref

loading

1 Li4Ti5012:80Li2S-20P20s: N/A 90 mAh-g!'at3.8 mA-cm?, [177]
acetylene black (27.3:63.6:9.1 wt.%) 25°C
by uniaxial pressing

2 LisTisO2@LPS: LPS: VGCF: 0.5 110 mAh-g'at 1C at 80 °C; [178]
polybutadiene (PB) (5:4:1:0.5, weight) mg-cm?  sustained after 300 cycles
(LPS: 80Li2S-20P20s)

Slurry-casted electrode

3 LisTisO12: PEO: carbon (75:10:15 wt.%) 3 150 mAh-g! at C/2at 70 °C  [179]
Slurry-casted electrode mg-cm™

4 LisTisOn2 thin films by pulsed laser 0.025 97 mAh-g! at C/7 at RT [182]
deposition mg-cm™

5 NTWO: LisPSsCl: VGCF (6:3:1, weight) 1.8 175 mAh-g'at 0.2 A-g’! [181]
(NTWO: Nby.6Ti0.32W0.0805-5) mg-cm?  (1C) at 25 °C
By uniaxial pressing (® = 13 mm)

6 TiNb,O7: PVdF: conductive SP-CNT N/A 2413 mAh-g'at 1C at RT [180]
(8:1:1 by weight) for Li|L113Alo3Ti1.7(PO4)3
Slurry-casted electrode composite polymer|TNO-0.2

7 FeNbi11029: LisPSsCl: VGCF (40:50:5, 10.9 ~210 mAh g ' at C/12, RT This
weight), by uniaxial pressing (® =7 mm) mg-cm? (17.4mA-g ;0.19 mA-cm2?) work

~80 mAh g ' at 0.83C, RT
(174 mA-g '; 1.9 mA-cm2)
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V.3.3. Electrochemical characterizations of the optimized composite

From this point, the optimized composite CO5 will be used for further characterizations.
V.3.3.1. Long-term cycling

Figure V.10 presents the long-term cycling performance of the optimized composite,

averaged from 4 cells, at a moderate rate of C/6 over 50 cycles.
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Figure V.10. Long-term cycling of the optimized composite at C/6, showing charge/discharge capacities, averaged
from three cells (left axis) and coulombic efficiency (right axis) over 50 cycles

The cells deliver an initial charge capacity of ~127 mAh-g !, with an iCE of ~82%. From
the 4™ cycle, the CE remains consistently high (~98-99.8%)), suggesting that the Li* ions can
mostly participate in reversible intercalation after the first few cycles. A gradual capacity fade is
observed over cycling: charge capacity remains above 100 mAh-g ! for the first 30 cycles and
declines to 87 mAh-g ! after 50 cycles, equivalent to about 68% of the initial capacity. Despite
its favourable transport characteristics, the composite still faces limitations in long-term stability,

likely due to interfacial degradation, cumulative side reactions, or contact loss.
V.3.3.2. Asymmetric rate test

Asymmetric rate tests were conducted on half-cells containing the optimized composite to

compare the kinetics of Li* insertion and extraction (Figure V.11).

At low currents (C/12 and C/6), both cases delivered similar capacities, indicating that
lithium transport in FeNb11029 is not kinetically limited under these conditions. However, from
0.4C onward, a clear asymmetry emerged: higher capacity was clearly observed for C-rate test
in all cycles compared to the D-rate test. In the C-rate test, capacities remained relatively well
retained, with ~50 mAh-g™' (~20% of the initial value) still accessible at 1.7C. In contrast, the
D-rate test showed rapid capacity fading beyond 0.4C, with nearly no capacity left at 1.7C.
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Figure V.11. Asymmetric rate tests of CO5 composite: capacity retention (a); voltage profiles and differential
capacity (dQ/dV) curves during C-rate (b-c) and D-rate tests (d-e).

This asymmetry kinetic behavior is further supported by the dQ/dV plots, where increasing

current rates in both tests caused progressive broadening and suppression of the Nb>7*" and

Nb*"3* peaks, along with gradual shifts in peak position. These changes were clearly more

pronounced for the D-rate test: substantial peak broadening and strong peak shifts, reflecting

higher overpotentials during discharge and sluggish Li" insertion under fast rates. This behavior

indicates that Li* insertion (discharge) is more kinetically limited than Li* extraction (charge) in

the composite, highlighting an intrinsic asymmetry in Li" transport kinetic. Such behavior was

also observed in FeNbi1O29-based liquid electrolyte cells (Figure V.12) and has also been

reported for graphite electrodes [202].
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Figure V.12. Asymmetric rate test of FeNb;;029 in liquid electrolyte coin cell, showing limited Li* insertion
kinetics, similar to observations in solid-sate cells

V.3.3.3. Constant current — constant voltage (CC-CV) cycling

Constant current—constant voltage (CC—CV) rate cycling was applied to mitigate the kinetic

limitations of lithium insertion into FeNb11029 (Figure V.13).
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Figure V.13. Charge—discharge voltage profiles of the C05 composite at varying current rates (1-50 Li*/h) with a
constant-voltage hold applied at the end of discharge (left). Corresponding cycling performance showing capacity
contributions from constant-current (orange) and constant-voltage (green) steps (right).
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A constant-voltage (CV) hold was introduced at the end of each discharge to ensure
complete lithiation. Since lithium insertion into FeNb;1029 is kinetically limited, a constant-
voltage (CV) hold was applied at the end of each discharge during the rate test to ensure its
complete lithiation. At low rates (C/12—0.42C), most of the capacity originated from the
constant-current (CC) step, approaching values obtained in liquid-electrolyte coin cells. Beyond
0.83C, however, the CC contribution dropped sharply, and at 4.2C it became negligible,
reflecting insufficient time for complete lithiation under high currents. At the highest rate (4.2C),

the discharge profile becomes steep, with minimal capacity delivered during the CC step.

The application of a CV step effectively relieves kinetic limitations and promotes deeper
lithium insertion. As the current rate increases and the CC step becomes less effective, the CV
step accounts for a progressively larger contribution to the total capacity. This trend is evident
in Figure V.13b, where the green bars representing the CV contribution become dominant at
1.67C and 4.2C. Importantly, capacity fully recovers when the current returns to C/12,
confirming that the CV step enables reversible lithiation rather than driving parasitic reactions.
Overall, these findings demonstrate that the intrinsic kinetic barrier to lithium insertion at high
current rates can be partially mitigated by incorporating a CV hold, thereby improving capacity

utilization and achieving more complete lithiation.
V.3.4. Pre- and post-cycling analyses

To investigate the evolution of the electrode during operation, pre- and post-cycling
analyses were carried out to examine changes in phase composition, morphology, and the

electronic states of the elements in the optimized composite.
V.3.4.1. X-ray diffraction

Ex situ XRD measurements were performed on the pristine and cycled composite. Le Bail
refinements of their XRD patterns (Figure V.14) reveal more pronounced changes in the cell
parameters of FeNbi1O29, compared to little changes in those of LisPSsCl. Specifically,
FeNb11029 shows slight but consistent expansion along the a, b, and ¢ axes after cycling
(Table V.4), suggesting that a small amount of lithium remains trapped within the host
framework at the end of charge. In contrast, the lattice parameter of LicPSsCl remains nearly
unchanged, indicating the structural stability of the bulk electrolyte during cycling. However, its
interaction and chemical stability with other components of composite electrode, i.e. FeNb11029

and VGCEF, need to be investigated with surface-sensitive techniques.
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Figure V.14. Le Bail refinement results of pristine (top) and cycled (bottom) composite.

Table V.4. Le Bail-refined lattice parameters of FeNb;102 and LicPSsCl in pristine and cycled samples

Phase Lattice Pristine Cycled
parameter sample
a (A) 15.5893(10)  15.5942(10)
b (A) 3.8333(2) 3.8546(2)
FeNbuOz c(A) 206312(11)  20.6997(11)
£ 113.031(5) 112.908(4)
LicPSsCl a (A) 9.8524(4) 9.8537(5)

V.3.4.2. Scanning Electron Microscopy

SEM and EDX were used to examine the microstructure of pristine, compacted, and cycled
composites (Figure V.15). The top and middle rows show secondary electron (SE) images at
high and low magnifications, revealing surface morphology and texture, while the bottom row

shows backscatter electron (BSE) images that highlight heavier elements Nb/Fe in FeNb11029.
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(a) Pristine (b) Compacted (c) Cycled

Figure V.15. SEM images of pristine, compacted and cycled composites at different scales: secondary electron
images (top and middle), and backscattered electron images (bottom).

At high magnification, the fibrous VGCF structure is visible, with fibers ~0.1 pm in
diameter and several micrometers in length, in close contact with FeNbi1O29 and LisPSsCl
particles. Medium-magnification SE images reveal similar surface texture in three samples, with
VGCF fibers uniformly distributed. In BSE images, bright regions attributed to FeNb11029 are
evenly dispersed without significant agglomeration or phase segregation, indicating uniform
mixing of three composite components. FeNb;1O2 morphology and particle size remain
unchanged after cycling.

These SEM images are further supported by EDS mapping (Figure V.16), also showing
homogeneous elemental distribution, suggesting that all three samples exhibit a uniform phase
dispersion and interconnected network, supporting efficient ionic and electronic transport.

However, possible interfacial ageing during cycling may occur but is not evident in SEM.
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Figure V.16. Energy Dispersive Spectroscopy (EDS) mapping of the optimized composite at three states: (a)
pristine, (b) compacted and (c) cycled, showing homogeneous elemental distribution
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V.3.4.3. X-ray photoelectron spectroscopy

To probe changes in electronic and chemical states at the interface, X-ray photoelectron
spectroscopy (XPS) was performed on three samples: pristine FeNb;1029 powder, compacted

and cycled composites (Figure V.17, Table V.5).

C1s O1s Nb 3d Cl2p
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Figure V.17. XPS peak deconvolution of C 1s, O 1s, Nb 3d, Cl 2p, S 2p, and P 2p regions showing binding energies
and chemical states in pristine FeNb;;029, compacted C, and cycled C05 composites.

Table V.5. Surface atomic percentage and elemental ratios of prisitine LisPSsCl, FeNb;1029, and C05 composites
(compacted, aged) obtained from XPS

S-containing
FeNb11029 LisPSsCl decomposition Oconta Elemental ratio of LicPSsCl
products minant
Nb Fe O Li P S Cl | LS S° SO« S/ S/IC1 Li/S P/Cl
FeNb1iO2 | 245 0.8 46.5 5.1
Compacted | (7 31 /205 33 125 33| 04 04 0.4 5 3.8 3.8 1.6 1.0
composite
Cycled 0.2 35 24 117 31 38 13 0.8 12.7 | 4.9 3.8 3.0 0.8
composite
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For pristine FeNb;10a9, the peaks confirm Nb>* in an oxide environment. Notably, iron is
barely detectable on its surface, possibly due to its low stoichiometric amount. Nb 3d peak
positions remain unchanged in compacted and cycled composites, suggesting little chemical

degradation of FeNb;1029 during cycling.
Notable changes were observed in the XPS spectra of three samples:

e ( Is: CHy, CO, and CO; contaminants were detected in all samples. VGCF signals appear
in two composites, with lower intensity in the cycled sample.

e O Is, Nb 3d: In the compacted sample, O-Nb and Nb 3d signals slightly decrease in
intensity, indicating partial surface coverage of FeNbi110y9 particles by other components.
After extended cycling, the O-Nb peak disappears and Nb 3d intensities become
considerable low, suggesting the formation of a new surface layered.

e S 2p, P 2p, Cl 2p: These LisPSsCl-related peak positions remain unchanged across all
samples. Elemental ratios in the compacted sample match those of the pristine state,
confirming negligible changes during processing. In contrast, the cycled sample shows
reduced P/CI and increased Li/S and S/P ratios, along with new peaks assigned to sulfur

oxide species (SOx), S° and LiS, as previously reported [203].

These findings suggest the formation of a chemically modified surface layer, likely a
solid—electrolyte interphase (SEI), characterized by a clear presence of sulfur oxides, S and Li>S.
On the negative electrode, LigPSsCl has been reported to undergo decomposition into Li>S, LiCl
and LizP [181,203]. These products, especially Li>S, with poor ionic and electronic
conductivities, has been shown to significantly increase interfacial resistance at the negative

electrode material/LisPSsCl contact [167].
V.3.4.4. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was used to follow the evolution of
interfacial and charge transfer resistance in the solid-state half-cells at different stages: (A)
pristine, (B) after the rate test, and (C) after 50 cycles at C/6. Figure V.18 presents the Nyquist
plots together with the distribution of relaxation times (DRT) analysis, which decomposes the
impedance spectra into characteristic frequencies: each peak corresponds to a distinct process,
and its area reflects the associated impedance.

Given many components and interfaces in the cells, multiple processes could be included in
the spectra, such as bulk and grain-boundary ionic resistance, charge transfer across the
interfaces in FeNb11029 composite electrode, interfacial resistances at FeNb11029/LisPSsCl and

Li-In/LigPSsCl contacts. However, due to the complexity of the system and the significant
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overlap in the relaxation times of the interfacial processes (Figure V.18b), a complete
deconvolution of these contributions is not possible. Therefore, the data will be analyzed in terms
of impedance magnitude and characteristic frequency at the semicircle maximum (fpeak), which

defines the characteristic relaxation time of the process, T = 1/(27@fpeax).
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Figure V.18. Electrochemical impedance spectroscopy (EIS) of solid-state half-cells: pristine (blue), after rate test
(red), and after long cycling (green). (a) Nyquist plots with equivalent circuit (inset). Characteristic frequencies are
highlighted. (b) Distribution of relaxation times (DRT) analysis, resolving the impedance into frequency-dependent
processes. The spectra reveal progressive increases in ohmic, interfacial & charge-transfer resistance, and a shift of
the dominant relaxation toward lower frequencies upon cycling.

In this work, Nyquist plots exhibit two overlapping depressed semicircles, each modelled
by a resistor (R) in parallel with a constant-phase element (CPE). These spectra can be fitted
using the equivalent circuit in Figure V.18, which could be assigned to (i) resistance of the bulk
SSE (R1), (i1) interfacial resistance and non-ideal capacitance (R»//CPE»), (iii) a charge-transfer
resistance in parallel with the electrode double-layer capacitance (R3//CPEz3), and (iv) diffusion
inside SSE particles (CPE4) [179,204]. The CPE is characterized by its a parameter (0 < a < 1),
which quantifies the deviation from the ideal capacitive behavior (when a = 1), due to electrode

inhomogeneity.
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At high frequencies, the x-axis intercept of these spectra, which represents total Ohmic
resistance (R1), shifts progressively to higher Z’ value during cycling, reflecting a gradual
increase in bulk ionic resistance. The initial spectrum (A) consists of two depressed semicircles,
with fpeak Values of around 400 Hz and 5 Hz, corresponding to a fast interfacial resistance and
slow charge-transfer resistance process, respectively. In the DRT analysis, this slow process
manifests as small peaks near 1 Hz in all three cases, with their peak areas increasing during
cycling. As cycling progresses, the semicircles grow significantly in size, with Z’ rising from
~250 Q (spectrum A) to above 700 Q (B) and finally extending beyond 1500 Q (C). This agrees
with the substantial increase in the fitted resistance values shown in Table V.6. Notably, the peak
frequency shifts from 400 Hz (A) to 72 Hz (B) and finally to 4 Hz (C), indicating a progressive
transition toward a slower process with longer relaxation time. This trend is further supported
by pronounced features that emerge after extended cycling in the mid- and especially low-
frequency region of the DRT plot. Such behavior is clear evidence of increasing relaxation time,
which is likely due to the formation of the SEI. Furthermore, EIS semicircles observed in the
cell after cycling are greatly compressed and the o value of the CPE deviates significantly from
the ideal value of 1. These observations indicate that several semicircles, as in a transmission
line model, would be required to fit the interfacial resistance. In this case, the transmission line
model is thus simplified by using a CPE to represent an average sum of all the interfacial
resistances. The existence of several semicircles indicates that the system is inhomogeneous after

cycling as the SEI formation does not occur uniformly in all particles.

Table V.6. Impedance fitting results: R; (ohmic resistance), R, and R3 (interfacial/charge-transfer processes) with
corresponding ocpe parameter and characteristic frequency (f) for each parallel R//CPE element.

Ri1 R2/ acee2/ f2 Rs3/ acees/ f3
. 2()Q/ 109(1) Q /
Pristine 63(D & 0.74(1) / 728 Hz 0.43(1)/ 1.5 Hz
228(9) Q / 204(2) Q /
After rate test 128(2) 2 0.26(2)/ 113 Hz 0.55(1)/ 45 Hz
After prolonged 180(1) Q 279(2) Q2 / 1180(14) Q2 /
cycling 0.19(5)/ 144 Hz 0.49(1)/ 4.7 Hz

Overall, the gradual increase of ohmic resistance (R1) and the growing dominance of the
slow process indicate increased LigPSsCl ionic resistance and a substantial interfacial layer
build-up. This SEI layer, rich in Li>S, S°, and SOx species as confirmed by XPS, becomes
thickened during cycling and impedes Li" transport across the FeNb;1029/LisPSsCl interface,

thereby accelerating impedance growth and hindering charge-transfer kinetics.
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V.4. Conclusions and perspectives

This study systematically investigates the electrochemical performance and interfacial
behavior of FeNb;1029-based electrodes in Li-ASSBs. Different electrode compositions were
prepared to identify the optimum balance between the electroactive material and VCGF additive
to ensure the best performance of FeNb11029 in SSBs. Among the various formulations tested,
the CO5 composite—with an intermediate VGCF content—exhibited the best performance,
delivering the highest reversible capacity, lowest polarization, and superior rate capability. This
optimal behavior stems from a favorable balance between electronic conductivity and ionic

percolation, as evidenced by conductivity measurements and electrochemical analysis.

Cyclic voltammetry and asymmetric rate protocols revealed kinetic limitations of FeNb;1029
in SSBs, particularly during lithium insertion at high rates, which could be partially mitigated
by a constant-voltage step during discharge. This strategy could enhance lithium intercalation

and improve capacity under fast cycling conditions.

Pre- and post-cycling characterizations further showed structural stability of the active
material and SSE in the bulk, but there was chemical degradation at their interface. XRD
revealed slight lattice expansion of FeNb11029 upon cycling, indicating partial lithium retention,
while the solid electrolyte LigPSsCl maintained its structural stability. SEM images confirmed
morphological integrity in aged composite, with no significant change of microstructure among
the samples. XPS analysis demonstrated the formation of an interfacial layer, rich in S, Li.S and
SO,", during cycling.

Overall, this work highlights the critical importance of microstructural optimization in
composite electrodes for solid-state batteries. Excessive VGCF, despite its better electronic
conductivity, may impede ionic transport or disrupt effective contact between the electrode and
the solid electrolyte, leading to increased overpotentials and lower performance. Achieving a
balanced electron—ion transport network is key to minimizing polarization, maximizing capacity,
and maintaining long-term cycling stability. These discussions on VGCF content, interfacial
reactions, and transport limitations provide valuable insights for the design of electrode

composite architectures in solid-state batteries.

Future works could focus on further optimization of active material/SSE ratio to achieve
higher mass loading while still maintaining a well-connected ionic conduction network. Also,
the chemical/electrochemical degradation at the interface needs more investigation. Finally,
FeNb11020-based negative electrode composite can be tested in full cell configurations, for

example, with high-voltage material such as NMC.
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General conclusion
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This PhD work investigated the Wadsley—Roth phase FeNb;1029 as a promising negative
electrode material for Li-ion and solid-state batteries. The study addressed four main objectives:
the influence of synthesis methods on microstructure and electrochemical behavior, the
benchmarking of operando neutron diffraction tools, the evaluation of full-cell performance and

ageing, and the implementation of FeNb;1029 in solid-state systems.

Firstly, the effect of synthesis route and particle size on electrochemical behavior was
investigated. Microwave-assisted solid-state synthesis was demonstrated as a rapid and efficient
method to prepare FeNbi1029 polymorphs, suppressing particle growth and enhancing Li*
diffusion. The resulting monoclinic submicrometric powders delivered excellent performance,
with 179 mAh g and 90% capacity retention after 500 cycles at 2 A g'!. Comparisons with
furnace-heated powders confirmed the advantages of smaller particle size, while also
highlighting the intrinsic fast kinetics of Wadsley—Roth phases, as even micrometric particles
retained remarkable high-rate performance. These results establish particle-size control and
microwave heating as effective approaches for enhancing performance of FeNb11029 as well as

other battery materials.

Secondly, via operando neutron diffraction experiments on the FeNbi1029 model material,
we have systematically benchmarked different cell designs and diffractometers at the Institut
Laue-Langevin (ILL). The coin-type ILLBAT#1 cell, while easy to assemble and capable of
delivering high-quality data, suffered from strong polarization, limited cycling rate, and a
reliance on deuterated electrolytes. In contrast, cylindrical cells enabled faster cycling and
provided sufficiently good diffraction quality even with conventional electrolytes, making them
better suited for routine studies, and particularly for investigating high-rate electrode materials.
Moreover, the high-resolution D2B diffractometer was successfully employed for operando
studies for the first time, opening perspectives for more widespread and accessible neutron

diffraction in battery research.

Thirdly, the practical implementation of FeNb11029 in full cells was explored through
prototyping in 18650-format cells and systematic ageing studies in coin cells. The successful
scale-up of synthesis and electrode processing confirms its feasibility for larger formats, while
full-cell tests highlight its ability to deliver energy densities intermediate between graphite and
LisTi5s012. Ageing studies demonstrated the strong influence of operating conditions: elevated
temperature, slow cycling, and high state of charge significantly accelerated capacity fading and
resistance growth, which is linked to interfacial degradation and electrolyte instability. These

findings highlight both the potential and the current limitations of FeNbi11029 in practical full
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cells, as well as emphasizing the need for electrode optimization, interfacial stabilization, and

post-mortem analyses to clarify degradation mechanisms.

Finally, FeNb11029 was investigated as a negative electrode in Li solid-state batteries, with
a focus on electrode composition and interfacial behavior. Among the tested formulations, an
intermediate VGCF content achieved the best balance between electronic and ionic transport,
delivering the highest reversible capacity, lowest polarization, and best rate capability. While the
active material and the solid electrolyte (LisPSsCl) showed bulk stability, interfacial degradation
occurred during cycling, with sulfur-rich compounds forming at the interface. These results
highlight the critical importance of composite electrode optimization and interface engineering,

as well as the need for future studies in full-cell configurations.

Overall, this thesis presents FeNb11029 as well as other Wadsley-Roth phases as promising
negative electrode materials that could bridge the gap between high-energy graphite and safe but
low-energy LisTisO12. Its favourable structural stability, good rate capability even for
micrometric particles, and compatibility with both liquid and solid-state systems are clear
strengths. However, kinetic limitations, polarization, and interfacial degradation remain critical
challenges. Beyond the findings specific to this material, this work contributes methodological
advances in microwave-assisted synthesis, operando neutron diffraction benchmarking and
prototyping insights, offering valuable perspectives for the development of Wadsley-Roth

phases and other electrode materials in next-generation battery technologies.
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Abstract

Conventional Li-ion battery negative electrode materials have inherent trade-offs: graphite delivers high capacity
but raises safety concerns, whereas LisTis01, provides excellent safety and rate performance but lower energy
density. These limitations motivate the search for high-rate alternatives such as Wadsley—Roth phases, which
combine structural stability, fast ion transport, and a favourable operating potential. This thesis aims to valorise
FeNb 102 composition in four directions. Firstly, microwave-assisted synthesis was shown to suppress particle
growth and enhance Li* diffusion, yielding submicrometric powders with excellent cycling stability. While particle
downsizing improved transport, the intrinsic fast kinetics of Wadsley—Roth phases were also confirmed in
micrometric powders. Secondly, operando neutron diffraction was employed to track the structural evolution of
FeNb,102 and benchmark experimental setups at the ILL. While coin-type cells provided high-quality diffraction
data but poor electrochemistry, cylindrical cells enabled faster cycling with sufficient data quality using
conventional electrolytes. For the first time, the high-resolution D2B diffractometer was successfully applied to
operando studies, opening the door to more routine neutron use in battery research. Thirdly, the practical feasibility
of FeNb;1029 was assessed through 18650-format prototypes and ageing studies in coin cells. The material delivered
intermediate energy densities between graphite and LisTi501,, but degradation was strongly accelerated by high
temperature, slow cycling, and high state of charge. Finally, in solid-state batteries, electrode composition was found
to be essential: an intermediate carbon content provided a balanced ionic and electronic transport, minimizing
polarization and maximizing capacity. Although the active material and electrolyte showed bulk stability, sulfur-
rich interfacial species formed during cycling, highlight the need for composite optimization and interface
engineering.

Keywords: Li-ion batteries, Wadsley-Roth oxides, microwave synthesis, operando analysis, neutron diffraction,
prototyping

Résumé

Les matériaux d’¢électrode négative Li-ion conventionnels présentent des compromis : le graphite offre une grande
capacité mais pose des enjeux de sécurité, tandis que le LisTisO12 est slr et rapide au prix d’une densité énergétique
plus faible. D’ou ’intérét pour des phases de Wadsley—Roth, stables, a transport ionique rapide et a potentiel
favorable. Cette thése valorise FeNb;1Oy selon quatre axes. (i) La synthése assistée par micro-ondes limite la
croissance des particules et améliore la diffusion du Li*, donnant des poudres submicroniques stables en cyclage,
tout en confirmant la cinétique rapide intrinséque des phases Wadsley—Roth dans les poudres micrométriques. (ii)
La diffraction neutronique operando a permis de suivre I’évolution structurale et de tester différents montages a
PILL : les piles bouton fournissent d’excellentes données mais une électrochimie limitée, tandis que les cellules
cylindriques offrent un compromis qualité/dynamique. Le diffractométre haute résolution D2B a été utilisé pour la
premicre fois en operando. (iii) La faisabilité pratique a été validée par des prototypes au format 18650 et des études
de vieillissement : la densité énergétique se situe entre le graphite et le LisTisO12, mais la dégradation s’accélére a
haute température, faible vitesse de charge/décharge et fort état de charge. (iv) En batteries tout solide, une teneur
intermédiaire en carbone optimise les transports ionique et électronique, réduisant la polarisation. Malgré la stabilité
en volume des matériaux, des especes interfaciales soufrées apparaissent, montrant I’importance de 1’ingénierie des
interfaces.

Mots-clés : Batteries Li-ion, oxydes de Wadsley—Roth, synthése micro-ondes, analyse operando, diffraction

neutronique, prototypage
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