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Sommario

Nonostante la loro maturita, le batterie agli ioni di litio devono ancora affrontare
sfide nelle applicazioni che richiedono contemporaneamente elevata potenza ed elevata
capacita. Il loro funzionamento si basa sul meccanismo classico di intercalazione, in cui il
litio viene inserito ed estratto dall’ospite elettrodico. Le variazioni volumetriche associate
possono indurre danni meccanici, compromettere 'integrita strutturale e interrompere il
contatto elettrico con i collettori di corrente. La progettazione di elettrodi nanostrutturati
e compositi puo contribuire ad attenuare questi meccanismi di degradazione.

Una cella elettrochimica e costituita da collettori di corrente, due elettrodi (anodo e
catodo) e un separatore solido, permeato da un elettrolita liquido nelle batterie conven-
zionali. Il trasporto di carica e dipendente dalla fase: gli elettroni conducono all’interno
degli elettrodi, mentre gli ioni trasportano carica attraverso l’elettrolita. Per sostenere
le reazioni interfacciali, gli ioni devono attraversare ’elettrolita fino alle superfici degli
elettrodi. Di conseguenza, il trasporto di massa nell’elettrolita ¢ descritto dal moto degli
ioni mobili, governato da diffusione (guidata da gradienti di concentrazione) e migrazione
(guidata dal campo elettrico).

Gli studi teorici e computazionali approfondiscono la comprensione del comportamento
delle batterie reali sia in condizioni operative sia in condizioni estreme e, insieme agli
esperimenti, consentono di ottimizzare nuovi materiali e architetture. Di conseguenza,
la modellazione rappresenta uno strumento potente per la progettazione di sistemi di
accumulo energetico e per la previsione della loro vita utile.

Nel Capitolo 1 vengono introdotti la motivazione e il contesto del lavoro, vengono
formulate le principali domande di ricerca e vengono delineati gli obiettivi complessivi,
I’ambito e la struttura della tesi.

Nel Capitolo 2 vengono rivisti gli aspetti fondamentali delle batterie agli ioni di litio,
inclusi i principi di funzionamento, i componenti di cella (anodi, catodi, elettroliti, sepa-
ratori), i settori applicativi, i meccanismi di invecchiamento e degradazione, i concetti di
stato di salute e vita utile residua, i processi produttivi, le vie di riciclo e le problematiche
di sicurezza.

Nel Capitolo 3 viene presentata una rassegna critica e mirata degli approcci di model-
lazione per batterie agli ioni di litio allo stato solido. Piuttosto che passare in rassegna
I'intera letteratura, vengono analizzati quattro modelli rappresentativi per la loro rile-
vanza concettuale e chiarezza metodologica. Da questi studi vengono spiegati i principali
meccanismi elettro-chemo-meccanici che governano il comportamento della cella e ven-
gono delineate le formulazioni matematiche utilizzate per rappresentarli, fornendo una
visione chiara e aggiornata dello stato dell’arte.

Nel Capitolo 4 viene implementato un modello continuo termodinamicamente con-
sistente, radicato nel quadro di Larché—Cahn, per predire la risposta della cella in una
geometria tridimensionale realistica mediante ’accoppiamento di meccanica, elettrochim-
ica e trasporto di massa. Il funzionamento della batteria ¢ formulato come un problema
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ai valori iniziali e al contorno; vengono derivate le equazioni di governo e le relative forme
deboli per elettrolita, catodo, lamine e interfacce; il sistema risultante e risolto mediante
uno schema agli elementi finiti di tipo Newton-Raphson, in un’implementazione ad alte
prestazioni basata su deal.ii, utilizzando geometria e mesh che riflettono 'architettura
completa a strati della cella (elettrolita/separatore, catodo, lamine e interfacce) e le con-
dizioni operative. Tutti i costituenti solidi, ovvero il catodo in LiCoO, (LCO), I'elettrolita
liquido incorporato nel separatore solido e le lamine, sono modellati assumendo elasticita
lineare a piccole deformazioni, con la deformazione indotta dall’intercalazione rappresen-
tata tramite deformazioni di rigonfiamento. Le condizioni al contorno sono applicate dove
opportuno e le condizioni interfacciali sono imposte mediante relazioni di Butler—Volmer.
La risposta elettro-chemo-meccanica accoppiata ¢ stata investigata su un intervallo di
C-rate e l'effetto dell’accoppiamento meccanico sul comportamento elettrochimico e stato
esaminato. I risultati risultano coerenti con la letteratura consolidata, mostrando tensioni
operative piu basse e capacita ridotta all’aumentare del C-rate, nonché una chiara modifica
della distribuzione di sovrapotenziale e dei campi di tensione dovuta all’accoppiamento
meccanico.

Nel Capitolo 5 viene presentato uno studio elettrochimico comparativo svolto durante
un periodo di ricerca in visita nel laboratorio della Professoressa Jennifer Schaefer presso
il Dipartimento di Chemical and Biomolecular Engineering dell’Universita di Notre Dame.
Il metodo ibrido termochimico sviluppato dal Professore Khachatur Manukyan presso il
Nuclear Science Laboratory, Dipartimento di Physics and Astronomy, Universita di Notre
Dame, e stato inizialmente testato su polvere commerciale di LCO; il processo e stato
quindi ottimizzato passo dopo passo su tali campioni e, una volta ottenute prestazioni
elettrochimiche coerenti con il riferimento commerciale, lo studio e stato esteso a precursori
recuperati da pacchi batteria esausti. In questo quadro, le polveri di LCO rigenerate
sono state confrontate con riferimenti commerciali da 0.1C a 5C utilizzando protocolli
identici di preparazione degli elettrodi e di test in coin-cell. Sono stati analizzati la rate
capability, i profili tensione—capacita e l'efficienza coulombica, e le prestazioni sono state
correlate a microstruttura e contenuto di impurita. A causa della durata limitata del
periodo di visita, non tutti i test pianificati hanno potuto essere completati e alcuni
protocolli sono stati abbreviati; cio si riflette nell’ambito dei risultati riportati. Per la
stessa ragione, una validazione incrociata completa tra modello ed esperimento e una
calibrazione dei parametri rispetto al modello continuo non hanno potuto essere intraprese
e sono rimandate a lavori futuri. I risultati mostrano che la prestazione elettrochimica
delle polveri rigenerate si avvicina a quella dei riferimenti commerciali e che il metodo
sviluppato offre un percorso promettente per la rigenerazione dei catodi.

Infine, il Capitolo 6 riassume i principali risultati sia della parte di modellazione sia
di quella sperimentale, discute i limiti del presente lavoro e delinea possibili direzioni per
ricerche future.
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Abstract

Despite their maturity, lithium-ion batteries still face challenges in applications that
demand both high power and high capacity. Their operation hinges on classical intercala-
tion, where lithium is inserted into and extracted from the electrode host. The associated
volumetric changes can induce mechanical damage, undermine structural integrity, and
break electrical contact with the current collectors. Designing nano-structured and com-
posite electrodes can help mitigate these degradation mechanisms.

An electrochemical cell is made of current collectors, two electrodes (anode and cath-
ode), and a solid separator, which is permeated by a liquid electrolyte in conventional
batteries. Charge transport is phase-dependent: electrons conduct within the electrodes,
while ions carry charge through the electrolyte. To sustain interfacial reactions, ions
must traverse the electrolyte to the electrode surfaces. Consequently, mass transport in
the electrolyte is described by the motion of mobile ions governed by diffusion (driven by
concentration gradients) and migration (driven by the electric field).

Theoretical and computational studies deepen our understanding of how real batteries
behave under both operational and extreme conditions and, alongside experiments, help
tailor new materials and architectures. Consequently, modeling is a powerful tool for
designing energy-storage systems and predicting their service life.

In Chapter 1, the motivation and context for this work are introduced, the main
research questions are formulated, and the overall objectives, scope, and structure of the
thesis are outlined.

In Chapter 2, the fundamental aspects of lithium-ion batteries are reviewed, including
working principles, cell components (anodes, cathodes, electrolytes, separators), applica-
tion domains, aging and degradation mechanisms, state-of-health and remaining useful
life concepts, manufacturing processes, recycling routes, and safety issues.

In Chapter 3, a targeted, critical review of modelling approaches for all solid state
lithium ion batteries is presented. Rather than surveying the entire literature, four rep-
resentative models are examined for their conceptual significance and methodological
clarity. From these studies, the key electro-chemo-mechanical mechanisms that govern
cell behaviour are explained and the mathematical formulations used to represent them
are outlined, providing a clear, up to date view of the state of the art.

In Chapter 4, a thermodynamically consistent continuum model, rooted in the Larche-
Cahn framework, is implemented to predict battery cell response in three dimensional
realistic geometry by coupling mechanics, electrochemistry, and mass transport. Battery
operation is posed as an initial and boundary value problem, the governing equations and
their weak forms for the electrolyte, cathode, foils, and interfaces are derived, and the
resulting system is solved with a finite element Newton-Raphson scheme in a high perfor-
mance computing implementation based on deal.ii, using geometry and meshing that re-
flect the complete multilayer cell-stack architecture (electrolyte/separator, cathode, foils,
and interfaces) and operating conditions. All solid constituents, namely LiCoO, (LCO)

iii



ABSTRACT

cathode, liquid electrolyte embedded in solid separator, and the foils, are modeled under
the assumption of small strain linear elasticity, with intercalation induced deformation
represented through swelling strains. Boundary conditions are applied where appropri-
ate, and interface conditions are enforced through Butler-Volmer relations. The coupled
electro-chemo-mechanical response was investigated across a range of C-rates, and the
effect of mechanical coupling on electrochemical behavior was examined. The results
aligned with established literature, showing lower operating voltage and reduced capacity
at higher C-rates and a clear modification of the overpotential distribution and stress
fields due to mechanical coupling.

In Chapter 5, a comparative electrochemical study conducted during a visiting re-
search period in Professor Jennifer Schaefer’s laboratory in the Department of Chemical
and Biomolecular Engineering at the University of Notre Dame is presented. The hybrid
thermochemical method developed by Professor Khachatur Manukyan at the Nuclear Sci-
ence Laboratory, Department of Physics and Astronomy, University of Notre Dame, was
first tested on commercial LCO powder; the process was then optimized step by step on
these samples, and once electrochemical outputs consistent with the commercial reference
were achieved, the study was extended to precursors recovered from spent battery packs.
Within this framework, regenerated LCO powders were benchmarked against commercial
references from 0.1 C to 5 C under identical electrode preparation and coin-cell testing
protocols. Rate capability, voltage—capacity profiles, and Coulombic efficiency were ana-
lyzed, and performance was related to microstructure and impurity content. Owing to the
limited duration of the visit, not all planned tests could be completed and some protocols
were shortened; this is reflected in the scope of the reported results. For the same reason,
comprehensive model-experiment cross validation and parameter calibration against the
continuum model could not be undertaken and are deferred to future work. The findings
show that the electrochemical performance of the regenerated powders approaches that
of the commercial references and that the developed method offers a promising pathway
for cathode regeneration.

Finally, Chapter 6 summarizes the main findings of both the modeling and experimen-
tal parts, discusses the limitations of the present work, and outlines directions for future
research.

v
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Chapter 1

Introduction

1.1 Motivation and context

Modern society is increasingly dependent on technologies that require a continuous
and reliable supply of electrical energy. From portable electronics to electric vehicles and
grid-scale storage, the demand for high-performance energy-storage systems has grown
dramatically over the past decades, driven by the global push for electrification and the
integration of renewable energy sources into power systems [1, 2, 3]. At the same time, the
environmental and geopolitical drawbacks of fossil-fuel-based energy systems — greenhouse
gas emissions, air pollution, resource depletion, and supply-chain vulnerabilities — have
made the transition toward low-carbon energy systems and renewable energy integration
a central priority in both policy and research agendas [3, 4].

Lithium-ion batteries (LIBs) have emerged as the dominant technology enabling this
transition. Their combination of high gravimetric and volumetric energy density, rela-
tively long cycle life, and design flexibility has established LIBs as the state-of-the-art
storage solution in consumer electronics, electric vehicles, and an increasing share of sta-
tionary storage installations [1, 5, 6].

In quantitative terms, global lithium-ion battery demand is projected to increase by
more than an order of magnitude over the period 2010-2030, as illustrated in Figure 1.1.
According to Bloomberg data compiled by Statista [7], demand rises from about 0.5 GWh
in 2010 to 526 GWh in 2020 and is expected to reach approximately 9300 GWh in 2030.
This dramatic growth underscores both the central role of LIBs in the energy transition
and the urgency of addressing sustainability, resource availability, and end-of-life man-
agement.

However, this success also brings major challenges. The rapid growth in LIB deploy-
ment significantly increases the demand for critical raw materials such as lithium, cobalt,
and nickel, raising concerns about long-term availability, supply-chain concentration, and
associated environmental and social impacts [8, 9]. These issues are now widely rec-
ognized in critical raw-materials assessments and supply-risk studies for electrochemical
energy storage technologies. At the same time, large volumes of end-of-life batteries must
be managed in an environmentally sound manner, and questions of safety, durability,
and accurate lifetime prediction have become central to the sustainable scaling of LIB
technology [10].

At the cell level, LIB performance and degradation are governed by a complex interplay
of electrochemical, transport, and mechanical processes. Lithium insertion and extrac-
tion cause volumetric changes in active materials; the resulting stress fields can induce
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Figure 1.1: Projected trends in the rising demand for Li-ion batteries.

particle cracking, loss of electrical contact, interfacial delamination, and microstructural
damage, ultimately degrading capacity and power capability [10, 11, 12]. Experimen-
tal and numerical studies have shown that mechanically driven damage in electrode mi-
crostructures is a key contributor to performance fade, particularly under high-rate or
high-depth-of-discharge operation [11, 12]. Designing robust cells therefore requires not
only improvements in materials and manufacturing but also a quantitative understanding
of these coupled electro-chemo-mechanical phenomena at the electrode and cell scale.

The coupled interaction between lithium transport, electric potential, and mechanical
deformation has been studied widely using continuum and finite-element models. At the
electrode scale, finite-strain electro-chemo-mechanical formulations have been proposed to
describe large lithiation-induced deformations and their feedback on diffusion and reac-
tion kinetics [13, 14]. One such formulation [13] provides a thermodynamically consistent
finite-strain theory for lithium-ion electrodes together with a monolithic, unconditionally
stable finite-element scheme, which is particularly suited for high-volume-change materi-
als such as silicon anodes. Another contribution [14] combines a phase-field description of
two-phase intercalation with small-strain elasto-plasticity in microstructure-resolved simu-
lations of lithium-iron-phosphate electrodes, thereby linking local stress fields to the effec-
tive electrode response. For solid-state batteries, several works have developed continuum
electro-chemo-mechanical models that emphasize the role of space-charge layers, interfa-
cial stresses and large deformation in solid electrolytes and composite cathodes. A general
framework for all-solid-state cells is presented in [15], where space-charge layers and inter-
facial stresses at electrode—electrolyte interfaces are treated in a thermodynamically con-
sistent manner. The work in [16] proposes a finite-strain electro-chemo-mechanical theory
for ion transport in binary solid electrolytes, highlighting the coupling between swelling,
stress and ionic conductivity in deformable solid conductors. A fully coupled phase-field
finite-element model for composite all-solid-state cathodes is introduced in [17], capturing
electro-chemo-mechanical interactions and damage within the composite microstructure.
In addition, a three-dimensional finite-element formulation resolving the full microstruc-
ture of an all-solid-state cell and coupling nonlinear solid mechanics with electrochemistry
in a monolithic fashion is developed in [18]. A substantial body of work has also focused
on mechanically driven degradation. The work in [19] analyzes fracture in active materi-
als using coupled electrochemical-mechanical and phase-field formulations to study crack
initiation and propagation in electrode particles and composite electrodes. A gradient-



1.2. OBJECTIVES AND SCOPE OF THE THESIS

enhanced electro-chemo-mechanical framework with damage is proposed in [20] to inves-
tigate the nucleation and growth of lithium filaments and cracks in solid electrolytes.
Beyond purely isothermal settings, [21] introduces a thermo—electro-chemo—mechanical
model for lithium-ion cells and implements high-order transient finite-element simula-
tions in two dimensions, illustrating how thermal, electrochemical and mechanical fields
interact under dynamic operating conditions. Recent reviews [22] synthesize these de-
velopments and emphasize that electro-chemo-mechanical coupling has become a central
design and degradation consideration, particularly in all-solid-state batteries where inter-
faces and mechanical constraints play a critical role. In contrast to most of these works,
which either focus on individual particles, specific interfaces or solid-state architectures,
the first part of the present thesis numerically solves a thermodynamically consistent,
three-dimensional, multi-domain electro-chemo-mechanical model for a lithium-ion cell.
The electrolyte, cathode and metal foils are treated as distinct but coupled mechanical
and electrochemical domains and formulated together as a boundary-value problem with
appropriate interface and boundary conditions. This problem is discretized within a finite-
element framework and solved using a parallel implementation of the open-source C+-+
library deal.ii [23], enabling large-scale three-dimensional simulations on high-performance
computing architectures.

In addition to understanding degradation at the cell and electrode scale, the sus-
tainability of LIB technology depends on efficient recycling and regeneration strategies
that close the loop for critical materials. In particular, LiCoOs (LCO) remains a widely
used cathode material in consumer electronics due to its high energy density and reliable
performance, despite the ongoing shift toward lower-cobalt chemistries in some appli-
cations [24]. Recovering and regenerating LCO from spent cells is essential to reduce
the environmental footprint of LIBs, to mitigate critical-materials risks, and to enable
circular-economy approaches in the battery value chain. Recent work has demonstrated
that direct regeneration and advanced recycling routes can restore the electrochemical
performance of spent LCO cathodes close to or comparable with commercial materials,
provided that appropriate process conditions and impurity controls are used [25, 26, 27].
To be viable, regenerated cathodes must therefore be benchmarked against commercial
references under controlled and comparable operating conditions.

Taken together, the modeling and experimental parts of this thesis address a common
scientific problem: how the behavior and performance of LCO-based lithium-ion half-
cells can be understood and evaluated by combining mechanistic continuum modeling
with controlled electrochemical benchmarking. In this framework, the first part of the
thesis develops a physics-based electro-chemo-mechanical description of an LCO-based
half-cell, with the aim of identifying the coupled roles of lithium transport, electric po-
tential, and mechanical deformation. The second part examines, under identical half-cell
conditions, how regenerated LCO powders compare with commercial references in terms
of short-term electrochemical response. Although these two parts are not combined here
into a fully calibrated model-experiment workflow, they are conceived as complementary
contributions to the same broader objective: improving the understanding and evaluation
of LCO cathodes from both a mechanistic and a materials-performance perspective.

1.2 Objectives and scope of the thesis

This thesis is to contribute to a more quantitative and physically consistent under-
standing of the coupled electro—chemo—mechanical behavior of lithium-ion batteries, with
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a specific focus on LCO-based cathodes and their regeneration from spent cells. The work
combines continuum-scale modeling and numerical simulation of a Lithium-ion cell with
an experimental study that benchmarks regenerated LCO powders against commercial
cathode materials under controlled operating conditions.

More specifically, the thesis pursues the following objectives:

e To formulate a thermodynamically consistent, three-dimensional multi-domain con-
tinuum model for a lithium-ion cell that captures lithium transport, electric po-
tential and mechanical deformation in the electrolyte, cathode and metal current
collectors. The governing equations are expressed as a coupled boundary-value
problem with appropriate interface and boundary conditions, and are subsequently
non-dimensionalized to identify the dominant parameters and couplings.

e To discretize and solve this multi-domain boundary-value problem in a finite-element
framework using a parallel implementation of the open-source C++ library deal.ii.
The numerical framework is designed to perform fully three-dimensional simulations
of the coupled electro-chemo-mechanical fields in realistic cell geometries, with sev-
eral hundred thousand unknowns, on high-performance computing systems.

e To investigate LCO cathode materials from spent lithium-ion batteries using a
hybrid thermo-chemical route developed by Prof.Khachatur Manukyan and co-
workers [28], to prepare corresponding cathodes, and to carry out systematic elec-
trochemical testing (rate capability and cycling) under defined conditions.

e To compare the electrochemical performance of regenerated LCO powders with that
of commercial LCO, and to relate the observed behavior to differences in microstruc-
ture and possible impurity-related effects, thereby assessing the practical viability
and limitations of the regeneration route.

The scope of the thesis is restricted in several ways. On the modeling side, attention
is limited to isothermal conditions and small-strain linear elasticity with swelling in the
active solid phases; fracture, interfacial delamination, solid—electrolyte interphases and
detailed side-reaction kinetics are not modeled explicitly. The electro—chemo—mechanical
analysis is carried out in a continuum framework using three-dimensional, idealized yet
representative particle-resolved geometries based on randomly distributed cathode parti-
cles, rather than experimentally reconstructed, fully resolved electrode microstructures.
On the experimental side, the work is restricted to LCO-based cathodes assembled into
lithium-metal coin-cell half-cells and evaluated primarily by means of galvanostatic rate-
capability tests and Coulombic-efficiency analysis over a limited number of cycles. This
constraint is largely a consequence of the finite experimental window of the project: the
electrochemical campaign could only be conducted within an approximately five-month
period, which was not sufficient to design, assemble, and cycle a broader test matrix
including long-term aging protocols. As a result, systematic cycle-life and degradation
studies — such as extended high-cycle testing, calendar-aging experiments, or application-
specific duty cycles — could not be implemented. Likewise, advanced electrochemical
diagnostics (e.g. electrochemical impedance spectroscopy, cyclic voltammetry, or inter-
mittent titration methods) were not pursued within this time frame. Therefore, the ex-
perimental section should be interpreted as a short-term, time-limited comparative eval-
uation of the synthesized cathode materials, and not as a full electrochemical validation
of their long-term cycle life and durability. Within these boundaries, the thesis brings
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together two distinct yet complementary contributions. The first is a continuum elec-
tro—chemo—mechanical modeling framework for lithium-ion cells, developed to provide
mechanistic insight into the coupled roles of lithium transport, electric potential, and
mechanical deformation in LCO-based systems. The second is an experimental bench-
marking study of regenerated LCO cathode materials, designed to assess, under controlled
and identical half-cell conditions, how close regenerated powders can come to commer-
cial references in short-term electrochemical performance. These two parts are developed
independently and do not constitute a fully coupled, calibrated model-experiment loop.
Nevertheless, they address the same broader scientific question from two different but
compatible perspectives: the first establishes a physics-based framework for interpreting
coupled battery behavior, while the second provides comparative evidence on the practi-
cal viability of regenerated cathodes. In this sense, the thesis is not intended to present
a complete validation workflow, but rather to place side by side two building blocks that
can support future integration between continuum modeling and targeted electrochemical
experiments.

1.3 Outline of the thesis

The remainder of this thesis is organized as follows.

Chapter 2 reviews the fundamental aspects of lithium-ion batteries, including work-
ing principles, cell components (anodes, cathodes, electrolytes, separators), application
domains, aging and degradation mechanisms, state-of-health and remaining useful life
concepts, manufacturing processes, recycling routes, and safety issues.

Chapter 3 presents a targeted critical review of modeling approaches for all-solid-
state lithium-ion batteries (ASSLIBs). Rather than surveying the entire literature, four
representative models are selected for their conceptual significance and methodological
clarity. From these studies, the key electro-chemo-mechanical mechanisms that govern
cell behavior are explained and the mathematical formulations used to represent them
are outlined, providing a clear, up to date view of the state of the art.

Chapter 4 introduces a thermodynamically consistent continuum model, rooted in the
Larche-Cahn framework, is implemented to predict battery cell response in three dimen-
sional realistic geometry by coupling mechanics, electrochemistry, and mass transport.
Battery operation is posed as an initial and boundary value problem, the governing equa-
tions and their weak forms for the electrolyte, cathode, foils, and interfaces are derived,
and the resulting system is solved with a finite element Newton-Raphson scheme in a
high performance computing implementation based on deal.ii, using geometry and mesh-
ing that reflect the full cell architecture and operating conditions. All solid constituents,
namely LCO cathode, liquid electrolyte embedded in solid separator, and the foils, are
modeled under the assumption of small strain linear elasticity, with intercalation induced
deformation represented through swelling strains. Boundary conditions are applied where
appropriate, and interface conditions are enforced through Butler-Volmer relations. The
coupled electro-chemo-mechanical response was investigated across a range of C-rates,
and the effect of mechanical coupling on electrochemical behavior was examined. The
results aligned with established literature, showing lower operating voltage and reduced
capacity at higher C-rates and a clear modification of the overpotential distribution and
stress fields due to mechanical coupling.

Chapter 5 presents a comparative electrochemical study conducted during a visiting
research period in Prof. Jennifer Schaefer’s laboratory. Commercial LCO powders and
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LCO materials regenerated from commercial and spent cells using a hybrid thermochem-
ical method developed by Prof. Khachatur Manukyan and co-workers are benchmarked
under identical electrode preparation and coin-cell cycling protocols. Rate capability,
voltage—capacity profiles and Coulombic efficiency are analysed and compared, and per-
formance is related to microstructure, porosity, and residual Li;COj3 originating from the
regeneration process.

Finally, Chapter 6 summarizes the main findings of both the modeling and experimen-
tal parts, discusses the limitations of the present work, and outlines directions for future
research.



Chapter 2

Fundamentals of lithium-ion
batteries

Some part of this chapter is adopted from the publication [29].

2.1 Working principle of lithium-ion batteries

A conventional lithium-ion battery cell consists of five key components—electrolyte, an-
ode, cathode, separator, and a pair of current collectors (positive and negative)—as illus-
trated in Figure 2.1. The anode and cathode both store lithium, while the separator acts
as a barrier between the two electrodes and prevent electron flow within battery. Lithium
ions move between the electrodes of a lithium-ion battery during charging and discharging,
intercalating into the active materials. During discharge, lithium is deintercalated from
the negative electrode (with copper acting as the current collector), releasing electrons.
The positive electrode typically contains active materials like metal oxides, while the
negative electrode is primarily made up of graphite and amorphous carbon compounds,
into which lithium is intercalated. Figure 2.1 illustrates that, during discharge, lithium
ions travel from the negative electrode via the electrolyte and separator to the positive
electrode. Electrons at the same time move through from the negative electrode to the
positive electrode via an external circuit, utilizing aluminum as the current collector.
During charging, the process is inverted: lithium ions travel from the positive electrode,
passing through the electrolyte and separator, to the negative electrode.
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Figure 2.1: Typical configuration of a lithium-ion battery.

As mentioned in [30], the main reactions, expressed in a general form for a carbon
anode, are represented in Equation (2.1) for the discharging process and in Equation (2.2)
for the charging process.

Discharge reactions:
At the anode: Li,Cg — Cg + zLi™ + ze™
At the cathode: Li;_,MOs + zLit + ze~ — LiMO,
Global reaction: Li,Cg + Li;_, MOy — Cg + LiMO,

(2.1)

where MOy is the general formula for the cathode chemistry, denoting a metal (M = Co,
Mn, Ni, etc.) oxide, and z signifies the stoichiometric coefficient of lithium participating
in the process.

Charge reactions:
At the anode: Cg + 2Li" + ze~™ — Li,Cq
At the cathode: LiMOy — Li;_ MOy + zLi" + ze™
Global reaction: Cg + LiMOy — Li,Cg + Li;_,MOs.

(2.2)

2.2 Main components of a lithium ion battery

2.2.1 Anodes

2.2.1.1 Carbon based materials

Carbon-based materials offer advantages such as low cost, ease of preparation, and variety
in forms. Carbon-based materials are currently regarded as more realistic anode materials,
operating as representatives of the lithium ion insertion/extraction mechanism. Graphite
carbon, referred known as soft carbon, exhibits excellent crystallinity; nonetheless, lithium
ions intercalate into graphite carbon in stages to produce LiCg, resulting in a specific ca-
pacity of only 372 mAhg~!.This limited theoretical specific capacity constrains the use
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of graphitic carbon as a negative electrode material in hybrid and electric vehicles. Non-
graphitic carbon, referred to as hard carbon, contains disordered internal crystallites. It
has commendable stability; yet, it suffers from significant reversibility and capacity degra-
dation issues. Research indicates that particle size, additives, and elevated porosity are
the reasons of its high reversibility [31]. The nano size of carbon may effectively reduce
the lithium ion diffusion length, enhance specific capacity, and the low-dimensional struc-
ture significantly contributes to structural stability. A considerable amount of research
has focused on the synthesis of carbon materials, the optimization of their structures, and
alteration of their properties [32].

2.2.1.1.1 Graphene

Theoretically, the thickness of a graphene sheet is merely one carbon atom, with a specific
surface area reaching up to 2630 m2g~!. The hexagonal lattice structure gives favorable
mechanical qualities to graphene, and both ends of the sheet may connect with lithium ions
to form Li3C, thereby attaining double the specific capacity of graphite [33]. Nonetheless,
there are certain practical limitations regarding the utilization of graphene. The large
specific surface area between graphene sheets will result in aggregation, and a decrease in
the effective area will reduce the capacity. Additionally, graphene performs poorly as an
anode material due to the restricted transport of electrons and Li* in the sheets [34].

2.2.1.1.2 One-dimensional carbon nanostructure

Carbon nanotubes (CNTs) are classified into single-wall carbon nanotubes (SWCNT) and
multi-wall carbon nanotubes (MWCNT), depending on the quantity of graphene layers
[35]. Single-walled carbon nanotubes (SWCNTSs) possess a smaller diameter and exhibit
fewer defects than multi-walled carbon nanotubes (MWCNTS), in which defects may arise
between the layers. Many methods exist for synthesizing carbon nanotubes (CNTs), re-
sulting in different morphologies, such as entangled and arrayed CNTs [36, 37]. Arrayed
CNTs, due to their one-dimensional configuration, are particularly advantageous for elec-
trode applications. The chirality of CNTs influences lithium ion diffusion and storage
capacity, with SWCNTs demonstrating a greater diffusion barrier [38]. The carbon stor-
age capacity of CNTs can exceed 1116 mAhg™! [39], although some lithium ions stored
within the tubes are irreversible. The work [40] demonstrates that both the internal and
external surfaces of CNTs can host lithium ions, with defects or openings in the tubes
facilitating ion penetration. MWCNTs, having a 0.34 nm interlayer spacing, facilitate the
accommodation of lithium ions. The curvature of the carbon nanotube walls enhances
lithium storage via condensation processes, exhibiting a linear correlation between diame-
ter and storage capacity [41]. Surface functionalization, particularly with NH, groups, can
enhance lithium ion intercalation efficiency, hence improving the performance of CN'Ts as
anode materials in lithium-ion batteries [42]. CNTs can also form free-standing conductive
films that do not require binders, thanks to their ability to self-assemble [43, 44]. These
free-standing films provide improved thermal resistance, flexibility, and may be formed
into various geometries, making them appropriate for numerous applications. CNTs can
serve as conductive additions when integrated into composite materials for developing
high-capacity anode materials. As conductive additives, CNTs enhance electrical conduc-
tivity and cycling performance in composite materials by enabling powerful transfer of
electrons through a ”wire-to-point” conduction mechanism within electrodes [40]. CNTs
can be modified using nanoparticles such as silver, which improves the adhesion between
CNTs and metal substrates. This integration of CNTs with silver nanoparticles enhances
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the conductivity and increases the power output of the electrode material. Zhao et al. [45]
showed that this modification resulted in good conductivity due to the strong adhesion
between CNTs and the metal substrate.

2.2.1.1.3 Three-dimensional porous carbon nanostructures

The porous carbon nanostructure is a conventional three-dimensional carbon material
utilized as the negative electrode of lithium-ion batteries. These materials can be cate-
gorized into macroporous, mesoporous, and microporous types based on the size of their
pores. The interconnected network structure of these materials offers excellent electro-
chemical performance, enhanced stability, and helps prevent irreversible capacity loss.
As mentioned in [46], A three-dimensional porous nitrogen-doped graphite carbon frame-
work infused with cobalt oxide (CoO@QN — GCs) was fabricated through a simple polymer
pyrolysis method. This material functions as an anode in lithium-ion batteries (LIBs),
exhibiting outstanding electrochemical properties. Notably, the (CoO@QN — GC — 400)
variant delivers an impressive initial capacity of 1628 mAh g=! at 0.05 A g~!, maintaining
a robust capacity of 352.72 mAh g=! even after 1000 cycles at 1 A g~!. Throughout
the pyrolysis process, the interconnected macroporous architecture is well preserved, with
macropores forming in a direction perpendicular to the surface. This structural evolution
primarily results from the high-temperature carbonization of polyvinylpyrrolidone (PVP)
and the substantial pore generation caused by the thermal decomposition of cobalt ni-
trate (Co(NOj3)3). Furthermore, the pore walls undergo a solid-to-hollow transformation
as CoO nanoparticles are embedded within, reinforcing the material’s stability and elec-
trochemical efficiency. This innovative synthesis approach provides a promising route for
engineering advanced anode materials in high-performance lithium-ion batteries. Three-
dimensional graphene is a porous carbon nanomaterial. Its extensive production tech-
niques encompass hydrothermal and chemical reduction procedures, capable of producing
nanomaterials with submicron pore sizes. Nevertheless, the self-assembly procedure pos-
sesses inherent defects. The synthesized graphene network exhibits a significant number of
defects and interlayer connections. Chemical vapor deposition (CVD) approach provides
an efficient technique for synthesizing high-quality 3D graphene [47].

2.2.1.2 Transition metal oxides

Transition metal oxide (TMO) electrodes offer a high theoretical specific capacity (ranging
from 500 to 1000 mAh g~!), a tunable operating voltage, and outstanding cycling stability
[48]. In comparison to commercially manufactured graphite anodes, TMO anode materials
can prevent lithium dendrite formation and exhibit superior safety and specific capacity.
The production cost is reduced in comparison to alloy anode materials. Nevertheless, the
present commercial application remains not sufficiently developed, with numerous issues
to address, such as inherent low conductivity, electrode degradation due to significant
volume expansion, voltage hysteresis during charge and discharge cycles, and ongoing
electrolyte decomposition. The voltage hysteresis issue arises from the reconfiguration
of the anode material’s structure during the lithiation and delithiation processes, which
partially dissipates internal heat, hence minimizing the energy density efficiency of the
charge and discharge cycle. Combining TMO with conductive carbon material is a method
to solve the low conductivity of the TMO, therefore enhancing the conductivity of the
material overal. The hierarchical structure, with its increased surface area, enhances the
reaction rate, but this also leads to the persistent decomposition of the electrolyte and
considerable loss of lithium. Two reaction mechanisms are applicable in the interaction
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between TMO anode materials and lithium ions: the conversion reaction mechanism and
the insertion/removal reaction mechanism. The conversion reaction mechanism described
in [49] is fundamentally characterized as a redox process, which can be articulated in the
following manner:

MO, + 2z Lit + 2z e~ — M + 2 Li,O (2.3)

where M refers to a nanoparticle of a transition metal element, which plays a crucial role in
the aforementioned reaction reversibility. M demonstrates strong electrochemical activity
and is employed to decompose Li,O. Nonetheless, the high reactivity of nanoparticles may
trigger electrolyte decomposition, compromising the overall performance of the battery.
Research [50] indicates that the negative species influences the voltage lag issue. Different
voltage delays are observed in nitrides, oxides, and sulfides of the same transition metal.
Simultaneously, the potential of the negative electrode material that has been prepared
is dependent upon the degree of strength of the ionic bond occurs between the oxygen
ion and the transition metal cation [51]. The common transition metals involved in the
conversion mechanism include cobalt, iron, and manganese. Titanium-based oxide exem-
plifies the insertion mechanism in transition metal oxides (TMO). The negative electrode
materials in the insertion mechanism exhibits a smaller volume change compared to other
types of material; nonetheless, it exhibits low conductivity and a specific capacity ranging
from 175 to 330 mAh g~!. Hematite (Fe;O3) and magnetite (Fe3O,) , with theoretical ca-
pacities of 1007 mAh g~! and 926 mAh g~!, respectively, are iron-based oxides extensively
investigated as negative electrode materials. Researchers are concentrating on optimizing
their structure and minimizing their dimensions, while simultaneously boosting their elec-
trochemical performance through the integration of carbon materials or carbon coatings
[52, 53]. Cobalt-based oxides, such as (CoO) and (Co3Qy), are recognized for their high
specific capacities. The dimensions and morphology of these oxides can be customized by
modifying the synthesis techniques. In [54], CoO nanoclusters were successfully synthe-
sized directly on copper foil, demonstrating a reversible capacity of 1516.2 mAh g=! at a
1C current density, which underscores its potential as an attractive material for binder-free
electrodes. Hydrothermal methods are commonly used to synthesize Co-based anode ma-
terials. Rui et al. [55] employed a hydrothermal technique to fabricate template-free, sea
urchin-shaped hollow (Co30,4) nanoparticles. The material demonstrated remarkable rate
performance, achieving a capacity of 433 mAh g~! at a 10C current density. Mn-based
oxides (comprising MnO, Mn3O4, Mn,Og3, and MnO, [56]) have garnered significant inter-
est owing to their elevated theoretical capacity and affordability. Nonetheless, they retain
the intrinsic drawbacks associated with transition metal oxides. The 3D layered porous
Mn,Oj3 single crystal synthesized in [57] shows a homogeneous parallelepiped arrangement
and demonstrates a %95 Coulombic efficiency following the second cycle.

2.2.1.3 Alloying anodes

Negative electrode materials operating via an alloying mechanism form alloys between
metallic lithium and metals or semimetals from Groups IV and V, such as Silicon (Si),
Germanium (Ge), and Tin (Sn). The lithiation process of alloy-based materials can gen-
erally be categorized into addition and displacement reactions. In the case of pure active
metals or inert metal composites, addition reactions occur, where only the active metal
participates in lithiation, while inactive components remain electrochemically inert. The
particle size of the active metal significantly influences battery performance, as it controls
the lithium diffusion length and thus affects voltage behavior and capacity retention. El-
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ements such as Fe, Co, and Ni are often incorporated to enhance electrical conductivity
and improve mechanical stability. Carbon-containing composites can further improve rate
capability. In displacement reactions involving binary alloys composed of electrochemi-
cally active and inactive elements, lithiation is driven by lithium insertion, which induces
the separation of the inactive component while the active metal forms a lithium alloy.
This process should not be interpreted as spontaneous self-decomposition of the alloy,
but rather as a lithium-driven displacement-alloying mechanism. Compared to addition
reactions, displacement reactions involve a single lithium-induced transformation step,
and the resulting average voltage reflects both alloying and phase-separation energetics.
Volume change remains a critical challenge for alloy-based negative electrode materials, as
shown in Equation 2.4. The large volumetric expansion can lead to electrolyte decompo-
sition, structural degradation of the electrode, and rapid capacity fading during cycling.
Nevertheless, alloy anode materials offer exceptionally high specific capacities. Further-
more, elements such as Si, Ge, and Sn are abundant in nature. Their low lithium insertion
potential contributes to higher cell voltage, while appropriate electrode design can miti-
gate lithium aggregation and enhance safety. For these reasons, alloy-based materials are
considered promising candidates for next-generation lithium-ion battery anodes.

SnyFe + 8 8Li — 2Lis 4Sn + Fe (2.4)
2.2.1.3.1 Silicon

Silicon anode materials are seen as the most promising choices for the next generation of
lithium-ion batteries owing to their significantly higher theoretical capacity in comparison
to graphite [58, 59]. Si has a reduced working potential of 0.6 V relative to Li/Li+, hence
expanding the operational voltage range of lithium-ion batteries [60]. An other significant
benefit of utilizing Si anode materials is to their processing and fabrication, which involves
very straightforward synthesis procedures [61]. Notwithstanding these benefits, significant
disadvantages exist in its actual implementation, mostly because to the pronounced an-
ode instability resulting from large volumetric changes. During repetitive charging and
discharging cycles, the silicon anode can undergo significant volume expansion of up to %
300, leading to crack formation and total pulverization of the silicon anode. The pulver-
ization causes a disruption of the electrical link among the active material and the current
collector, leading to a fast decline in capacity [62].The phenomena of lithiation-induced
deformation and stress have been thoroughly investigated over the past few years. Many
researchers have conducted theoretical calculations to examine the swelling and stress
generated by lithium intercalation induced swelling, offering or predicting the outcomes
related to mechanical failure. For example, Christensen and Newman computed swelling
and stress [63, 64], Cheng and colleagues computed the strain energy under both po-
tentiostatic and galvanostatic processes for sphere-shaped particles [65, 66], and Sastry
and colleagues simulated the stress generation throughout lithiation under galvano-static
control [67]. Stress caused by lithiation in Si has been additionally computed [68]. Using
electrochemical mechanics, lithiation-induced fracture has been documented in a number
of recent publications [69, 70]. Furthermore, it leads to the development of a dense solid
electrolyte interface (SEI) layer, which elevates internal resistance and diminishes battery
capacity [61].

2.2.1.3.2 Germanium

Germanium is a prevalent semiconductor material. It is part of the same principal group
as silicon and has analogous properties. In comparison to silicon, germanium exhibits
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superior conductivity and lithium ion diffusion rates; its surface oxide layer is smaller,
and the Coulomb efficiency of germanium-based anode materials is frequently higher.
The volume expansion of Ge is isotropic, and the negative material is being subjected to
uniform stress, thereby preventing anode material cracking due to stress concentration
[71]. Germanium likewise encounters the same volumetric expansion issue as silicon. As
a scarce metal, Ge has a comparatively high price. Throughout the battery cycle, ger-
manium and lithium ions create a lithium-germanium alloy, resulting in a lithium-rich
localized area that accounts for the superior lithium storage capacity of germanium-based
anodes. Analogous to silicon, nanometerization and compounding are useful enhance-
ment strategies to address its inherent limitations. Wang and colleagues employed Mg to
decrease GeQOs, thereby synthesizing Ge nanoparticles approximately 30 nm in diameter,
while eliminating the necessity for costly Ge compounds [72]. The synthesized nanopar-
ticles exhibit a reversible battery capacity of 909 mAh g! at a current density of 3.2 A
g~!. Kim and coworkers [73] produced germanium nanowire (GeNW) with a diameter of
46 nm utilizing a gas-solid-liquid procedure and subsequently regulated the total number
of graphene layers on the outermost layer by a catalyst-free CVD approach. The use of
graphene markedly enhanced the electrochemical performance of GeNW. Following 200
cycles at a rates of 4.0 C, the capacity retention rate reached % 90. The thick Ge film
possesses a substantial area capacity, effectively addressing the requirements of practical
applications; however, the augmentation of film thickness results in a sharp decrease in
capacity. Carbon coating can enhance the performance of Ge nanoparticles to a specific
level. In the absence of a surfactant being used nanoparticle aggregation would make the
coating ineffectual.

2.2.1.3.3 Tin

Tin (Sn) can serve as an anode material due to its high theoretical capacity of 993.4 mAh
g~! [74]. The lithiation/delithiation mechanism in tin-based anodes can be described as
[75]:

rLit +xe” +Sn=1Li,Sn (0 <z < 4.4) (2.5)

Nonetheless, significant volume fluctuations and the agglomeration of Sn particles during
the alloying/dealloying operation present primary challenges for applications in practice
[76]. In order to overcome these difficulties and greatly improve the performance of Sn-
based anode materials, carbonaceous substances and tin-based intermetallics are typically
thought to be efficient [77]. Carbon materials, whether functioning as a support or a coat-
ing, can significantly mitigate volume fluctuations and accumulation of Sn particles while
enhancing overall conductivity, particularly when utilizing graphene [78]. The graphene
layer enhances electron mobility and inhibits the agglomeration of tin particles. Empty
gaps can be incorporated between the graphene and tin nanostructures to facilitate the
accommodation of volumetric fluctuations. The resultant composite exhibits a reversible
battery capacity of 481 mAh g~! with a current density of 100 mA g~!. Certain Sn-based
intermetallic compounds have been thought of as a viable option, including Sn-Sb, Sn-Bi,
Sn-Se, Sn-Cu, Sn-Co, Sn-Fe, and Sn-Ni, among others [79, 80, 81, 82, 83]. Among all
sorts of intermetallic materials, Sony’s Nexelion, composed of Sn, Co, and C, is a com-
mercially manufactured Sn-based anode, though its full composition remains undisclosed.
Therefore, it is essential to further investigate the role and significance of cobalt in the
Sn-Co intermetallic framework. Cobalt is generally considered an inactive element used
to mitigate volume fluctuations. Moreover, cobalt does not generate Co carbides, hence
preventing the loss of crystalline tin and enhancing the cyclic stability of the composite

13



2. FUNDAMENTALS OF LI-ION BATTERIES

(84, 85, 86]. The Sn-Cu alloy is a widely studied anode in lithium-ion batteries, particu-
larly in the stable CugSns intermetallic phase. Larcher and colleagues’ [87] comprehensive
in-situ X-ray investigation of CugSn; identifies two successive phase transformations of
CugSns in reaction with Li™ in the following manner:

CugSns + 10Li" + 10e” — 5Li;CuSn + Cu (2.6)
5Li,CuSn + 12Li* 4+ 12e~ — LiySns + 5Cu (2.7)

As the copper percentage in the copper-tin alloy grows, the resultant product will markedly
enhance cyclability, as copper serves as an inactive buffering matrix to mitigate volume
expansion. Nonetheless, it leads to a comparatively reduced discharge capacity; for in-
stance, the theoretical specific discharge capacity of CugSns in lithium-ion batteries is 584
mAh ¢! [88]. Conversely, certain Sn-based intermetallics containing electrochemically
active metals such as Sb, Bi, and Ge exhibit superior initial capacities and enhanced elec-
trochemical characteristics compared to the single active materials, attributable to the
varying potentials relative to Li* /Li of these active metals. The intermittent cycling pro-
cess associated with these active materials ensures that tin and the active metals function
electrochemically as mutually volume-releasing phases in succession [89).

2.2.2 Electrolytes

An inter-electrode medium, which includes the electrolyte, separates the electrodes [90,
91]. The purpose of this system is to grant ionic conduction while preventing the motion
of electrons between electrodes, which would short-circuit the cell. Liquid electrolytes are
the state-of-the-art in current cells but solid ones are a potential future substitute [92] and
do not require the permeable membrane that accompanies liquid electrolytes. Alternative
options, such as polymeric and hybrid electrolytes, lessen the disadvantages of both liquid
and solid electrolytes by combining their benefits [93].

2.2.2.1 Liquid electrolytes

Liquid electrolytes (LEs) are usually made of a salt dissolved in a mixture of organic sol-
vents, additives and co-solvents [94, 95, 96]. The salt dissolution provides the ionic species
in the solvent, which dissociates the cations from the anions. Additives and co-solvents are
added components that improve the performances of the electrolyte [97]. They reduce the
viscosity of the electrolyte improving power performance or the wetting behavior, at the
price of higher volatility [98]. Lithium hexafluorophosphate LiPFg is the most commonly
used salt in lithium-ion batteries. It combines a strong ionic conductivity with chemical
and electrochemical stability, being also able to passivate the aluminum current collec-
tor. Carbonate [99, 100] is a largely used organic solvent for lithium-ion batteries. The
separator, a microporous polymer membrane, forms a multi-phase composite structure
with the liquid electrolyte. Although the separator is not involved in the electro-chemical
reactions, yet its porosity [101] and tortuosity [102] macroscopically influence the effective
transport performances of the electrolyte. Tortuosity measures the degree to which the
conductive pathways depart from the ideal state of a straight channel with a uniform
cross section, while porosity quantifies the volume fraction occupied by the pores.
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2.2.2.2 Solid electrolytes

Due to the absence of concentration polarization in the electrolyte, solid-state batter-
ies (SSBs) have the potential to incorporate significantly thicker composite electrodes,
thereby potentially augmenting their energy density. Solid-state electrolytes (SSEs) have
the ability to limit the degradation processes that occur when different species diffuse
between the electrodes of a battery. The community’s fascination with electro-chemo-
mechanics has been amplified by the increasing attention given to SSEs [103], which have
been conventionally [104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115] classi-
fied into two different groups based on their composition, i.e., inorganic (glasses [116], or
ceramic [117] oxides or sulfides) and organic (mostly solid polymers [118]).

2.2.2.2.1 Inorganic solid electrolytes

It has just been ten years since inorganic solid electrolytes (ISEs) with high enough room-
temperature conductivity became generally accessible for use in lithium-ion battery tech-
nology [119, 120]. Ceramic ISEs can be found in either a crystalline or glassy state.
Oxides, sulfides, or phosphates-based compounds exhibit different crystalline structures,
with ionic conduction due to diffusion in the lattice structure [120]. They include LISICON
(lithium super-ionic conductor) [121], garnets (LLZO) [122], NASICON (sodium super-
ionic conductor) [123]. Certain ISEs, such as lithium phosphorus oxynitride (LIPON) and
lithium thiophosphates (LisS—P5S5), are notable examples of amorphous glass ceramics.
All ISEs exhibit a brittle mechanical behavior, which results in an extensive network of
micro-fractures accompanied with poor compatibility and stability towards the electrode.
This effect rises significantly the interfacial resistance and poses challenges in scaling up
from academic to industrial applications [124]. Numerous studies [125, 126, 127] have
shown that several ceramics SSEs have reached levels of ionic conductivity comparable
to liquid electrolytes. Other chemical and mechanical requirements must be met to put
SSEs on the market, such as electro-chemical compatibility, electrode surface wetting, im-
proved solid-solid interfacial contact between electrode and electrolyte interfaces, proper
stiffness and fracture toughness, essential to ensure the structural integrity of the inte-
grated system. Recently, research on ceramic ISEs indulged on gaining a comprehensive
understanding of the complex properties of solid-solid interfaces, motivated by the con-
siderable difficulties presented by the electrochemical and mechanical stability of SSEs at
these interfaces [128]. Dendrite growth is a highly complex problem in SSBs, involving
the interaction of mechanical and chemical forces. The infiltration of lithium dendrites
into solid-state electrolytes (SSEs) has been extensively documented as a major cause of
battery short-circuits across various SSE types [129, 130, 131]. In contrast to the dendrite
growth mechanisms observed in liquid electrolyte systems, the growth of dendrites in SSBs
is primarily influenced by the surface shape of the SSE. Li metal can be infiltrated and
redistributed unequally in ISEs due to the existence of microstructural defects as pores,
cracks, and grain boundaries [132]. Additionally, investigations were conducted to ex-
plore space-charge models in single-ion conductors, aiming to elucidate the phenomenon
of Donnan potentials [133].

2.2.2.2.2 Solid polymer electrolytes

Solid Polymer Electrolytes (SPEs) are very relevant SSEs, with research efforts highly
devoted to developing materials with high ionic conductivity. Dissolution of inorganic
salts in polar polymer leads to SSEs with high conductivity. Several variables influence
the electrostatic forces between metal ions and polar groups in polymers, such as the
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type of the polar groups connected to the polymer backbone, the distance between polar
groups, the degree of branching, the molecular weight, the type of metal cations, their
charge and nature and charge of counterions. When cations are exposed to an electric
field, they can move from one coordinated site to the other one. This is owing to the
poor coordination of the cations to sites throughout the polymer chain [118]. Polyethers
are considered the most popular polymer materials in SSEs. This is because of high
electrochemical stability and good dissolution of lithium salts. The ether oxygens on
polyethers creates binding to metal ions which facilitates the dissolution. PEO, is the
most used solid solvent among polyethers, since it has ether oxygen atoms with high
donor character (which leads to solvating cation ions), ethylene oxide segments which are
flexible and the fact that it can be provided at an affordable price. Polypropylene oxide
(PPO), polysiloxane (PSi), MEEP were among polymer materials with low Tg which have
been explored by researchers, too [134].

2.2.2.3 Gel polymer electrolytes

Gel Polymer Electrolytes (GPEs) have received considerable attention because they com-
bine the benefits of SSEs, as higher safety because the liquid content is kept inside a
polymeric host matrix, and LEs, as high conductivity because the polymer matrix mainly
serves as structural support. GPEs also show some drawbacks, as the emission of volatile
compounds and reactivity with the metal electrode [118]. In terms of physical state, GPEs
incorporate several states since amorphous, crystalline, and liquid regions co-exist [135].

2.2.2.4 Hybrid electrolytes

The purpose of developing hybrid electrolytes (HSE) is to improve the electrolyte perfor-
mance using various [SEs-SPEs composites that ensure sufficiently high ionic conductivity,
low interfacial impedance, and high electrode stability [136] overcoming the limited ionic
conductivity and poor solid-solid interfacial contact between the electrode and electrolyte
interface of SSEs. A hybrid electrolyte can be designed to have an inorganic filler in an
SPE either active [137, 138] or passive (i.e., with no ionic carriers). The latter do not ap-
preciably alter the ion-conduction mechanism, but ceramic fillers improve the mechanical
properties of a polymer matrix: metal organic frameworks and clay minerals are exam-
ples of these materials, as are Al,O3, TiOy, SiOs, and ZrO,. Active fillers boost ionic
conductivity and directly participate in LiT (garnet, perovskite, sulfide, and oxy-nitride
electrolytes fall into this category).

2.2.3 Cathodes

Most of the cyclable lithium inventory is stored in the cathode because the anode (graphite)
is initially lithium-free. The characteristics of the cathode electrode fundamentally rely
on its conductivity and structural stability. Like the anode, the cathode must also be
able to facilitate reversible intercalation and deintercalation of Li* ions, as diffusivity is
crucial in the cathode. The synthesis of materials that exhibit excellent performance,
capacity, safety, and low cost will facilitate the widespread utilization of lithium-ion bat-
teries (LIBs). The cathode electrode of lithium-ion batteries is the most heavy and most
costly component when compared with the electrolyte and anode electrode [139].
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2.2.3.1 Intercalation-type cathode materials

An intercalation cathode is a solid framework that allows for the insertion or extraction
of a guest ion. Cathode development has historically lagged behind anode development
in some aspects, particularly in terms of energy density and cost. From starting the
next section concentration will be focused on several cathode materials. Li* ions serve
as the guest ions, whereas the host network materials comprise transition metal com-
plexes, oxides, metal chalcogenides, and polyanion compounds [140]. In intercalation re-
actions, electroneutrality is preserved because the host electrode material accommodates
changes in the oxidation state of the transition-metal cations during during Li* interca-
lation/deintercalation. The layered structural oxide materials, which contain the formula
LiMOy (where M is a 3D transition metal such as Co, Mn, Al, Ni, and the mixture, see
section 1.2), have been the subject of numerous studies. The Li and M are organized
in alternate layers, with M and Li enclosed by octahedral and tetrahedral arrangements
of oxygen. Layered transition metal oxides ( LiNi;_,_,Mn,0,), manganese-based spinels
(LiMnyQy), and polyanion materials are primarily utilized as cathode materials. These
materials offer enhanced safety and reduced costs. Figure 2.2 compares the operating
voltages and capacities of the several cathode materials currently employed in lithium-
ion batteries (LIBs). The compounds predominantly utilized in Li* ion intercalation are

Figure 2.2: Comparative studies of various cathode materials in lithium-ion batteries

(LIBs), focusing on their operating voltage and achievable practical capacity
[141].

transition metal compounds featuring layered spinel and olivine crystal structures, as
illustrated in Figure 2.3. The primary difficulty of the electrode is to improve energy
density and maintain structural integrity at elevated energy densities. Layered materials
are employed as cathodes in high energy systems, whereas olivine and spinel are utilized
in high power lithium-ion batteries (LIBs) that offer longevity and cost-effectiveness,
respectively. Researchers are persistently endeavoring to discover alternate materials for
application. Several alternative materials have been extensively investigated (and in some
cases demonstrated in prototype cells), including layered LiNiOy and LiMnOs, together
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Figure 2.3: Crystal structures of (a) LiCoO4 (layered), (b) LiMnsO,4 (Spinel), (c¢) LiFePO,
(olivine) and (d) LiFeSO.F [142]

with their derivatives (LiNi;Co,O2, LiCo,Ni,Mn;_,_,O5), spinel-structured LiMn,Oy,
and olivine-structured LiFePO,. The subsequent section presents a report on several
cathode materials [143].

2.2.3.1.1 Layered oxides

Lithium cobalt oxide (LiCoO,)

Since 1980, layered lithium cobalt oxide (LCO) has been the most common commer-
cial cathode material utilized in rechargeable lithium-ion batteries (LIBs) and has at-
tracted significant interest. They exhibit a structured layered arrangement with the space
group R3m. The first-generation lithium-ion batteries (LIBs) have graphite as the anode,
lithium cobalt oxide (LCO) as the cathode, and an organic liquid electrolyte consisting
of dimethylene carbonate (DMC), ethylene carbonate (EC), and lithium hexafluorophos-
phate (LiPF6). During the electrochemical charging process, lithium ions depart from
the cathode (LCO structure) and migrate via the solution of electrolyte to the graphite,
while the corresponding electrons are conveyed by the power from the outside flowing
from the cathode to the anode. During discharge, the electrons and Lit ions migrate
in opposite directions. Despite the complete transfer of Litions yielding a theoretical
capacity of 274 mAh/g, the fundamental structure of LCO exhibits instability at high
levels of delithiation, namely when the value of x exceeds one-half [144]. The limiting
potential is approximately 4.2 V (versus. Li/Li+), corresponding to a practical capacity
of about 140 mAh/g (approximately 0.5 Li per formula of LCO). The primary concern
is the high cost and significant toxicity of cobalt, which is regrettable given its favorable
electrochemical characteristics and straightforward production. The primary issues in
lithium-ion batteries (LIBs) with increased energy density include structural instability
and inadequate interface compatibility of lithium cobalt oxide (LCO) and other battery
components. LiCoOs undergoes an irreversible change in phase at high potentials. Recent
studies have employed doping or coating techniques to enhance the stability of LiCoO,
at elevated potentials, resulting in a discharge capacity exceeding 200 mAh/g [145]. Sev-
eral metals (including Al, Mn, Cr, Fe) were employed as dopants or partial alternatives
for Co, exhibiting competent material properties but constrained performance [146, 147].
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The application of several metal oxide coatings has enhanced the functionality and stabil-
ity of LCO throughout extensive cycling. The stability of chemical and mechanical oxide
materials minimizes structural alterations in LCO and mitigates side interactions with
the electrolyte [148].

Lithium nickel oxide (LiNiO,)

Dyer et al. [149] were the pioneers in introducing LiNiOy as a cathode material for
rechargeable lithium-ion batteries. LiNiO, was deemed a more advantageous choice for
cathode material compared to LCO because of its lower toxicity and cost-effectiveness.
LiNiO, is synthesized by substituting Co®* with Ni** in a structure analogous to that of
LCO. The layered LiNiO, serves as an alternate cathode electrode material, characterized
by an operating voltage of 4 V, a specific capacity of 250 mAh [150]. LixNiO, serves as
the cathode in lithium-ion batteries, characterized by rhombohedral layered structures.
The fundamental formula of lithium nickel oxide is Li;_,Nij;,Os, rather than LixNiO,,
where x ranges from 0.05 to 0.20. The rate capability of LiNiOs is exceptional and less
prone to oxygen evolution [151]. A pure form of LiNiOs is not an advantageous cathode
material since Ni?* ions tend to substitute for Li* sites during manufacture and delithi-
ation, obstructing the pathway for Li diffusion. LiNiO, exhibits more thermal instability
than LCO due to the more facile reduction of Ni** relative to Co®t. The actual ap-
plication of LiNiO, is restricted by various factors, including restrictive cut-off voltages
for optimal cycling, incomplete reversibility of the rhombohedral phase transition, and
inadequate thermal stability, among others [152, 153]. The unadulterated form of LiNiOs
exhibits significant lithium absence and cation disorder, which impairs electrochemical
performance. The commercialization of pure LiNiO, was hindered solely by safety con-
cerns. The breakdown of the cathode occurred following the exothermic oxidation of the
electrolyte. LiNiOy was deemed the superior substitute for LiCoOs. The limited lifespan
of its electrochemical cycles and stability concerns are the primary issues. Consequently,
LiNiO, is currently an unsuitable cathode material for lithium-ion batteries. Numerous
endeavors were undertaken to resolve these issues. Other metals, including nickel (Ni),
manganese (Mn), and aluminum (Al), have been partially substituted for cobalt in LiNiOy
materials to enhance electrochemical performance.

Lithium manganese oxide (LiMnO,)

Other layered oxide compounds, such as LiMnO, (LMO), have been intensively explored
due to the more affordable price and reduced toxicity of manganese. The structure of LMO
is more complicated than that of LiCoOs and LiNiOy. LMO can be synthesized in several
configurations. The fundamental structure of LMO comprises a zigzag-type orthorhombic
LMO exhibiting Pmnm symmetry and a monoclinic LMO displaying C/2 m symmetry;
both serve as electrochemically active materials, providing a theoretical capacity of 285
mAh/g. Anhydrous and stoichiometric layered LMO has been produced throughout the
past two decades to enhance several features, including structural instability during cy-
cling, inadequate crystallinity, and varying stoichiometry. The synthesis of pure LiMnO,
and LiNiOs is challenging, and their structures exhibit instability relative to LCO during
the charging process [154]. The cycling performance of LMO remains inadequate; dur-
ing LiT-ion extraction, the layered structure tends to transform into a spinel structure.
ii) Manganese leaches from LMO during the cycle process. The theoretical capacity of
LMO is 285 mAh/g, the practical capacity is 200 mAh/g, and the voltage range varies
between 2.5 and 4.3 V [142]. The primary disadvantage of LMO is its rapid capacity
degradation, leading to a transformation into the spinel structure [155]. The transfor-
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mation of layered structures to spinel configurations impedes the specific capacity of the
LMO cathode, as the electrochemical activity of the structure is partitioned into two do-
mains: at 3 and 4 V vs. Li/Li+, interacting through phase transitions within these voltage
ranges. The stabilization of LMO using cationic doping was conducted both theoretically
and experimentally; nevertheless, the results indicated inadequate cycle stability at high
temperatures [156]. Consequently, LMO has impeded extensive commercialization. Re-
cent research has concentrated on transition metal oxide materials utilized in lithium-ion
batteries (LIBs), such as LiNi; ;3Mn;/3C01 /302 (NCM), LiNig 94Cog.0602, tungsten-doped
LiNiOs, and nickel-rich layered oxide cathodes, among others.

Nickel based layered oxides (LiNi;_,Mn,O-)

In order to enhance lithium consumption in the layered lattice and reduce material costs,
substituting cobalt with nickel and other elements is a highly effective strategy. Nickel-
based layered oxides (LiNi;_,M,Oy, where M = Co, Mn, and Al) have been produced
and have achieved significant market success in recent times, including compounds such
as LiNil/gcol/g,MIll/gOQ, LiNiO.5COO.2MHO.3OQ, and LiNiO.chO.15A10.05OQ. In compari—
son to LiCoO,, this category of materials exhibits an identical a-NaFeO, structure as
shown in Figure 2.2 (a), an equivalent average operating voltage (approximately 3.8 V
vs. Li/LiT), greater available reversible capacities ranging from 160 to 200 mAh g~
depending on the degree of nickel incorporation, and satisfactory long-term cycling sta-
bility, notwithstanding slightly elevated upper cut-off voltages (4.3-4.5 V vs. Li/Li"). To
enhance the gravimetric energy density of advanced rechargeable lithium-ion batteries to
exceed 300 Wh kg™ for electric vehicles with ranges above 300 miles, the advancement
of Ni-rich layered oxides with a specific capacity of 200 mAh g=! is essential. This has
sparked significant research initiatives within the battery sector to reexamine Ni-rich lay-
ered oxides with elevated nickel content (Z0.8), including LiNiggCog1Mng ;02 [157, 158],
LiNig g5Co00,05Mng 102 [159]. Simultaneously, increasing the operational voltage range of
commercially recognized LiNi;_,M,;O4 above 4.5 V (e.g., LiNi; ;5Co; ;3Mny 304 [160, 161],
LiNig 4Cog2Mng 405 [162, 163], etc.) is an alternative method to obtain greater capac-
ities. Both systems provide difficulties, including challenges in sample processing and
reduced battery safety and cycle longevity. The newly developed high-energy-density Ni-
rich layered oxide cathodes require more optimization before they may achieve commercial
viability in the coming years.

2.2.3.1.2 Spinel oxides

Spinel lithium manganese oxide (LiMn,O,)

The spinel lithium manganese oxide LiMn,O,4 stands out as a promising cathode mate-
rial due to its toxic-free and ecologically friendly properties, along with the high plen-
tiful supply of manganese and its cost-effectiveness [164]. The spinel cathode provides
a high discharge plateau, exceptional rate capability, and improved cycle performance.
LiMn204 provides a cost-effective, non-toxic alternative with excellent thermal stability
as well as high rate capability, featuring a potential of about 4 V (vs. Li/Li*) and a
theoretical capacity of 148 mAh g~! [165]. A comprehensive examination of the elec-
trical, thermal, and structural characteristics of LiMnyO,4, along with the conduction
mechanism for this material, is available in a different publication [166]. A number of
studies [167, 168] examining the electrochemical properties of LiMn,O, have reported
discharge capacities ranging from 100 to 120 mAhg™!, which corresponds to 67-81% of
its theoretical capacity (148 mAhg™') [169]. A wide range of synthetic methods has been
utilized to create spinel LiMnyOy, consisting of solid-state reaction [170], sol-gel technique
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[171], hydrothermal synthesis [164], combustion synthesis, and templating approaches. In
LiMn,0Oy,, two strategies have frequently been suggested to enhance its structural integrity
and electrochemical performance: cationic replacement and modification of the surface.
Mn substituted spinels with the structural formula LiM,MnyO4(where M represents Al,
Co, Ni, or Zn) were the subject of extensive investigation by various research groups aimed
at enhancing the cycling ability of LiMnyOy4 [172, 173, 174, 175]. Between these com-
pounds, LiNi,Mn,_,0O4 demonstrated notable enhancement in the cycling performance of
LiMn,O,. It was claimed that lithium substitution is utilized in the production of nearly
all commercial spinel materials which contains manganese oxides (LMOs), as it enhances
cycling behavior compared to LiMn,O4 [176]. Surface modification was proposed as an
alternative method for enhancement, with materials such as AlyO3, AIPOy4, ZnO being
investigated. Additional nanostructural alterations have been investigated, including the
encapsulation of LiMn,O4 nanowires within ZnO [177] nanotubes by Liu et al. [178] and
the uniform distribution of LiMn,O4 nanostructures in the structure of carbon nanotube
(CNT) composite materials by Ding et al. [179] and the latter method exhibited a sub-
stantial enhancement in the cycling performance of LiMnyOy4, nearing 100% after 100
cycles.

2.2.3.1.3 Polyanionic olivine phosphates

Lithium iron phosphate (LiFePO,)

Polyanionic olivine LiMPO, (where M = Fe, Mn, Co, or Ni) is highly appealing as a
cathode material for lithium-ion batteries. LiMPQO, possesses an olivine structure, as
illustrated in Figure 2.3. Lithium iron phosphate (LiFePO,), presented as a cathode
material by Goodenough in 1997, is among the most appealing commercially accessible
positive electrode materials. Its popularity stems from its superior safety features, a large
theoretical capacity of 170 mAh/g at low current densities, and a stable Fe?* /Fe*t re-
dox potential of 3.5 V relative to LiT /Li. LiFePO, provides a consistent voltage plateau,
thermal stability at elevated temperatures, reliable electrochemical and chemical char-
acteristics, exceptional cycling performance, affordability, and the plentiful availability
of iron, rendering it a highly economical option. The crystal form of olivine LiFePOy,
has a polyanionic structure featuring octahedral LiOg, octahedral FeOg, and tetrahedral
PO, units. The strong covalent bonds within the (POy); polyanion help stabilize the
oxygen at full charge, preventing O, release at high charge states, thus making LiFePO,
a long-lasting, safe, and superior positive electrode material, as demonstrated in Figure
2.3(c). The configuration of the cation in LiFePOy, is distinct from that found in LiCoO,
(layered) and LiMnyOy (spinel). The divalent ions of Fe** are positioned at the corners of
the octahedral structure; P?* is located in the tetrahedral sites, while Lit* is found along
the chain of shared edges with the octahedra. At first, a lag in capacity was noticed as a
gradually reversible limit of insertion for Li,FePO, at x = 0.06, and a capacity loss was
recorded when the current density exceeded 0.05 mA /g. The decline in reversible capac-
ity is linked to the sluggish diffusion kinetics of lithium ions, with the lost capacity being
restored once the current density falls below 0.05 mA g~!. The electronic conductivity of
LiFePOy is notably limited because of the configuration of the ions in the crystal lattice
framework [180]. The ionic and electronic conductivities are essential for the intercalation
and deintercalation processes, facilitating the movement of charge-carrying ions within the
electrode. Olivine exhibits limited electronic and ionic conductivity due to its low rate
capacity. To address these challenges, different scientists have been investigating a range
of techniques to improve the properties through different approaches. LiFePO, aims to
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improve its electrochemical properties. Additional enhancement can be achieved through
Fe doping of the material. The incorporation of ferrous metal can enhance ionic and
electrical conductivity while offering extra support. Its thermally stable nature makes it
extremely advantageous for use in electric vehicles (EVs). Among the several olivine ma-
terials, the most developed now under consideration is Olivine Lithium Phosphate [181].
In contrast to lithium transition metal oxides that incorporate hazardous and costly met-
als like cobalt and nickel, it utilizes more affordable and safer elements that include ferrous
and phosphate.

2.2.3.2 Conversion-type cathode materials

Besides intercalation-type oxides and polyanionic compounds, a broad class of so-called
conversion-type cathode materials has attracted increasing attention as candidates for
next-generation high-energy lithium-based batteries [182, 183]. In these materials, lithium
storage does not proceed via the reversible insertion of Li™ into a pre-existing host lattice.
Instead, the initial compound is fully transformed into new product phases upon lithiation
and is ideally regenerated during delithiation through a multielectron redox process. A
generic overall reaction for a conversion cathode may be written as

MX, + bLit 4+ be” = M+ aLiyX, (2.8)

where M denotes a transition metal (e.g., Fe, Co, Cu) and X is typically a highly elec-
tronegative anion such as F~, O~ S*7, or a halide [184]. Here, a is the stoichiometric
coefficient of X in MX, and b is the number of electrons transferred (equal to the number
of inserted Lit"); thus, b/a accounts for the anion valence (e.g., b/a = 1 for halides giving
LiX and b/a = 2 for oxides/sulfides giving Li; X). Because several electrons per transition-
metal cation can participate in the redox reaction, conversion cathodes can, in principle,
deliver significantly higher theoretical capacities and energy densities than conventional
intercalation oxides such as LiCoO,. However, these advantages are accompanied by con-
siderable challenges, including low intrinsic electronic/ionic conductivity, large volume
changes, complex reaction pathways and pronounced voltage hysteresis [182, 183]. Among
the different conversion-type positive electrodes, transition-metal fluorides, sulfides and
elemental sulfur (in Li-S cells) are the most intensively investigated representatives.

2.2.3.2.1 Transition-metal fluorides (FeF; and FeF,)

Transition-metal fluorides (TMFs) are prototypical high-voltage conversion-type cath-
odes [185]. Tron fluorides, in particular FeF3 and FeFs, have received substantial attention
due to the abundance and low toxicity of iron, in combination with the high electroneg-
ativity of fluorine, which yields relatively high reaction potentials (typically ~ 2.7-2.8 V
vs. Li/Lit) [186, 187]. For FeF, the overall reaction

FeFs + 3Lit +3e~ = Fe + 3LiF (2.9)

involves a three-electron redox process per Fe center, corresponding to a theoretical capac-
ity of approximately 712 mAh g!, i.e., about twice that of layered LiCoO, [188]. Early
studies on bulk FeF3 suffered from poor reversibility, sluggish kinetics and large volt-
age hysteresis, which were attributed to the insulating nature of the fluoride phases, the
large structural rearrangements associated with the conversion reaction, and the growth
of resistive interphases at the cathode—electrolyte interface [189]. To mitigate these issues,
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recent research has focused on nanostructuring and composite design. Li et al [188] demon-
strated high-capacity lithium-ion battery conversion cathodes based on networks of FeF
nanowires embedded in a conductive carbon matrix, reporting initial discharge capacities
above 500 mAh g~! and significantly improved cycling stability compared with microcrys-
talline FeF3. Similar approaches using FeFy; nanodomains confined in carbon nanopores,
solid-polymer electrolytes to stabilize the cathode—electrolyte interphase, and oxyfluoride
derivatives have further improved rate capability and cycling performance [190]. Never-
theless, TMF cathodes still suffer from voltage hysteresis and interfacial instability, and
their practical use in commercial lithium-ion batteries remains at an early stage.

2.2.3.2.2 Iron sulfide (FeS,)

Transition-metal sulfides constitute another important family of conversion-type positive
electrodes. Pyrite-type iron disulfide (FeSs) is widely studied as a model conversion
cathode because it combines low cost, natural abundance and a very high theoretical
capacity of approximately 894 mAh g~!, based on a four-electron redox reaction: [191]

FeSy + 4 Lit +4e™ = Fe + 2 Li,S. (2.10)

During discharge, FeS, typically undergoes an initial intercalation-like step at higher
potentials, followed by a conversion reaction to form metallic Fe and LisS at lower po-
tentials [192]. The coexistence of intercalation and conversion processes, the formation
of nanoscale Fe/Li,S mixtures and possible polysulfide intermediates makes the reaction
pathway highly complex. Similar to fluorides, the FeS,; cathode experiences large volume
changes, mechanical degradation and severe interfacial side reactions with liquid elec-
trolytes, which lead to rapid capacity fading and pronounced voltage hysteresis [191]. To
address these limitations, recent work has explored FeS, embedded in mixed-conducting
matrices, nanostructured FeS;/carbon composites and solid-state configurations, which
can better accommodate strain and suppress soluble intermediate species [191, 193]. For
example, FeSy particles dispersed in a conductive porous matrix have shown markedly
improved cycle life and rate performance in solid-state cells, indicating that careful con-
trol of particle size, morphology and electrode architecture is crucial for harnessing the
high theoretical capacity of FeSy conversion cathodes.

2.2.3.2.3 Sulfur-based cathodes

Elemental sulfur is another archetypal conversion cathode material, mainly investigated
in the context of lithium-sulfur (Li-S) batteries. The overall reaction

S+ 16 Lit + 166~ = 8Li,S (2.11)

corresponds to a very high theoretical capacity of 1672 mAh g~! for sulfur and a moderate
operating voltage of about 2.1 V vs. Li/Lit [194, 195, 196]. These characteristics make
sulfur-based cathodes highly attractive for high-energy rechargeable batteries. However,
Li-S cells are also conversion systems and face their own set of challenges, such as the in-
sulating nature of sulfur and LiyS, large volume changes and the dissolution and shuttling
of lithium polysulfides in liquid electrolytes, which lead to self-discharge, low Coulombic
efficiency and rapid capacity decay [183, 194, 197]. A wide range of strategies, includ-
ing confining sulfur within conductive porous hosts, designing functional separators, and
tailoring electrolytes, have been proposed to overcome these obstacles. Although Li—S
batteries are typically considered as a separate beyond lithium-ion technology, they share
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the same fundamental conversion-type reaction principles discussed above and therefore
provide valuable insights into the design and optimisation of conversion-type cathode
materials in general [182].

2.3 Application of lithium-ion batteries

Secondary lithium-ion batteries represent the fastest-growing high-energy storage solu-
tions in the industry. The benefits of lithium-ion cells in comparison with other types
of rechargeable electrochemical systems include the absence of a memory effect, a higher
energy density per unit mass, and a self-discharge rate that is far lower than that of alter-
native options like NiCd and NiMH cells. Moreover, the lifespan of existing commercial
lithium batteries exceeds 1000 cycles, and their shelf-life extends beyond 10 years [198].
While there are drawbacks, such as the fragility of lithium-ion battery materials that ne-
cessitate a protection circuit for safe operation, it is noteworthy that the newly developed
Li-polymer cells offer improved handling and safety [199].

2.3.1 Portable electronic devices

Portable electronic devices, including mobile phones, laptops, and wearable devices, have
experienced significant advancements in recent decades, propelled by the increasing need
for efficient processing of data and real-time communication. The efficacy of these devices
is significantly influenced by their energy storage systems, especially batteries. The on-
going advancement of battery technologies—from lead-acid to Ni-Cd, Ni-MH, and, most
recently, lithium-ion batteries—has played a crucial role in the progression of portable elec-
tronic devices, facilitating compact designs and enhanced functionality. Nonetheless, cur-
rent battery technologies still exhibit several limitations that affect the performance and
sustainability of portable electronic devices. A significant challenge lies in the restricted
energy storage capacity, which frequently does not satisfy the growing energy require-
ments of contemporary portable electronic devices, thereby constraining their capacity to
deliver extended usage durations and enhanced functionalities. Furthermore, the limited
cycle life continues to pose a considerable challenge, especially in high-temperature envi-
ronments or with extended usage, impacting the durability and performance of portable
electronic devices. Batteries like Ni-Cd exhibit significant self-discharge rates, making
rapid charge loss when not actively utilized, presenting a challenge for devices that op-
erate intermittently. Moreover, specific batteries, notably Ni-Cd, present environmental
issues because of their toxic nature, particularly when not disposed of correctly. Ulti-
mately, although lithium-ion batteries dominate the market because of their exceptional
performance, the elevated manufacturing costs continue to hinder their accessibility for
cost-effective portable electronic devices. To address the increasing demand for recharge-
able batteries in portable electronic devices, considerable efforts are dedicated to en-
hancing current battery systems through the investigation of novel materials, innovative
techniques, and cutting-edge energy chemistries. Innovative battery systems, including
Li metal-based batteries, sodium-ion batteries, and rechargeable batteries featuring solid
electrolytes, are under examination as potential alternatives to existing technologies. The
anticipated advancements in these next-generation batteries are poised to fulfill the re-
quirements for enhanced performance and safety in upcoming portable electronic devices.
The incorporation of Artificial Intelligence (AI) into the science of materials is demon-
strating significant potential for speeding up advancements in battery development. The
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utilization of Al enhances data analysis efficiency, facilitates the prediction of new com-
positions, and enables the identification of potential materials with customized properties
for targeted applications. This method has the potential to greatly improve the efficiency,
safety, and economic viability of upcoming battery technologies. In conclusion, although
battery technologies have significantly contributed to the advancement of portable elec-
tronic devices, there are still challenges to address, including limited energy storage ca-
pacity, short cycle life, elevated self-discharge rates, environmental issues, and high costs.
Continuing to explore and innovate in these areas will be essential for developing the next
generation of portable electronic devices and satisfying the growing energy requirements
of future technologies [200].

2.3.2 Electric vehicles

In the near future, gasoline-powered vehicles are expected to be largely substituted by
electric vehicles. The core component of an electric vehicle is its rechargeable battery,
which requires outstanding performance. The lithium-ion battery is widely utilized in
consumer electronics due to its high energy and power density, extended service life, and
comparatively eco-friendly nature when assessed against other commonly used recharge-
able batteries such as Ni-Cd, Ni-MH, and Lead-acid batteries. In order to assemble a
battery pack, it is essential to configure multiple batteries in both parallel and series ar-
rangements, particularly for high-power applications such as electric vehicles and energy
storage systems. This raises concerns regarding cost, stability, consistency, and safety
issues. The range of applications for lithium-ion batteries is limited by these challenges.
The charge rate, temperature, and voltage range significantly influence the safety and re-
liability of lithium-ion battery usage. Exceeding these limits can lead to a rapid decline in
battery performance and may pose potential safety concerns. Furthermore, it is essential
to evaluate the capacity of lithium-ion batteries and estimate the remaining useful life of
the electric vehicle throughout the battery’s service life to ensure dependable performance
of lithium-ion batteries. Additionally, techniques for cell sorting are crucial to guarantee
the reliability and safety of cells [201]. The external environment and internal factors
influencing lithium-ion batteries lead to battery aging and performance decline, which
must be considered when evaluating their state of health. In battery electric vehicles,
precise state of health prediction is essential for extending battery lifespan and ensuring
safe functionality. Numerous algorithms for predicting state of health currently exist;
however, most are primarily utilized in simulated environments due to their complexity
in real industrial applications [202].

2.3.3 Grid energy storage

The grid energy storage system is essential for electricity utilization, offering electrical
energy for a range of broad applications. The variation in electrical power demand occurs
on a daily, seasonal, and even urgent basis. Furthermore, a significant difference between
the highest and lowest values from day to night can be noted. Consequently, it is essen-
tial to store the generated power and supply available power during peak load through
peak shaving and load leveling. Furthermore, renewable energy sources are influenced by
geological, and seasonal conditions. The periodic features result in irregular variations
in output power, resulting in it unsuitable for direct application to the electrical grid.
Consequently, it is essential for the power grid system to stabilize the variable output
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power produced by renewable energy sources and mitigate the fluctuations associated
with these sources, including wind and solar energy, through the adjustment of their out-
put profiles. Due to its remarkable benefits, such as a relatively high specific energy (up
to 200 Wh/kg), impressive energy efficiency (exceeding 95 %), and a long cycle life (3,000
cycles at significant depletion of 80 %), lithium-ion batteries have received considerable
interest as backup systems in grid storage. The significance of lithium-ion batteries in the
market is underscored by the statistic that 77 % of the electrical power storage devices
currently employed to support the grid in the USA rely on this technology. Moreover,
lithium-ion batteries present a highly favorable choice for integration with solar and wind
energy within grid energy storage systems, owing to their impressive energy density. Peak
trimming and load leveling are essential for storing the generated electricity and supply-
ing it during peak demand periods. Storage systems maintain a constant level of voltage
and frequency in the supply of electricity during instances of imbalance among power
generation and consumption [203].

2.3.4 Medical applications

Recent advances have led to the development of medical applications utilizing lithium-ion
batteries that might be recharged whereas remaining inside the body. While the specific
performance requirements of the device may vary, there are several common criteria that
remain consistent. These include high levels of protection, reliability, volumetric energy
density, extended service life, and indicators for state of discharge. The advancement of
biomedical implanted devices for the treatment of human diseases has been made feasible
through the effective development and application of various battery types, particularly
lithium-ion batteries [204, 205]. In the context of using a lithium ion battery as an
energy source for an implantable medical instrument, it is essential to track the battery’s
capacity decline and assess its remaining useful life as time progresses. This can provide
guidance to the patient and their healthcare provider regarding the necessity and timing
of a potential device substitution. The types of implantable healthcare devices that may
be powered by a lithium-ion battery include neurological stimulators, cardiac stimulators
such as pacemakers and defibrillators, as well as diagnostic equipments such as heart
rhythm monitors [204].

2.3.5 Renewable energy sources

Batteries play a vital role in the functioning of renewable energy systems, acting as the pri-
mary medium for energy storage. lithium-ion batteries demonstrate significant potential
owing to their exceptional performance and consistently decreasing costs [50]. Conversely,
the availability of energy from renewable sources often fluctuates due to factors such as
insufficient wind or sunlight. Consequently, it is crucial to oversee the power fluctuations
within a power system that integrates various renewable energy sources, such as solar and
wind [206, 207]. Wind power generation stands out as a significant source of renewable
energy. Wind energy generation experiences considerable challenges due to its inherent
intermittency, which is heavily influenced by seasonal variations and geographic factors.
Moreover, it is typical to observe a difference between the peak power generation and con-
sumption. A highly effective approach involves utilizing lithium-ion batteries to capture
surplus energy generated by wind turbines, thereby providing electrical energy during
peak consumption periods [203, 207]. Figure 2.4 demonstrates a schematic illustration of
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utilizing a lithium ion battery bank for the storage of extra energy generated by a wind
power generator system. The integrated lithium-ion packs enhance solar photovoltaic

Figure 2.4: Schematic represantation of battery energy storage system integration with
wind energy conversion system [208].

(PV) power plants by optimizing electrical energy storage and effectively managing out-
put power. One of the significant challenges is that solar photovoltaic systems cannot
generate energy at night or when sunlight is blocked. The integration of batteries creates
an optimal operational system capable of handling both consistent power demands and
significant power peaks. The implementation of battery packs in a solar photovoltaic
farm has demonstrated consistent power generation [203, 209]. A schematic diagram of a
photovoltaic power plant and battery storage system is presented in Figure 2.5.

Figure 2.5: A block Diagram of a PV and battery storage system [210].

2.4 Aging and performance degradation of lithium-
ion batteries

The performance of lithium-ion batteries is notably influenced by aging and improper
usage. Battery leakage, insulation degradation, and partial short-circuit issues are sig-
nificant challenges that may result in severe accidents once the battery’s performance
deteriorates beyond a critical threshold. Studies have discovered a link between these in-
cidents and the aging of lithium-ion batteries. Consequently, it is essential to investigate
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the state of health (SOH) of lithium-ion batteries in order to avoid catastrophic failures.
At present, certain individuals assess battery performance and degradation by examining
the battery’s remaining useful life (RUL). Consequently, SOH and RUL exhibit a strong
correlation and can effectively characterize battery functionality [202, 211].

2.4.1 Aging of lithium-ion batteries

The aging of lithium-ion batteries is the primary factor that impacts their health and
lifespan. The internal chemical reactions within the battery are highly complex, and ex-
plaining the exact causes of aging is not simple. However, recent studies have explored
and attempted to clarify the dynamics of battery aging. According to current research,
aging is mainly driven by both external environmental factors and internal mechanisms.
External factors include the battery’s location and operating conditions, such as temper-
ature, charge and discharge rates, depth of discharge (DOD), and the charging cut-off
voltage. Internal factors are primarily related to three mechanisms: loss of lithium inven-
tory (LLI), loss of active material (LAM), and conductivity loss (CL). LLI includes the
formation of the solid electrolyte interphase (SEI) layer, the growth of lithium dendrites,
and battery self-discharge. LAM refers to the breakdown of the cathode and anode mate-
rials, as well as electrolyte decomposition. CL pertains to aging caused by degradation of
the current collector and adhesive materials within the battery [202]. Figure 2.6 presents
an explanation of these aging mechanisms.

Figure 2.6: Schematic representation illustrating the factors contributing to battery aging
202].

2.4.2 State of health (SOH) and Remaining useful life (RUL)

Concentrating on enhancing battery lifespan, the forecasting of state of health and re-
maining useful life has become a crucial field of study. Different sources perceive them
as either the same or completely separate variables. Alongside the distinctions, shared
characteristics, and connections between the two that have sometimes been overlooked,
there are also cases of misunderstandings or incorrect definitions linked to these terms.
This section aims to elucidate the discussion by providing complete explanations for the
terms and examining the relationships between them.
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2.4.2.1 Definition of SOH and RUL

The state of health (SOH) of the battery is a measure of its dynamic condition in relation
to its starting condition. At moment of production, this original condition is usually
regarded as SOH = 100 %. Battery aging is the term used to describe the irreversible
internal physical and chemical mechanisms that cause the SoH reduce with time and usage.
The battery must be replaced when its capacity to store and deliver energy falls below
a certain level, indicating that it is exhausted yet still useful. At this point, 0 % is the
definition of the SOH. The remaining useful life (RUL) is a significant metric, categorized
alongside another dynamic battery status indicators. This is closely associated with the
state of health, typically characterized by the number of charge and discharge cycles or
the remaining time until the battery’s SOH reaches 0% [211].

2.4.2.2 Relationship between SOH and RUL

According to their description, a significant relationship exists between SOH and RUL, as
the aging parameter serves to characterize both concepts. As a result, the estimation of
SOH and RUL can be conducted employing the same methodologies from this perspective
[202]. A range of techniques, such as traditional methodologies, model-driven approaches,
and innovative algorithms, are employed to evaluate the state of health and remaining
useful life of the battery. Nonetheless, the strength of the approach is diminished by
uncertainties in the model. Nevertheless the calculations inherent in these methodologies
are challenging and demand huge amounts of training data [212].

2.5 Fabrication process of lithium-ion batteries

Figure 2.7 illustrates the contemporary advanced battery fabrication process, which con-
sists of three main stages: electrode preparation, cell assembly, and electrochemical acti-
vation of the battery. Initially, the active material, conductive additives, and binder are
mixed with a solvent to form a uniform slurry. N-methyl pyrrolidone (NMP) is commonly
employed to dissolve the binder, polyvinylidene fluoride (PVDF), in the cathode, while
the binder in the anode, styrene-butadiene rubber (SBR), is dissolved in water along with
carboxymethyl cellulose (CMC). The slurry is subsequently applied to each sides of the
current collector (aluminum foil for the cathode and copper foil for the anode) utilizing a
slot die, prior to being transferred to a drying system to remove the solvent [213]. NMP,
a prevalent organic solvent for cathode slurry, is hazardous and subject to stringent emis-
sion laws. The solvent recovery process is essential in cathode manufacturing, wherein
recovered NMP is repurposed for battery fabrication, resulting in a loss of 20 % to 30
% [214]. The nontoxic vapor from the water-based anode slurry can be released directly
into the surrounding environment. The subsequent calendering operation can modify the
physical characteristics of the electrodes. Following to these operations, the completed
electrodes undergo stamping and slitted to the required dimensions to conform to the cell
design. The electrodes are subsequently placed in the vacuum oven to eliminate the sur-
plus water. The moisture content of the electrodes will be assessed post-drying to mitigate
side reactions and corrosion within the cell. Upon adequate preparation of the electrodes,
they are relocated to a dry room alongside separators for cell construction. The electrodes
and separators are either coiled or arranged in layers to form the inner structure of the
cell. Aluminum and copper tabs are subsequently welded onto the cathode and anode cur-
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rent collectors, accordingly. Ultrasonic welding is the predominant method employed for
this operation; however, many manufacturers choose resistance welding according to their
particular cell design specifications. The constructed cell stack is subsequently positioned
within a tailored enclosure, which differs among manufacturers due to the absence of a
global standard. The selection of enclosure design frequently relies on the cell’s intended
application. The container is ultimately filled with electrolyte, sealed, and the cell fabrica-
tion procedure is finalized [213]. Prior to supplying the cells to the final product producers,
electrochemical activation procedures are performed to ensure operational stability. In ad-
dition to preventing irreversible electrolyte utilization, a stable solid-electrolyte interface
(SEI) layer can shield the anode from overpotential throughout rapid charging, which may
cause Li dendrites to develop [215]. The production and aging process starts by charging
the cells to a low voltage (e.g., 1.5V) to avert corrosion of the copper current collector,
succeeded by a resting phase for electrolyte soaking. The cells are subsequently charged
and discharged at a low current rate (e.g., C/20), progressively increasing the rate for
stabilizing solid electrolyte interphase layer on the anode [216]. Gas produced during the
forming process is released for safety purposes. Post-formation, the cells are stored on
aging shelves to facilitate thorough electrolyte soaking and SEI stabilization, followed by
an additional degassing phase prior to final sealing. This process generally endures for
several weeks, contingent upon the methodology and aging temperatures.

Figure 2.7: Schematic representation of lithium ion battery fabrication process [213].

2.6 Recyling of lithium-ion batteries
The widespread dependence on the power and convenience offered by LIBs has made

their production and disposal key areas of political and environmental concerns [217].
Limited resources and supply are critical considerations due to the limited lifespan of
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devices, which may result from design obsolescence, upgrades to newer cellphone models,
or frequently, the lithium ion battery approaching the end of its life cycle. According
to prevalent assessments, the majority of discarded lithium-ion batteries are ultimately
disposed of in landfills or accumulated, resulting in soil contamination and the wasting
of energy and natural resources that are not renewable. By February 2019, the global
electric car number exceeded 5.6 million, reflecting a 64 % rise from 2018. By 2040, it is
projected that 58 % of all automobiles sold globally will be electric vehicles [218]. The
rapid increase in electric vehicle quantities will result in substantial lithium-ion battery
waste annually, which, if not recycled and used again, will have severe environmental
consequences and exacerbate the depletion of mineral sources.

2.6.1 Methods of recycling

Owing to the intricate composition and diversity of elements in lithium-ion batteries they
require a series of treatments before reuse or recycling. The cathode materials of LIBs
are recycled through pyrometallurgy, hydrometallurgy, and direct methods, as seen in
Figure 2.8. Direct recycling is a cost-effective method for lithium ion battery recycling

Figure 2.8: The methods for recycling and recovering active materials from lithium-ion
batteries can be divided into three primary categories: direct, pyrometallurgical, and
hydrometallurgical [218].

that has been investigated alongside other traditional techniques. Relithiation is utilized
in direct lithium-ion battery recycling, facilitating the maximal preservation of compo-
nent elements. The active materials remain unbroken and are not disassembled into their
components. Because of this preservation, recyclers can avoid the expensive parts of
the remanufacturing process, which uses metals that are recycled from cathode materials.
Electrochemical, mechanical, and cathode-to-cathode techniques are all examples of direct
recycling. The ability to reactivate the cathode material without breaking it down into
its component elements or compounds is a commonality among these approaches [219].
Unlike direct recycling, which retrieves and refreshes electrode materials for laboratory-
scale battery production, pyrometallurgical and hydrometallurgical recycling methods are
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commercialized by extracting the precious metals and salts [220]. Despite pyrometallur-
gical recycling (also known as smelting) of lithium-ion batteries retrieves rich transition
metals, lithium and aluminum remain in the slag, making their recovery difficult. All
organic components, alongside aluminum, undergo oxidation to supply process heat and
reduce transition metals. Lithium iron phosphate cathodes are incapable of generating
any valuable products. A substantial capital expenditure is also necessary for an effective
industrial-scale smelting operation. The primary advantage of smelting is its ability to
treat batteries containing heterogeneous cathode compositions; but, before to reuse, the
components must ultimately be separated through leaching. Since they operate at lower
temperatures and require less initial investment, direct recycling and hydrometallurgical
recycling might be more financially feasible on a more personal level. It is possible to
quickly recover the copper and aluminum foils as pure metals even though separation is
required. The primary goal of hydrometallurgy is to recover lithium and transition metals
from the cathode; direct recycling helps to accomplish this goal by attempting to recover
cathode materials in the proper form. This technique is especially attractive for LFP and
LMO cathodes since it is the only one generated to restore their significant value [221].

2.7 Lithium-ion battery safety issues

Numerous cases of lithium ion battery fires and explosions in the past few years have
led to property damage and harm to people [222]. Conversely, the rapid advancement
of electronic products and the increasing prevalence of electric vehicles have elevated the
safety of batteries to a global concern. Mechanical, electrical, and thermal abuse are
the primary aspects that lead to battery fires and explosions. The issue of mechanical
abuse is considerable among these underlying causes. When a lithium ion battery expe-
riences mechanical abuse, the battery pack first undergoes mechanical deformation. The
mechanical distortion of the separator or electrodes can lead to short circuits, elevated
temperatures, gas generation, and increased pressure. The formation of an internal short
circuit results in a rapid temperature rise, known as thermal runaway. Under extreme
conditions, thermal runaway can lead to a fire due to the elevated temperatures [223].
In order to enhance battery safety, steps must be implemented to prevent detrimental
internal processes. A wide range of studies has been conducted to enhance the thermal
performance of cathodes. The two primary approaches employed are protective coating
and element replacement. Element replacement can markedly improve the thermal per-
formance of layered oxide materials by preserving the crystal structure. Cationic metals,
such as cobalt, manganese, and magnesium, can partly substitute nickel or manganese to
enhance thermal stability. Most applications that require significant power necessitate the
efficient aggregation of many batteries inside a small space. Nevertheless, these batteries
comprise reactive components, rendering the prevention of fire start and thermal runaway
impossible. This fire can subsequently propagate and inflict significant damage on adja-
cent batteries. Researchers have proposed many strategies to mitigate the propagation
of thermal runaway from a malfunctioning battery to adjacent cells. Five strategies for
mitigating the propagation of thermal runaway were proposed, including minimizing the
likelihood of a battery’s steel casing bursting, ensuring sufficient spacing and effective heat
dissipation among batteries, individually splicing parallel-connected batteries, protecting
adjacent batteries from hot ejecta, and stopping flames and sparks from escaping the bat-
tery enclosures [224]. The most efficient approach to address the safety issues associated
with lithium-ion batteries may involve the identification of safer materials. Alongside
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materials, the notable rise of supplementary devices will yield critical insights into the ad-
vancement and safer utilization of next-generation lithium-ion batteries. Enhancements
in battery safety will necessitate the adoption of novel technologies for batteries. Further
comprehension of the thermal properties of lithium-ion batteries in cold regions and ma-
rine environments is still required. Information regarding the fire hazards associated with
lithium-ion batteries, including ignition time, safety venting, air pressure, humidity, gas
concentration, and similar factors, is rare [223, 224, 225].

2.8 Conclusion

Lithium-ion batteries (LIBs) have emerged as the cornerstone of modern energy storage
systems, driven by their high energy density, longevity, and adaptability across diverse
applications. This section underscores their pivotal role in enabling the transition from
fossil fuels to renewable energy systems, powering portable electronics, electric vehicles
(EVs), grid storage, and medical devices. The evolution of LIB technology has been
marked by significant advancements in electrode materials, electrolytes, and fabrication
processes. Carbon-based anodes, such as graphite and graphene, remain dominant due
to their stability and cost-effectiveness, though challenges like limited capacity persist.
Transition metal oxides (TMOs) and alloying materials (e.g., Si, Ge, Sn) offer higher the-
oretical capacities but face hurdles such as volume expansion and structural degradation.
Innovations in nanostructuring, composite materials, and surface coatings have partially
mitigated these issues, enhancing cyclability and conductivity. Cathode materials, in-
cluding layered oxides (LiCoO,, LiNiO,), spinels (LiMnyO,), and polyanion compounds
(LiFePOy), have been optimized for energy density and safety. However, their reliance on
scarce metals like cobalt and nickel raises economic and environmental concerns, necessi-
tating research into low-cost, abundant alternatives. Electrolyte development has shifted
toward solid-state systems to address flammability risks, though trade-offs in ionic con-
ductivity and interfacial stability remain unresolved. Hybrid and gel polymer electrolytes
present promising compromises, balancing safety and performance. The applications of
LIBs highlight their transformative impact, particularly in EVs and renewable energy in-
tegration, where their ability to buffer intermittent power generation is critical. However,
aging mechanisms—Iloss of lithium inventory (LLI), active material degradation (LAM),
and conductivity loss (CL)—pose persistent challenges, necessitating advanced state-of-
health (SOH) monitoring and predictive models for remaining useful life (RUL). Fabrica-
tion processes, while mature, face environmental scrutiny due to toxic solvents like NMP,
emphasizing the need for greener manufacturing and efficient recycling. Current recycling
methods (pyrometallurgy, hydrometallurgy, direct recycling) struggle with cost and mate-
rial recovery efficiency, underscoring the urgency of closed-loop systems to reclaim critical
metals and reduce ecological footprints. Safety remains a paramount concern, with ther-
mal runaway triggered by mechanical, electrical, or thermal abuse posing significant risks.
Mitigation strategies, including advanced thermal management, material coatings, and
structural safeguards, are essential to prevent catastrophic failures. Future advancements
hinge on interdisciplinary innovation: solid-state electrolytes, silicon-anode commercial-
ization, Al-driven material discovery, and sustainable recycling protocols. Addressing
these challenges will require concerted efforts from academia, industry, and policymakers
to ensure LIBs meet the escalating demands of a decarbonized global economy while min-
imizing environmental harm. In summary, LIBs have revolutionized energy storage; their
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future evolution must prioritize sustainability, safety, and scalability to cement their role
in a cleaner, electrified world.
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Chapter 3

A comparative review of models for
all-solid-state lithium-ion batteries

This chapter is adapted from the publication [226].

3.1 Introduction

Numerous instances demonstrate that traditional lithium-ion batteries, which rely on
liquid organic electrolytes and porous electrodes, are susceptible to chemo-mechanical
degradation. They also face environmental and safety concerns, due to the flammability
of the toxic liquid electrolytes. Hazardous leaks do not occur in all-solid-state batteries
(ASSBs) [227, 228], since they exploit solid electrolytes, broadly categorized in polymer,
inorganic, and organic-inorganic composite [229]. In this note we will restrict our focus
on thin films ASSB, equipped either with Lithium phosphorous oxy-nitride “LiPON” or
with Lithium lanthanum zirconium oxide “LLZO” (Li;LagZrsO12) electrolytes.

Largely funded international projects [230] and strategic action plans ( as for the Eu-
ropean battery 2030+ initiative ) assess how the scientific community trusts and supports
the development of storage systems to meet the social quest for decarbonization. ASSBs
are among the best next-generation candidates, provided that they achieve ultra-high-
performance while meeting sustainability and safety. Among the shortcomings of solid
electrolytes cells, the technical ones that currently limit the industrialization of ASSBs
appear to be (i) achieving a substantial ionic conductivity at ambient temperature; (ii)
reducing the resistance at the interface between the active material and electrolyte [231,
232]; (iii) eliminating the mechanical damage [233, 234] and the dendritic growth from an-
odic lithium foils [235, 236, 237]. Experimental investigations are presently mainly focused
on key materials and structures [238, 239, 240], such as composite electrolyte/electrode
morphologies [241] or thin film glass layers [242].

Computational modeling and simulations, which operate at different scales and com-
plement experimental research, allow a profound understanding of the interconnected
physics that rule the response of ASSBs. Digital twins enable the comprehension of pro-
cesses and the identification of limiting factors. Several advanced mathematical models
have been documented in the literature. Unlike previous studies [227, 228, 243, 244], a
broad screening of the existing literature is not the goal of this review. It does not consist
in a brief and cursory summary of various pieces of work in the literature, because it would
fail to give the reader a physical and quantitative insight into the functioning principles
of ASSBs. Although we realize that it is always hard, if not even impossible, to categorize
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the whole bibliography on a subject and undoubtedly identify those cornerstone papers
that changed the flow of the subject itself, in this review we detail and compare four dif-
ferent approaches [245, 246, 247, 248] because of their significant ideas. A pictorial view
of the mathematical framework that characterize each of those approaches is portrayed
in Fig. 3.1.

Fabre et al. [245] developed a one-dimensional model of a Li/LiPON thin-film micro
battery, described in section 3.2.1. The ionic transfer is modeled via a single-ion conduc-
tion within the solid electrolyte. This results in a uniform distribution of lithium ions
(Li*) throughout the solid electrolyte, with concentrations determined by the initial con-
ditions and established by the overall electroneutrality in the electrolyte (electroneutrality
is extensively discussed in [249] (see also [250])). In single-ion conduction, the negative
vacant positions in the lattice are tightly bound and do not flow. Since ionic mobility isn’t
governed by a concentration gradient, the model’s main goal is to identify the potential
drop, which is primarily determined by Ohm'’s law.

An advanced model framework for ASSBs was further proposed by Landstorfer and
coworkers in [246] and will be analyzed in section 3.2.2. While using a single-ion conduc-
tion ionic transport model as in [245], the authors enriched the formulation of the interface
mechanisms. Standing from a rigorous thermodynamic setting, the interface conditions
ultimately lead to non-Butler-Volmer type equations. Capacitance within interfaces was
captured also in the third paper accounted for in this review, authored by Raijmakers and
co-workers in [247]. Their key contribution lies in an innovative two-mechanisms conduc-
tion model, wherein both interstitial lithium and negative vacancies move autonomously.
This results in establishing a concentration gradient at a steady state, resembling the
distribution seen in liquid electrolytes [251, 252].

The double mechanism in ionic transport has been further developed in the last con-
tribution discussed here, authored by Cabras et al. [248]. Since the unbalanced negative
charges associated with a vacancy in the LiPON lattice cannot flow, the model proposed
in [247] appears to be unphysical. Rather, Cabras et al. [248] assume that some positive
ions hop to occupy neighboring empty vacancies, while the rest of the Li+ ions transition
into a meta-stable interstitial phase of the same kind as described in [247]. The complex
explanation of interfaces has also been incorporated from [247].

This review is organized as follows. A brief theoretical summary of models and their
governing equations for ASSBs is proposed in section 3.2. An experimental benchmark,
taken from [253], is devised in section 3.3. The finite element solution scheme provides
numerical approximations for the electric potential profiles, interface currents, fluxes, and
concentration profiles. These quantities of interest were used to compare the more recent
model in [248] against the antecedent published in [247]. In the section 3.4, the article
provides an overview of the objectives pursued. It also outlines the future plans that
are intended to be implemented. Final remarks that summarize the key points discussed
conclude the paper.

3.2 Models and their governing equations.

Several mathematical formulations, some of which examined in [243, 244], concern the
battery microstructure, which simplistically can be categorized into two types, i.e., thin
films and porous electrodes. Electrodes made of porous materials have been scrutinized
by a broad set of models, including pseudo-2-D [254, 255], multiscale [256, 257] and fine-
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Figure 3.1: Schematics of the ASSBs models proposed in the selected literature. The
unknown fields, under discharge conditions, are highlighted. The yellow arrows in (c)
point out the charge-transfer reactions at both interfaces. For the sake of generality, the
lithium concentration in the anode is listed in the unknown fields.

grained [258], accounting for the different phases and attempting at capturing realism
either in liquid [259] or solid electrolytes [241].

In thin film batteries, a planar geometry is commonly employed. This is because the
ratio between the lateral dimension and the thickness is sufficiently large to treat the
lateral dimension as infinite, as illustrated in Figure 3.1. Additionally, electrodes and
electrolytes can be adequately represented as homogeneous planar materials. As a result,
one-dimensional mathematical models are typically used to describe thin-film batteries.

An all-solid-state electrochemical cell incorporates two electrodes and a solid elec-
trolyte, as depicted schematically in Figure3.1. Lithium-ions are extracted from the cath-
ode (positive electrode) during charge and inserted back during discharge. The opposite
holds for the anode (negative electrode). Assuming LiCoOs to be the cathode material,
the fundamental electrochemical charge-transfer reaction is written as

. (3.1)

DO | —

k1
LiCoOy 2 Li;_,Co0s + zLit +2ze” 0< 2 <
k_1

Since the anode is a lithium foil, the deposition and extraction processes at the negative
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surface are described by the following reaction:

ko
Li = Lit +e . (3.2)
k_2

Figure 3.2 depicts the structure of the solid electrolyte: LiO is the lithium bound to the
non-bridging oxygen atoms, Li* ions have motion capabilities (either transferred to the
meta-stable interstitial state or hopping). The uncompensated negative charges n~ are
associated with vacancies formed in the LiPON matrix. The saturation concentration ¢y of
host sites is determined by the stoichiometric composition of the electrolyte material. This
concentration is attained in the ideal scenario of zero absolute temperature, as vanishing
conductivity results from immobile ions. On the contrary, under standard conditions,
some of the Li ions are thermally excited, and the chemical ionization reaction

kion
s
LiO = Lit +n~ (3.3)
k})on
occurs, k¥ and k" being the forward and backward rate constants for the ionization
and recombination reaction, respectively.

() (b)

Figure 3.2: LiPON matriz contains nitrogen, which has triple and double coordination (a).
Tonic conductivity in LiPON is achieved through the displacement of charged particles,
either by hopping and vacancies filling or by interstitial motion (b).

A quantitative determination of the kinetics of mobile ionic species allows prediction
of the response of electrochemical cells. A LiCoO, electrode contains lithium oxide, and
the lithium is an ion as part of a lithium salt. Li is intercalated in the cathode as an ion
“shielded” by its own electron. It will be denoted with Li® to stress its ionic nature, while
distinguishing it from mobile charges Li* in the electrolyte.

In the following, we give an overview of four electrochemical models proposed in the
literature, showcasing numerical results covering electric potential profiles, interfacial cur-
rents, fluxes, and concentration profiles. In terms of notation, 7" stands for the absolute
temperature, F' for Faraday’s constant, I), for the diffusivity of species «; symbol 1
denotes the identity matrix.
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3.2.1 One-dimensional single-ion conduction models [245]

A one-dimensional model of a Li/LiPON thin-film micro battery was developed by Fabre
et al. [245] and is depicted schematically in Figure 3.1a. The z-axis, which points out
the characteristic lengths of the model is directed from the negative towards the positive
electrode; the interface between the negative electrode and the solid electrolyte hosts its
origin.

The authors aimed at keeping their model as simple as possible, by introducing proper
assumptions in order to come up with a reduced set of input parameters that can be
measured from purposely designed experiments. The model is isothermal with no self-
heating, neglects volume alterations during charge/discharge, and assumes that redox
activities occur solely on the surface area, which remains unchanged throughout cycling.
The negative electrode is a metallic film of lithium with negligible Ohmic losses. The
ionic transfer in the solid electrolyte is described by a single ion conduction model; as
such, the concentration of lithium ions across the solid electrolyte Li* is uniform. This
property straightforwardly comes out as long as electro-neutrality approximation holds,
a property of the governing equations largely discussed in [249, 251, 252].

Accordingly, the model traces lithium Li® diffusion and electron ¢~ migration in the
positive electrode, single Li™ ions’ migration in the solid electrolyte, and charge-transfer
kinetics at the electrode/electrolyte interfaces. Three unknown fields are required, the
concentration of lithium in the positive electrode cp;e (2, t), the electric potentials ¢.(x, )
and ¢.(z,t) in the solid electrolyte and in cathode, respectively.

The electric potentials in the positive electrode ¢. and in the solid electrolyte ¢. are
related to the current densities i.(z,t) and i.(x,t) by means of Ohm’s law, through the
electrical k. and ionic k. conductivities, respectively:

io(z,t) = —k V(1) 0<z<L,, (3.4a)
io(x,t) = —k Vo(x, ) Lo<z<L.+L,. (3.4Db)

The third governing equation in the positive electrode is a planar solid-state diffusion
equation, which describes the (neutral, in the sense detailed beforehand of shielded posi-
tive ion) transport of lithium Li® in the electrode:

aCLiEB ({L‘, t)
ot

with diffusion coefficient IP; .. A concentration-dependent ionic diffusion coefficient was
studied in [245], which resulted in more accurate outcomes.

Denoting with 7 the outward normal to the surface at boundary, the two boundary
conditions required for Equation (3.4c) are the lithium flux density at the reaction surface
and the zero-flux condition for lithium Li® at the electrode/collector interface:

_.e c t
%() x=1L, (3.5a)

0 =L+ L. . (3.5b)

=V [[PLi@ VCLiea (I, t)] Le S T S Le —+ Lc s (346)

]:PLi@ VCLieB ([L’, t) ‘N =

The conditions for ¢, and ¢, either at the anode-electrolyte (a/e) or at the electrolyte-
cathode (e/c) interfaces

10(0,) - 71 = —ige(t) Go(Leyt) - = —igse(t) Ge(Leyt) - 7 = igye(t) (3.6)
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are modeled via Butler-Volmer equations in Fabre et al. [245], in the form

_ (Q-a)F

iy(t) = (1) (e fr ot _ o= URRC W)) (3.7)

with s either a/e or e/c and « the so-called anodic (cathodic) charge transfer coefficient,
usually both taken to be equal to 0.5. The overpotential

n(t) = [6] — OCP (3.8)

is the difference between [ @] = Peicctrode — Peiectroiyte, 1.€. the electric potential jump at
the electrolyte/electrode interface, and the open circuit potential (OCP). The latter can
either be measured experimentally or calculated theoretically as in [260]. The exchange
current iy , is given by:

ig/e(t) = Fhok_o (cfft —cpiv(0,8))" eni+(0,8)' 79, (3.9)

where ko and k_, are the forward and backward reaction rate constants for the reaction
(3.2), % is the saturation concentration of lithium in the electrolyte. The exchange
current i, is given by:

ig/c(t) = F k)l ]{7_1 (Ci?i — CLi+ (0, t))a Cri+ (0, t)l_a (Ci?é — CLi® (0, t))a CLi® (O, t)l_a7
(3.10)
where k; and k_; are the forward and backward reaction rate constants for the reaction
(3.1) and ¢}9, represents the saturation lithium concentration within the cathode. Re-
placing cp;+(0,¢) with the initial, uniform concentration of lithium in the electrolyte, the
exchange current densities i, () and i, (t) simplify as

i0)o(t) = FE™Y ige(t) = F R (i85 — cuin(0,1))" cLio (0,8)' 77 (3.11)

where k" and k3™ are apparent rate constant for negative electrode and defined as the
multiplication of the terms in Equations (3.9) and (3.10).
Galvanostatic boundary conditions are eventually imposed,

ie(Le + Lo t) - 7 = iy (t), (3.12)

where iy, is the given galvanostatic current flowing across the 1D battery. The potential
is set arbitrarily to ¢.(0,t) = 0.

3.2.2 An advanced framework for solid electrolyte intercalation
batteries [246]

Landstorfer and coworkers studied in [246] a non-porous electrode and a crystalline solid
electrolyte. Asin [245], they assumed a solid electrolyte with one mobile species (Li") and
a uniform concentration of vacancies ¢,- that remains unaltered in time. The model entails
a novel view of the electrode/solid electrolyte interface, which consisted of an intermediate
layer and a space charge region within the electrolyte. A visual representation of the model
is given in Figure 3.1b.

Once ions randomly intercalated in the lattice structure of graphite or LiCoQOs, a
simple Fickian law diffusion analogous to Equation (3.4c) accounts for ionic transport.
The electric potential ¢, is considered to be uniform within the electrodes, neglecting the
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ohmic loss (depicted in [245] via Equation (3.4b)), while ¢, influences the ionic transport in
the electrolyte, ruled by non-equilibrium thermodynamics. The mass balance law relates
the concentration of lithium ¢+ (z,t) to the actual flux of cations hp;+(z,t)

: t .
&%ﬁx,) = —v . |:hLi+<x7t):| 0 S x S Le . (313)
Using the standard linear relationship of Onsager type (Here
M(z,t) = Dy et (1) 1 (3.14)
’ RT ™ 7

is the expression taken in [246] for the mobility tensor. Note that Equation (3.14) differs
a little from the choice made in [261, 262]. This remark also gives a justification for the
different outcomes on the final form of the mass balance equation.)

ﬁLi+(x7t) = —M(,I‘,t) VﬁLijL(l’7t) 0 S T S Le 9 (315)

between the flux EL1+ and the gradient of the electrochemical potential 7i;;+, the Clausis-
Duhem inequality is satisfied a priori and thermodynamic consistency is granted, as largely
discussed in [251, 252]. The chemical potential is the functional derivative of the Gibbs
free energy (or Helmholtz free energy according to [251, 252]) with respect to the ionic
concentration cpi+(x,t). The splitting of chemical and electrical potentials used in [246] is
classical, as it is the free energy of mobile guest atoms interacting with a host medium, de-
scribed by a regular solution model [263, 264]. The electrochemical potential is eventually
derived as the sum of the chemical and electrostatic potential as follows,

/_J’Lﬁ(x?t): /JJLi+(x7t)+F¢e(x7t) OSQJSLE, (316&)
;. t
i ()= 10y +RT 8D e ag(e)] 0<a<L.. (3.16b)
1 1 =0+ (2, 1)

with O+ = cp+ /2% . The chemical potential in (3.16b) collects the entropy of mix-

ing and the energetic interactions. The term ,u%iJr is the reference value of the chemical
potential in the absence of interaction and entropic contributions. The energy of interac-
tion between insertion sites and mobile guest species is characterized via the real valued
constant Y (see Equation (3.16b)), also called the exchange parameter [265]. = 0 means
that mixing is purely entropic. The contribution RT" Y[ 1—26;;+(x,t)], emanating from
the excess Gibbs energy [261, 262], may lead to phase segregation [266, 267, 268]. The
mass flux to be inserted into the mass balance law (3.13) eventually holds:

1
1— 9Li+

S 4+ I
h‘LPL (.Z', t) - (2* 9Li+ - ) [PLi+ VCLi+ - ]:PL1+ CLi+ V¢e O S xXr S Le . (317)

RT
The classical Nernst-Planck flux ( z, is the valency of ion «, equal to +1 for Li* cations)

Z

ol t) = —I) Veo(z,t) — g—gwaca(x, Ve (z,t) , (3.18)

is attained in the dilute limit assumed 1—60;;+ ~ 1 when the energy of interaction vanishes

x=0.
The whole electrolyte is thought as consist of a space charge region and a bulk region,
as shown in Figure 3.1b. In the bulk region electroneutrality is imposed a priori, cp;+
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is defined by the (given and uniform) concentration of vacancies, and Ohm’s law (3.4a)
allows recovery of the electric potential. On the contrary, in proximity of the interfaces,
where the concentrations of cations and anions differ, the electric potential is obtained
by Gauss’s law, which provides, after constitutive prescriptions, the following Poisson
equations:

F

— V2¢e(z,t) = - (cri+(z,t) — cp) 0<zx<Lg,, (3.19a)
r<0
F

— v2¢e($,t) = g (CLi+ (./E, t) — CLiEB) Le_LSTC SLESLe y (Slgb)
r<0

where ¢, denotes the relative permittivity of the electrolyte and ¢y the vacuum permit-
tivity. Local electroneutrality is not enforced in the space charge region [246], rather a
weak (i.e. global) electroneutrality is prescribed in the whole electrolyte

F[/(cLi+(x,t) e )dV =0, F/V(cLi+(as,t) e )dV =0, (3.20)

thus allowing local deviations between cation and anion concentrations while keeping the
overall number of cations and anions equal.

The interface between the electrodes and the solid electrolyte was modelled as two
intermediate layers, treated as plate capacitors in terms of potential jumps and flux con-
tinuity. The authors borrowed from [269] the constitutive equation for potential jumps
(defined as the potential at an electrode minus the one at the electrolyte) as

€a

Ca

€c

[[ (b ]]anode = Cc

V¢e(07 t) 0 ) [[(b]]cathode = V¢6(Le7 t) -1 ) (321)
with given surface capacitances C,, C. and permittivities g,, €.

The boundary conditions on fluxes at electrode - solid electrolyte interfaces resemble
Butler-Volmer equations (3.7) in a form originally presented in [270] and named general-

ized Frumkin-Butler-Volmer equations. They read:

- ~ AG1—BF(pa—e(0,t)) ~ AG_1—(1=B)F(da—¢e(0,t)

B (0,8) = —kye” w08 + kg e AT e (0, 1)
(3.22a)

- ~ AGy—BF(¢c—de(Lest)) ~ AG_o—(1-B)F(dc—de(Le,t)

h‘LiJr (L67 t) N ﬁ - _kl (& ’ RT s : CLiEB (L67 t) ‘I‘ k:_l (& : RT CLiJr(Le, t),
(3.22D)

where the reaction rate constants defined in reactions (3.1) and (3.2) are taken to be of
Arrhenius type, i.e., k, = k, eZ"/%T n = 1,2. The Gibbs energies of activation AG,, are
further parameters of the model and relate to the OCP in Butler-Volmer equations.

3.2.3 An advanced all-solid-state lithium-ion battery model [247]

More complex one-dimensional mathematical models were proposed in a series of pub-
lications from Notten’s group [253, 271, 272] for a micro-battery Li/LiPON/LiC00Os.
In these studies, ionic transport in the solid electrolyte involved the ionization reaction
(3.3) of immobile, oxygen-bound lithium LiO to mobile Li* ions and negatively charged
vacancies. The transport of Li* ions in the electrolyte and of Li® in the positive elec-
trode were accounted for, as well as charge-transfer kinetics at both electrode/electrolyte
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interfaces. In their recent work, [247], additional features were introduced, such as: (i) a
mixed ionic/electronic conductivity in the positive electrode; (ii) electrical double layers
occurring at both electrode/electrolyte interfaces; and (iii) variable ionic and electronic
diffusion coefficients that depend on the lithium concentration inside the positive elec-
trode.

Figure 3.1c displays a discharge process. The anode consists of a lithium Li foil, the
cathode of a LiCoO, film, while LiPON is used as the electrolyte material. The current
collector is tied from the top of the LiCoO,. As for [245] and [246], also this model is
also isothermal (no self-heating). Redox processes exclusively take place at the interfaces
between the electrolyte and the electrode layers. Volume expansion or shrinking in the
electrolyte are disregarded, and it is assumed that the active surface area remains constant
throughout cycling.

As a distinctive feature of this class of models, the ionic transfer in the solid elec-
trolyte is not described by a single ion conduction model and the concentration of lithium
ions through the solid electrolyte is generally not uniform even though electro-neutrality
approximation holds. Defining with ¢ the fraction of Li at equilibrium, concentrations
are denoted as follows: cp;+ refers to mobile Li™ ions; cr;0 to immobile lithium; ¢,- to
uncompensated negative charges; ¢;%, = ¢;2 = dcy is the equilibrium concentration of the
charge carriers; ¢ji5 = (1 — d)¢o refers to the remaining immobile lithium. The overall
rate of the charge carrier generation according to reaction (3.3) is

W = Ko e — O ey e (3.23)

The ratio
K ;fln = k:}on [k (3.24)

is the equilibrium constant of reaction (3.3) and is related to the fraction of Li at equilib-
rium 0, see [247]. In addition to earlier models, two electrical double-layer capacitances
C’C‘f}e and Cg;c and a geometric capacitance Cye, were introduced in [247]. As in [246],
double-layer capacitances attempt to capture the response of the space charge’s very
narrow layers as for electric capacitors. Whereas the concept resembles [246], the imple-
mentation is different. Capacitors in [246] are described “in series”, whereas in [247] “in
parallel” (compare Figures 3.1b and 3.1c). In view of this assumption, the current at
electrode/electrolyte interfaces splits into two terms, the faradaic contribution that drives
the reduction/oxidation charge-transfer reactions (3.1)-(3.2) (i) and the non-faradaic
contribution that feeds the double layer (%), with s either a/e or e/c.

During charging, the Li* ions released from the positive surface must cross the solid
electrolyte and are reduced into metallic Li at anode. Electrons, generated by the charge-
transfer reactions (3.1) and (3.2), flow across the Li foils and the electronic collector, with
potential drops that follow Ohm’s law, similar to Equation (3.4a). The transport of ionic
concentrations (this description of transport of vacancies, in a form analogous to liquid
electrolytes, appears to be questionable and is replaced by a different formulation in the
novel approach to be presented in Section 3.2.4) cp;+ and ¢,- in the solid electrolyte is
ruled by the mass continuity Equation (3.13), properly extended as

aCLigix’t> Y [ELH (93775)] + w9 (z,1) O<z<Le, (3.25a)
acnai—x’t) ==V - (2,0)] + 0*(a,1) 0<w<Le, (3.25b)
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in order to account for the reaction rate w3 (see Equation (3.23)). The generic mass

flux ﬁa, with @ = Li*,n™, is constitutively described by the Nernst-Planck law (3.18),
which carries the electric potential as a further unknown field. Coupling with an additional
relation is thus mandatory to model the migration process. The most common selection
for such an additional relation in battery modeling is the electroneutrality condition

cLi+ (7, 1) = cp-(,t) . (3.26)

By substituting Equation (3.18) into Equations (3.25) and subtracting Equation (3.25a)
from Equation (3.25b), two independent partial differential equations eventually arise:

FDy
RT

80L1+ (x, t)
ot

=V [IPm Ve (z,t) + Cri+ (x,t)VqSe(x,t)} +w®d(z,t)  (3.27a)

V- = D) Ve (0015 - (B ) s (. OV (a0 <0, (3270
To be solved they require the initial concentrations for cp;+

crit (2,0) = ¢l = dco (3.28)

and the Neumann conditions on fluxes at the left and right boundaries of the electrolyte

i (t) + 4% (¢t . i (t) + % (¢
_ a/e< ) a/e( ) hLi+(Le,t) A= e/c( )F e/c( ) ‘

ﬁLﬁ (07 t) = F )

(3.29)

In the positive electrode a mixed ionic/electronic conductivity is considered. The mass
balance equations that characterize the transport of Li® ions and electrons e~ are similar
to Equations (3.25) for the solid electrolyte and is written as

6cLiegix,t) __v. [ﬁLi® (m,t)} L.<z<L,+L,, (3.30a)
acea(:;t) — _v . [ﬁe_ (:U7t>]i| Le S €T S Le —|— LC . (330b)

The generic mass flux Ay, o = {Li%® e} is constitutively described by the Nernst-Planck

law (3.18). This choice of independent motion of electrons and ionic intercalated lithium
makes the governing equations different from Fabre’s [245] ((3.4¢) to be compared with
(3.30a)).

Additionally, the model from [247] makes the positive electrode’s diffusion coeffi-
cients dependent on the concentration of ions. Experimental results show that the
local electrochemical environment has a major impact on solid-state diffusion. The
model further exploits the electroneutrality approximation inside the cathode, imply-
ing cpio(z,t) = co-(x,t), and a space-time proportionality of the diffusion coefficients for
Li® and e”. Classical mathematical derivations allow one to retrieve Equation (3.4c) as
the single PDE required to model the mass transport in the electrode, provided that the
diffusivity ID; e is replaced by a suitable combination of electron and ionic diffusivities.

The initial concentration of the charge carrier at t = 0, when no concentration profile
developed yet, is equal to its equilibrium concentration

crie(x,0) = ¢fle. (3.31)
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Neglecting the impact of geometric capacitance, the Neumann boundary conditions re-
lated to fluxes at both the left and right boundaries of the electrolyte result in:

g (t) i), (t)

huge(Le,t) -7 7 (3.32a)
hye(Le + Lo, t) -7t =0 (3.32b)
he-(Le,t) -7 =0 (3.32¢)
- bat (T

he (Lo + Lo, t) - i = _“’1;( ) (3.32d)

with 4y, (t) the given galvanostatic current flowing across the 1D battery, defined in
Equation (3.12).

Non-faradaic current i (¢) can be defined as

idl(t) — Cdl M

T (3.33)

where o = a/e,e/c. The jump [¢] is defined as the electrode potential minus the
electrolyte potential. Equation (3.33) shall be compared with (3.21) in [246].
The faradaic current, as proposed in [247], arises from charge transfer kinetics. It

takes a form that extends the Butler-Volmer Equation (3.7) to conditions influenced by
mass transfer [273]. The expression of zgt/e at the metallic lithium electrode interface reads

.t -0 CLi(O, t) O./aF Cri+ (0, t) (1 — Oéa)F
Za/e - Za/e ( oL exXp RT na(t) - ?exp - T na(t) s (334&)

where ¢+ is the average bulk concentration of species LiT, ¢1; is the bulk activity of
the metallic Li, a, is the charge transfer coefficient for reaction Equation (3.2), 7, is
the overpotential (3.8) of the charge transfer reaction at the negative electrode, and the
exchange current ¢ Je is given by:

inje = Fhy (cuir)™ (cu)' ™, (3.34b)

with K, the standard rate constant for reaction Equation (3.2). The expression of i/, at
the positive electrode interface is given by the Butler-Volmer Equation (3.7), with the
exchange current density

= (073 — 1—ac
o= Fhar (1-22)7 (22) @ e

Crio Crie

with k; the standard rate constant for reaction Equation (3.1).

3.2.4 Two-mechanisms model for all-solid-state lithium-ion bat-
teries

A model that accounts for two mechanisms of ionic conduction was recently published in

[248]. Rooted in the thermo-mechanics of continua, the model builds upon the work of

Raijmakers et al. [247] to enhance the description of vacancy replenishment in a LiPON
solid electrolyte and applies to LLZO as well, according to [274]. The equations that depict
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ionic transfer in [248] are multi-scale compatible. This feature seems to be particularly
pertinent for composite cathodes, as indicated in [241].

As eloquently detailed in [247], some of the Li ions within a solid electrolyte undergo
thermal excitation at standard conditions. This activates the chemical ionization reac-
tion (3.3), resulting in the generation of uncompensated negative charges associated with
vacancies in the LiPON matrix at the sites previously occupied by lithium. Raijmakers
et al. depicted vacancies as capable of movement within the solid material (as for the
motion of anions in liquid electrolytes) driven by entropic Brownian motion and migration
within an electric field, as described in equation (3.25b). This vision is thermodynamically
encapsulated in the constitutive law (3.18).

Figure 3.3: Cation migration mechanisms: hopping into uncompensated negative charges
associated with vacancies in the LiPON matriz, direct interstitial and conversion after
reaction (3.35). (a) A sequence of three ionic distribution snapshots in time; (b) Legend.

The filling of vacancies was modeled in [248, 275] following the pictorial view in Figure
3.3. Some ions, denoted henceforth with Li, and depicted in blue in Figure 3.3, move in
a meta-stable interstitial state, whereas other ions, depicted in red in Figure 3.3, hop and
fill neighboring vacancies. This dynamic behavior thus entails a differentiation among the
Lit ions after the chemical ionization reaction (3.3) occurs. It is described by a further
reaction

Lit = Lit (3.35)

where k* and k" are the rate constants for reaction (3.35). When & = 0, no interstitial
mechanism is accounted for and the model becomes to a classical single-ion conducting
solid electrolyte [245].

In essence, reaction (3.3) enables lithium ions to depart from the host sites and flow
across the intricate amorphous LiPON structure, either by occupying neighboring vacan-
cies or interstitially. The ratio of ions engaging in these two mechanisms is governed by
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reaction (3.35). Within this framework, only positive ions are mobile species, with the
vacancies lacking inherent mobility. Consequently, there exists no direct flow ﬁnf (x,t) of
negative charges, in contrast to Equation (3.25b), and the local vacancy concentration is
modified solely by the chemical ionization reaction (3.35).

This conceptual picture frames into the following set of mass balance equations, which
characterize the immobile lithium LiO, the negative charges n—, the transport of the

lithium ions Lit, that go interstitial, and the remaining Li™ that hop:

3goz_wm> 0<z< L, (3.36a)
8(‘;_12— NCE) 0<z<L,, (3.36b)
8‘(;}; £ 9 [ ] = w6 - @ 0<z<L., (3.36¢)
% + V- [y, | = w0 0<a< L (3.36d)

having set
w3 = Kitenir — kyege (3.36¢)

int

according to reaction (3.35). The ratio
Kégt — k}nt/k,zi)nt

provides the equilibrium constant of reaction (3.35). Five unknown fields, i.e., the con-
centrations crio, ¢y, ¢+, and CLit, and the electric potential ¢, are accompanied by
the set of four mass balance Equations (3.36a)-(3.36d). The additional required equa-
tion is Ampere’s law (with Maxwell’s correction, because the electroneutrality condition
CrLit T CLit = Cn- is not used as a fundamental law). To conclude the set of balance
equations, the usual balance of forces in small strains was accounted for in [275]

V-lo]+b=0. (3.36f)

An additive decomposition of the strain tensor € in an elastic recoverable after un-
loading () and a swelling contribution related to the insertion of species in the host
material (€*) were considered:

e=¢e" 4", (3.37)

The swelling contribution

nt

e’ = Z wa (ca —cp) 1, with a=Li", Li (3.38)

a

was assumed to be volumetric and proportional to the deviation ¢, —cY from the reference
concentration ¢? by means of the chemical expansion coefficients w, of species a. They
equal one third of the partial molar volumes at a given temperature.

To derive governing equations from the balance Equation (3.36), constitutive laws
were derived from a rigorous thermodynamic setting. The interstitial motion differs ther-
modynamically from the hopping mechanism. Therefore, using the same thermodynamic
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3. A COMPARATIVE REVIEW FOR ASSLIBS

approach for both mechanisms might be disputable. Aware of this limitation and inspired
by [16, 276, 277] restricted to small strains, elaborating the electromagnetic contribution
in the Helmholtz free energy ¢ from [251, 252], the chemical potential (3.16b) of species

a = Lit Lij, was extended to

a¢el
Ocy

as detailed in [261, 262]. A standard quadratic form for the elastic part of the free energy
density 1), in the small strains regime, can be adopted

Oa
fo. = po + RT In| |+ RT X(1 - 20,) +

- (3.39)

Vule, ca) = %K(ca) frle— ™2+ Glca) dov]e —e™] 2, (3.40)

where K, G are the bulk and shear modulus respectively and they are made dependent
on species concentrations. The stress tensor o¢(g,c,) descends from thermodynamic
restrictions (see [261] for details and extension to temperature dependency)

a'e:aaw;l:2Gdev[s}—|—K(tr[e—esw])]l. (3.41)
Note that the derivative 0. /0c,, in Equation (3.39) is the sum of two contributions
0. 1 0K oG
Vet _ —watr[o¢]+ = ——tr[e— e P+ — dev[e —e™] 2. (3.42)

¢y,

The first emanates from the swelling part of the strain, and is present even if the material
parameters are made independent on concentration of species. Nernst-Planck Equation
(3.18) is extended as follows

2 8 Ca 8604

ho(z,t) = =10 [1—2{ 0 (1 —0,)] Vea(z,t) (3.43)
—3M(cy) K wy [Bwy Ve, — Vir[e]]
D, F
RT Co(x,t) Ve(x,t),
with @ = Li*, Lif’,. By defining with 6, = ¢,/c5*, the mobility tensor reads [263]
M (c ):%csate (1-6,) 1. (3.44)
« RT @ « a

It accounts for saturation and in this differs from Equation (3.14). The energetic and
entropic contributions in the constitutive law (3.43) have already been described in Equa-
tion (3.17). The mechanical contribution to the mass flux is driven by the chemical
expansion coefficient and derives from thermodynamic consistency.

The mass balance equations, after inserting (3.43) into Equations (3.36¢)-(3.36d), do
not form a complete set, because ionic transport entails a movement of mass and charge.
In order to build a multiscale compatible theory, the generally accepted electroneutrality
assumption cannot be taken, since it prevents one from imposing the conservation of
energy across the scales: this concept was illustrated with great detail in [256, 251] and
is not further elaborated here. Multiscale compatibility is granted by using Ampere’s law
(with Maxwell’s correction in the realm of small strains)

O¢e
ot

\E {—6 \Y + F (ELH + ELi*t>:| =0 0<x<L,. (3.45)
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When multiscale is not invoked, the electroneutrality assumption
eyt (@) + e (2,1) = - (2, 1) (3.46)

can be called for.
A widespread choice for the initial conditions for concentrations and electric potential
enforces equilibrium conditions. They hold

e(z,0) =0, (3.47a)

cLio(z,0) = crio = (1 = 0)co (3.47b)

Ca- (2,0) = ¢ = bcy (3.47¢)

cpi (2,0) = ¢y = %C;(gt = K" (% - 1) : (3.47d)
it 0Co ion 1

Lijrm(x 0) = L?;t = K TKQ =0 co+ Ky (1 — 5) : (3.47¢)

Three independet factors influence the equilibrium concentrations within the system:
co and the equilibrium constants for reactions (3.3) and (3.35). While ¢, can be determined
with precision, estimating K, égn and K égt through experiments is fraught with substantial
uncertainties. These three parameters are interrelated and play a role in defining the

fraction of lithium existing in a mobile state at equilibrium, which is referred to as ¢, as
detailed in reference [247]. ¢ holds,

5= 2 . (3.48)

1 —l— \/1 + 4Klon 1+K1nt - 1

Equation (3.49) can be readily transformed to express K32 in terms of both § and
K™ as follows,

a4 (L - 8K
« T T (G- 1)Ko

(3.49)

The interface conditions for this advanced model are Equations (3.29) and (3.33). The
faradaic current originates from charge transfer kinetics, as proposed in [247]. Because
of the interstitial and hopping classification of lithium flux, faradaic interface conditions
split:

et Ct —
Za/e Za/eLJr—i_Za/eL+ ) e/c Ze/cL++Z

(3.50)

e/cL+ :

The charge transfer current is the sum of interstitial and hopping contributions, inferred
from Butler-Volmer Equation (3.7) or (3.34). The exchange current reads:

_ o s 11—«

Cri® CLi®
-0 o - a (= e -0 _ sat Li Li — o
bajepy = ko (Cris)® (L) ™"y depepy = F ke (1 - — ) ( — > (Cri+)

Cri® CLi®
(3.51a)

Crit \ @ Crit \ @
0, =i Hing O, =40 hine (3.51b)
ajerit T Yaferi+ \ & v teferif, T te/erit | @ : :

Cri+ Cri+
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Here, €3+ and Cp+iy represent the average bulk concentrations of the species Lit and
Litint, respectively. Unlike in [247], these averages are not time-independent. In the

absence of a clearer understanding, we make the assumption that the non-faradaic current

i%(t), as described in Equation (3.33), is proportional to the faradaic splitting, i.e.

«

.ot Z'ct )
/L'dl — Z'dl + idl Wlth Z'dl — ZS Lit Cdl a[[ ¢]:| and /L‘dl — S Lli-‘r—]t Cdl 8|I¢]]
s s Lit s Liit.t ) s Lit igt s ot s Lii*'nt th s ot
(3.52)

where s = a/e, e/c. The Neumann conditions on fluxes at the boundaries of the electrolyte
read:

huie (0,8) - = = (6o, o+ iye )/ F huit (Le, t) -7 = —(ighey . + it )/ F
(3.53a)
h‘Lii—";‘t (07 t) ’ ﬁ = _<Z-Zt/eLi;t _'_ igl/eLii-;t)/F ) h‘T_lii"';‘t (Le? t) ' ﬁ = _(ichLi:‘t + ig}CLii—:t)/F .

(3.53D)

The continuity of displacements and normal tractions are interface conditions for the
mechanical governing Equation (3.36f). The electrodes governing equations and boundary
conditions do not differ from section 3.2.3.

In this section, the main features of the four models depicted in [245, 246, 247, 248]
have been recapitulated, highlighting the main features as well as the mathematical struc-
ture of each formulation. In the following section the two most advanced theories, pro-
posed in [247] and [248], are compared numerically. The experimental outcomes described

in [253] will be used for validation. Material and geometrical parameters have been col-
lected in Table 3.1 in Appendix 2.2.

3.3 Benchmark comparison

We considered a layer of LiCoO, with thickness L. = 0.32um deposited on a platinum
substrate as the positive electrode. A Lithium metal foil with thickness L, = 0.50um was
used as a negative electrode. The solid electrolyte was a one-micron-thick (L, = 1.00pm)
layer of LiPON. The surface area of the deposited electrodes was A= 10"*m? and the
theoretical storage capacity of the battery was 10~°Ah.

It should be emphasized that the benchmark configuration considered in this section
corresponds to a thin-film all-solid-state battery architecture taken from the reference
benchmark and is used here to compare the predictions of the models discussed in this
chapter under a common and well-defined set of conditions, rather than to represent the
dimensions of conventional lithium-ion battery electrodes. In particular, the cathode and
lithium foil thicknesses adopted in the benchmark are much smaller than those typically
encountered in practical composite electrodes, which are commonly on the order of several
tens of micrometers. The purpose of this section is therefore not to establish direct quan-
titative correspondence with commercial-format electrodes, but to assess how the selected
modeling approaches behave within the same benchmark framework. Accordingly, care
must be taken when extrapolating these benchmark results to realistic battery systems
with much thicker electrodes and more complex microstructures.
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3.3. BENCHMARK COMPARISON

The electrochemical cell was subject to a galvanostatic process of discharge at different
C—rates, under a temperature-controlled condition of 25°C. Symbol I, denotes the
current corresponding to C—rate = n. For C—rate=1, I, was 107°A. Initial and
boundary conditions were made compatible with a thermodynamic equilibrium at ¢ =0,
tuning the density current i, (t) in time as:

() = (1 — 1) ¢ (3.54)
A
with ¢ in seconds. In view of Equation (3.54), the concentrations of ions across all battery
components were uniform and at equilibrium at ¢ = 0, since no profiles had been estab-
lished yet. By enforcing the fraction of mobile lithium in the electrolyte 6 = 0.18 and
a maximum concentration of lithium host sites in the electrolyte ¢y = 6.01-10% mol/m?,
Equation (3.47) provided

cri(z,0) = 7.60-10* mol /m?® —L,<x<0, (3.55a)
crio(,0) = 4.93-10* mol /m? 0<z<Le,, (3.55b)
o (7,0) = 1.08-10* mol /m? 0<x<Le, (3.55¢)
cri+ (7,0) = 5.68-10° mol /m? 0<x<Le,, (3.55d)
e (1,0) = 5.12-10° mol /m?* 0<x<Le, (3.55¢)
cio(2,0) = 3 = 1.20-10* mol /m? Le<x<L.+L,. (3.55f)

The electric potential at the interface between the anode and the solid electrolyte was
fixed as:
»(0,t) =0[V] V. (3.56)

All material parameters used in the simulation are listed in Table 3.1. The equilibrium
constants read
8.10-107°

= 1250, Kot= "~ — =09, (3.57)

_10-5
sion _ 1112510
< 0.90-10-%

e 0.90-10-8

for this benchmark comparison.

The solution of the governing equations was approximated using the finite element
method, implemented with custom weak forms in MATLAB. The unknown fields (refer
to Figures 3.1c, 3.1d) and the geometry were tesselled with 61 linear elements. Only one
element is necessary for the anode, as the lithium concentration was uniform and the
electric potential was linear. The results were based on a mesh consisting of 40 finite
elements covering the electrolyte and 20 panels discretizing the cathode. In both cases,
the mesh was locally refined around the electrode/electrolyte interface. Integration in
time was performed using the backward Euler method, with constant time increments of
At =1.0,s.

The OCP was reconstructed from experimental data presented in [253] using inter-
polatory splines derived in the simulations. Alternatively, the OCP could have been
analytically calculated following the approach outlined in [260]. Results obtained with
the analytically determined OCP are reported in Appendix 2.1.

The simulations covered a wide set of rates, from 1.0 to 51.2. Experimental results are
plotted with dots in Figure 3.4b as a function of time, while continuous lines reproduce
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Figure 3.4: (a) The open circuit potential (OCP) is depicted as a function of extracted
charge. The OCP obtained from experimental tests is represented by the red line, while the
OCP evaluated using the approach in [260] is illustrated by the blue line. (b) Discharge
curves plotting voltage against time for various C—rates, from [248]. Different C—rates
are shown by coloured lines, and the experimental values are indicated by dots. Reprinted
with permission from [248] Copyright 2022 FElsevier.

simulated outcomes. Experimental evidences and simulations show good agreement for all
investigated C-rates. As expected, the extracted charge decreases with increasing C-rate
due to higher over-potentials. Lower discharge rates imply a slower insertion, hence a
more uniform allocation, of lithium in the positive electrode.
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Figure 3.5: The electric potential profile for the models published in [248] ((a) and (b))
and [247] ((¢) and (d)) at various times for two different C—rates. The simulations quit
when the concentration of lithium 1i® within the positive electrode reaches its saturation

sat

&% Reprinted partially with permission from [248] Copyright 2022 Elsevier.
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For two different discharge rates, Figure 3.5 plots the profile of the electric potential
¢(z) at various times. At C-rate = 3.20, the battery is allowed to discharge in 1125s. At
C-rate = 51.2, the battery ideally completes the discharge process in 70s. Simulations
terminate when the concentration of lithium Li® inside the cathode reaches the satura-
tion limit ¢f%, occurring after 1085s and 50s, respectively. Cathodic saturation is the
limiting factor for battery operation. An extensive discussion on limiting factor induced
by materials and architectures is reported in [278].

At the initial time the electric potential discontinuity at the interfaces make Butler-
Volmer currents vanishing. Based on the measured battery OCP, at full charge state
A¢p=4.2V | as highlighted in Figure 3.5. During the discharge, the potential drops in the
anode and in the electrolyte. However, the major changes in the potential profile occur
at interface between electrolyte and cathode: the battery voltage decreases significantly
during discharge as depicted in Figure 3.5a,b and it becomes almost uniform within the
cathode. A similar behavior is observed for the model in [247] (see fig. 3.5 ¢,d).

Figure 3.6 depicts the evolution of lithium concentration cpe(z) in the cathode and
in the solid electrolyte for the model in [248] ((a),(b)) as well as for the one proposed in
[247] ((c),(d)). Since two ionic concentrations are concurrently present in the electrolyte,
only their sum (cpi+ +cLi;t) is plotted in Figure 3.6a,b.

The anodic foil of lithium remains unaffected by the charge/discharge processes and
is considered as an unlimited reservoir of lithium. After intercalation, the lithium ions
accumulate near the electrolyte/cathode interface. The discharge process ends when the
lithium concentration in the cathode reaches its saturation limit ¢f4% = 23400, mol, m~3.
Therefore, saturation at the interface between the electrolyte and the cathode is the
limiting factor for the performance of this battery.

The concentration of (cpi++c+ ) in [247], initially uniform, increases near the anode
interface, while decreasing at the cathode interface. This “liquid electrolyte” kind of
behavior is justified since in [247], negative charges are allowed to move. This type of
electrolyte-side concentration polarization is therefore model-dependent: it arises when
both positive and negative charge carriers are allowed to redistribute (as in [247]), similarly
to liquid and many polymer electrolytes. It should not be interpreted as a universal feature
of all ASSBs, since in several solid electrolytes the counter-charge is effectively immobile or
not described as a mobile species, leading to a different (often much weaker) concentration-
polarization behavior. In the formulation proposed in [248], negative charges are filled
by hopping lithium, which in turn is allowed to be intercalated. The time evolution of
negative charges and total lithium is driven by the ionization reaction rates w®?® and
w39 as already discussed, and is very small in Figure 3.6a,b.

Figure 3.8 displays the total lithium concentration for the model from [248] (panels
(a) and (b)) and for the model from [247] (panels (c¢) and (d)). The concentrations are
depicted at the anode/electrolyte interface with a blue line and at the electrolyte/cathode
interface with a red line. According to [248], the tangent disappears at ¢ = 0. Such
behavior is attributed to the electroneutrality coupled with the equilibrium condition w =
0 imposed at t = 0 in Equation (3.36b). The concentrations at the two electrodes evolve in
accordance with the mass balance Equations (3.36¢) and (3.36d). Over time, fluxes tend
to converge to a uniform value across the electrolyte, diminishing the significance of the
divergence contribution, and thus the evolution of concentrations is primarily driven by
the evolution of w3 and w®3%. It is expected that, at the same equilibrium constant,
increasing the reaction constant (i.e., making the reaction faster) would lead to reaching
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Figure 3.6: Lithium concentration profiles within the battery for two different C—rates
at different time steps for the models published in [248] ((a) and (b)) and in [247] ((c)
and (d)). The blue lines refer to the starting time, when the battery is in thermodynamic
equilibrium. The red line depicts the last time step, when the amount of lithium Li® in the

positive electrode has reached the saturation limit ¢35 . Reprinted partially with permission

from [248] Copyright 2022 Elsevier.

the steady state more rapidly. This numerical response is observed in Figure 3.8 (panels
(a) and (b)), where higher values of A" and k™, while keeping K" = 1250, result
in reaching the concentration plateau faster. For the model by [247], the concentration
response resembles that of liquid electrolytes [251, 252], as expected. It’s noteworthy that
steady state is achieved only at low C-rates in this case.

3.4 Final remarks and further developments

This note had the purpose of highlighting the main features, the fundamental assump-
tions, and the most relevant limitations of four ASSBs models of particular relvance in
the literature. All formulations have been comprehensively examined from a theoretical
perspective, whereas the model in [248] and its predecessor [247] have also been compared
from a computational standpoint. Such an assessment was achieved via the finite element
method, validating and comparing interface currents, electric potentials, flux patterns,
and concentration profiles.

o4



3.4. FINAL REMARKS AND FURTHER DEVELOPMENTS

4 4
4.934 <10 1.088 £ 10
Time t=1100 s
«E 4.932 | Time t=550s & 1.086 [ Time't=0's
e Time t=220 s £ Time t=220 s
E 493f Time t=0's g 1.084 Time t=550 s
Q - Time t=1100 s
§ 4.928 F o g 1.082 E
£ 492 £ 108}
c c
8 8
5 4.924 - 5 1.078
(&} o
4.922 1 1 1 1 1 1 1 1 1 1 1 ] 1.076 1 1 1 1 1 1 1 1 1 1 1
0 0.25 0.50 0.75 1.00 1.25 1.50 0 0.25 0.50 0.75 1.00 1.25 1.50
Length[um] Length[pum]
3 3
6.40 10 580510
Time t=1100 s & Timet=0's
& 6.20 : 5.60 ’ =
E Time t=550 s % Time t=220 s
E 6.00 - Time t=220 s E 540 Time _t=550 s
= Time t=0's \E Time t=1100 s
G 580 o 520
=4 c v
(s} v o
% 5.60 [ % 5.00f
€ <
g 540 § 4.80
5 5
O 520k O 460
5.00 1 1 1 1 1 1 1 1 1 1 1 J 4.40 1 1 1 1 1 1 1 1 1 1 1 ]
0 0.25 0.50 0.75 1.00 1.25 1.50 0 0.25 0.50 0.75 1.00 1.25 1.50
Length [um] Length[um]
(a) C—rate = 3.20
4 4
49310 1.083 <10
T r Time t=50's o8y
3 Time t=25s 3
% 4.929 Time t=5's £ 1.082 N
Pl Time t=0's &
= - £1.0815
S ] )
] = Time t=0 s
£ 4.928 £ 10811 Timet=5's
3 3 Time t=25 s
S + 51.0805 - Time t=50 s
(&} o
4.927 1 1 1 1 1 1 1 1 1 1 1 1 1.08 1 1 1 1 1 1 1 1 1 1 1 1
0 0.25 0.50 0.75 1.00 1.25 1.50 0 0.25 0.50 0.75 1.00 1.25 1.50
Length[um] Length[um]
4 3
1110 8.0g 10
— 10 o
% Time t=50 s =
(_ED 09 | : 2 6.0\
= 08 -E
5 S
5§ o7f § 40
S o6k s
5 5
S 05p S 20f
[o} o
O o4} o
0.3 1 1 1 1 1 1 1 1 1 1 1 J 0 1 1 1 1 1 1
o 0.25 0.50 0.75 1.00 1.25 1.50 0 0.25 0.50 0.75 1.00 1.25 1.50
Length [um] Length[um]

(b) C—rate = 51.2

Figure 3.7: Concentrations cr;o, Cy-, cri+ and CLit, in the solid electrolyte at different

times for a C—rate=3.2 (a) and a C—rate=>51.2 (b). Reprinted with permission from
[248] Copyright 2022 Elsevier.

Corresponding to the chronological order of publication, models’ degree of complex-
ity increased. All-solid-state Li/LiPON/LiCoQO,y micro-batteries were modelled by Fabre
et al. [245] in one dimension, addressing the kinetics involved in charge-transfer at the
interfaces between the electrodes and the electrolyte, as well as the diffusion of neutral
lithium within the cathode and the migration of lithium ions throughout the solid elec-
trolyte. A modified Poisson-Nernst-Planck system of equations for the solid electrolyte
was established in [246]. Besides modeling diffusion and migration of mobile lithium ions
in the solid electrolyte, the model in [247] accounted for the kinetics of the charge transfer
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Figure 3.8: Concentration of lithium at the interfaces with the positive and the negative
electrodes for the two different C—rates. The values recorded at the anode/electrolyte
interface are represented by the blue lines, while the red line illustrates the values at the
electrolyte/cathode interface. Tangents at t = 0 vanish in Figures (a) and (b) due to the
electroneutrality and the equilibrium condition w = 0 set at t = 0 in Equation (3.36Db).
Reprinted partially with permission from [248]Copyright 2022 Elsevier.

at the interfaces between electrodes and electrolyte. To capture the space-charge effect,
double-layer capacitors were positioned at the electrode/electrolyte interfaces. Ionic mo-
bility in [248] resulted from hopping and interstitial diffusion, i.e., two mechanisms of
ionic conduction in the solid electrolyte were devised.

The reviewed models share some common assumptions. They are: (i) thin-film based:
the first model encapsulates this assumption in the constitutive equations, while the
others are in principle fully three-dimensional and hence also applicable to composite
electrode/electrolyte systems; (ii) isothermal (no self-heating), although it is quite well
known that temperature affects the response of the battery [279]. Those assumptions
shall be removed in further publications aiming at realistically replicate the response of
batteries. The research focus should escape the limiting scenario of thin-film ASSBs and
incorporate polymer solid electrolytes, inorganic solid electrolytes, and organic-inorganic
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composite solid electrolytes [229, 280].

Polymer electrolytes show desirable characteristics such as exceptional flexibility, low
weight, easy processing, and favorable compatibility with electrodes [281]. Their vulner-
ability to flammability underscores the urgent need for models that account for flame-
retardant additives [282].

Inorganic solid electrolytes show high energy density and inherent safety [283, 274],
but they suffer from a few major issues that might be mitigated by a proper design,
facilitated by computational strategies [280)]. Oxide solid electrolytes demonstrate
exceptional electrochemical stability and ionic conductivity, yet they show inadequate
electrode contact [284, 285]. Halide electrolytes exhibit exceptional compatibility with
electrodes, although they are vulnerable to moisture [286]. Sulfide electrolytes exhibit no-
table ionic conductivity and commendable mechanical flexibility; however, they are char-
acterized by a lack of stability of the electrode/electrolyte interface [287]. The presence
of a lithium-depleted layer at the interface between an oxide cathode and sulfide elec-
trolyte has been elucidated through the utilization of first-principle molecular dynamics
simulations. Moreover, density functional theory (DFT) electronic structure calculations
provide compelling evidence that the charge current specifically eliminates lithium ions
from the sulfide electrolyte part of the interface, resulting in the depletion of lithium ions
in that specific region. The obtained calculations align with experimental outcomes [288,
289, 290].  In recent years, the utilization of high-throughput density functional theory
calculations and machine learning predictions has emerged as formidable methodologies
for the exploration and identification of innovative materials [291, 292, 293|. Comprehen-
sive calculations on a dataset of 740,000 lithium compounds have been published in [293],
allowing the discovery of new solid electrolytes (SEs) .

Xi et al [294] conducted a comprehensive investigation into the physical contact and
chemical/electrochemical properties of interfaces in ASSBs, offering a comprehensive sum-
mary of recent progress in interface modification techniques. In a recent work of Tian et
al. [234], the effect of imperfect contact area was incorporated into a 1D Newman battery
model, assuming that the current and Li concentration will be localized at the contacted
area of the interfaces.

An electrochemical model for ASSBs with a composite positive electrode was developed
in [295] by incorporating an imperfect solid-solid contact interface and an electrical double
layer at the electrode-electrolyte interface. To enhance the accuracy of the battery model,
diffusion coefficients dependent upon the lithium concentration were implemented. The
simulations suggested that the primary factors restricting the performance of batteries
were overpotentials that arose from concentration polarization within positively charged
particles and interface reactions. Moreover, the size of the particles and the area of contact
within the composite positive electrode had a significant impact on the performance of
the battery.

Further phenomena should be included in the list of processes to be modeled towards
achieving a realistic digital twin of energy storage systems. A change in volume due to
repeated insertion and removal of Li atoms may lead to contact breakdown and degra-
dation of the solid electrolyte lattice. Among the four reviewed publications, only [248]
does not neglect volume changes during charge/discharge but the active surface area re-
mained unaltered over cycling. The volumetric changes in composite electrodes increase
the likelihood of crack formation and internal short circuits [296]. Hence, there is an
urgent requirement to create innovative models of crack propagation and arrest in solid
state electrolytes [297]. It is recommended to handle the mechanical problem in a three

57



3. A COMPARATIVE REVIEW FOR ASSLIBS

dimensional setting, with large strain mechanics as in [16, 298, 299, 300].

Modeling ASSBs should also account for the solid electrolyte interface (SEI) formation.
It occurs as a result of the reduction of the electrolyte, leading to the development of a
thin and heterogeneous layer at the interface between the anode and electrolyte [301, 259].
The SEI progresses gradually over time, depleting active electrons and electrolyte species,
resulting in an overall loss in capacity and ultimately the death of the battery [302, 303].
An effective modeling of the SEI has not been achieved yet, despite attempts in molecular
modeling methods, including DFT, force fields, and machine learning potentials [304,
305].
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Appendix

3.A Analytical OCP simulations

An approach to calculate the open circuit over-potential analytically is described in [260],
based on the ideal chemical potential p; , as reported in Figure 3.4a with blue dashed
line. The discharge curves as a function of the extracted charge, obtained following
this analytical approach, are given in Figure 3.9 a,b. The difference between the results
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Figure 3.9: Discharge curves as a function of time (a), and the extracted charge (b) for
different C—rates, obtained following the analytical approach to evaluate the OCP as given
in [260].

obtained considering the OCP evaluated from experimental tests and from the analytical
approach are not negligible for this kind of battery meaning that more complex forms of
the chemical potential shall be used as in [306].
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APPENDIX

3.B Material and geometrical parameters used for model

validation
Parameter| Unit Value Description
T 298.5 K Temperature
L, 0.50- 1076 m Thickness of the anode
L, 1.50-10°° m Thickness of the electrolyte
L. 0.32-1076 m Thickness of the cathode
Lo 0.10- 1076 m Thickness of the positive collector
A 1.00-107* | m? Geometrical surface area
o 2.34 - 10* mol/m? Maximum concentration of Li® ions in
the electrode
kq 1.08 - 107 S/m Electrical conductivities in the lithium
anode
keol 10.0 S/m Electrical conductivities in the current
collector
k:}on 1.125 - 107 | 1/s Lithium ion generation reaction rate
(1.80-107?) constant for Equation (3.3)
kion 0.90-107% | m3/(mols) | Lithium ion recombination reaction
rate constant for Equation (3.3)
ki 810 - 1079 | 1/s Lithium ion generation reaction rate
(1.69-1077) constant for Equation (3.35)
kit 0.90-10°® m? (mols) Lithium ion recombination reaction
rate constant for Equation (3.35)
cdl 1.74-107* | F/m? Double layer capacity per unit area of
anode
c 5.30-107% | F/m? Double layer capacity per unit area of
cathode
Q, 0.6 - Charge transfer coefficient for the neg-
ative electrode
a 0.6 - Charge transfer coefficient for the pos-
itive electrode
D+ 5.10-107% | m?/s Diffusion coefficient for Li* ions in the
electrolyte
Lit 0.90-107% | m?/s Diffusion coefficient for Li}, ions in the
" electrolyte
Do 1.76 - 107 | m?/s Diffusion coefficient for Li® ions in the
cathode
ky 5.10- 107 m?*% mol~? /s Standard reaction rate constant for for-
ward reaction in Equation (3.1)
ko 1.09-107° m/s Standard reaction rate constant for for-
ward reaction in Equation (3.2)
4] 0.18 - Fraction of mobile ions in the elec-
trolyte in equilibrium
Co 6.01 - 104 mol /m? Maximal lithium concentration in the
electrolyte
Er 2.25 - Relative permittivity in the electrolyte
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Chapter 4

A 3D electro—chemo—mechanical

continuum model for a Li/LCO
half-cell

4.1 Introduction

In the study of lithium-ion battery systems (LIBs), modeling is essential for predicting
behavior under given operating conditions. Over the past decades, LIBs have become cen-
tral to portable electronics and electric vehicles, driving intense academic and industrial
research worldwide [307, 308]. Because experimental testing is costly and time-consuming,
a sound theoretical framework is needed to guide the design of more efficient and envi-
ronmentally friendly batteries [309]. Physical models interpret experimental observations
and help identify promising materials and cell architectures, while experiments provide the
data required to validate and refine models. Together, theory and experiment underpin
progress in the battery industry.

Mathematical models express the physics of LIBs through systems of equations. They
clarify the mechanisms governing existing cells and predict the performance of new de-
signs. When combined with uncertainty quantification and careful validation, computa-
tional simulations can optimize energy-storage devices, tailor architectures, and accelerate
the discovery of high-capacity, high-power materials [310]. Modeling also allows safe ex-
ploration of operating regimes that are difficult or expensive to reproduce experimentally.
Nevertheless, theoretical models must be grounded in realistic conditions and systemat-
ically compared with experiments; only consistent agreement can justify their predictive
use. Since simulations are often cheaper and faster than dedicated experiments, reliable
models can significantly shorten development cycles and time-to-market. Battery mod-
eling thus spans methodologies from empirical and equivalent-circuit approaches that
reproduce global discharge characteristics to fully physics-based formulations [311, 312,
313].

Over the last forty years, computational modeling of LIBs has advanced considerably,
both in the description of material behavior and in the understanding of full-cell operation.
Different levels of resolution are used depending on the quantities of interest. Atomistic
models such as molecular dynamics (MD) probe the structure of electrolytes and active
materials, while kinetic Monte Carlo (kMC) methods resolve interface reactions [314,
315]. Electronic-structure models provide local energy landscapes in the electrolyte, and
continuum porous-electrode models describe charge/discharge behavior at the cell scale by
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solving coupled partial differential equations for species concentrations, electric potential,
temperature, and stress [316]. Multiscale, multiphysics continuum formulations link these
descriptions across scales, enabling optimal cell design and robust lifetime predictions
(317, 318]. A clear understanding of the physical processes active during cell operation is
therefore crucial.

Comprehensive physical models rest on a common set of principles: balance laws,
thermodynamics, constitutive theory, and frame-indifference. Balance equations enforce
mass, charge, and momentum conservation; the first and second laws of thermodynamics
constrain energy and entropy evolution; and constitutive relations must satisfy these
restrictions while remaining objective, especially at finite strains. The governing equations
follow systematically from this hierarchy [319, 320, 321, 322]. However, such rigor is not
always respected in the battery-modeling literature, and violations of the second law may
compromise the consistency of proposed constitutive models.

Figures 4.1 and 4.2 summarize the main processes and models relevant to LIB oper-
ation. Process 1 indicates the intercalation of LiT™ into the active particles. The process
is modeled using the Butler-Volmer equation and the Gouy-Chapman hypothesis. Mass
transfer involves the characterization of the motion of mobile ionic species. When con-
vection does not exist, which is typically assumed during operation, the motion of species
is determined by diffusion, which is induced by gradients in the concentration or by mi-
gration, which is controlled by an electric field [273, 323].

Figure 4.1: The set of processes that occur in a battery during its normal operation.
The light grey phase represents the active cathode particles, whereas the dark grey phase
corresponds to the conductive additive. The ions Li™ and X~ denote the mobile species
dissolved from the binary salt LiX in the electrolyte [243].

In this study, the behavior of a half cell during its operation is simulated as an ini-
tial/boundary value problem by coupling mechanics, electro-chemistry, and transport.
The governing partial differential equations are derived from a thermodynamically con-
sistent continuum multi-physics model [249, 278] which is based on the theory of Larche-
Cahn [261]. The governing equations have been formulated in weak form, discretized,
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Figure 4.2: The set of models that occur in a battery during its normal operation [243].

and then implemented into a High-Performance Computing (HPC) algorithm using the
Finite Element Method (FEM) library deal.ii [23]. The proposed formulation accounts for
the elastic constitutive response of the foils and electrolyte for the expansion/contraction
of the active particles of LiCoO, during intercalation and extraction. Finally, boundary
conditions and interface conditions, the latter in the form of Butler Volmer equations,
have been adopted. A brief methodological remark is in order regarding the numerical
discretization adopted in this chapter. Although both the finite element method (FEM)
and the finite volume method (FVM) are widely used in electrochemical energy modeling
[324], the choice of discretization depends on the mathematical structure of the problem.
In the present work, FEM was adopted because the governing equations are formulated in
weak form and the model involves the coupled treatment of transport, electrochemistry,
mechanics, and interfacial Butler—Volmer kinetics in a three-dimensional multi-domain
setting. FEM is therefore a convenient choice for the present formulation and is consis-
tent with the deal.ii-based implementation used in this chapter.

4.2 Definition of the problem

The interplay between solid mechanics and electrochemical fields is particularly significant
in lithium-ion batteries (LIBs), as outlined in the introduction. In the following sections,
we present the governing conservation laws—specifically, the conservation of linear and
angular momentum for the mechanical domain, and the conservation of charge and mass
for the electrochemical domain. Furthermore, we detail the coupling mechanisms between
these fields and discuss interfacial phenomena that arise between different material do-
mains. To begin, we define the relevant domains, interfaces, and boundaries within a
typical lithium-ion battery (LIB) cell.
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4.2.1 Model geometry

Figure 4.3 shows a simplified 2D cross-section of the 3D computational geometry of the
LIB cell, included here solely to illustrate the main geometric features for clarity. In the

Figure 4.3: Schematic representation of computational domain

simplified 2D geometry, €2, denotes the anode region of the lithium-ion battery cell, which
is modeled as a lithium metal foil. The cathode region, denoted by ()., corresponds to
a porous LiCoOy (LCO) cathode , where the phases corresponding to binder and carbon
black are not considered for the sake of modeling simplicity. The electrolyte domain is
split into two subregions: €27 refers to the electrolyte embedded in the polymer separator,
and )¢ corresponds to the electrolyte within the porous cathode. The current collector
is made of aluminum foil which is represented as (2., and the overall computational
domain is defined as €2 = 2, U Q2 U QS U Q. U Q... The interface between the anode and
the electrolyte is denoted by I'¢, while I' represents the interface between the cathode
and the electrolyte, and I'S® denotes the interface between the cathode and the current
collector. The boundary of the anode domain is given by 9Q, = 904 U 9Q8 U T¢;
similarly, the boundaries of the electrolyte, cathode, and current collector domains are
given by 9Q, = 9Q}UTeUTe, 99, = 002 UTCUTe, and 9, = 004 U INE U T,
respectively, as illustrated in Figure 4.3. Although the modeling framework allows for a
distinction between electrolyte regions such as the separator and the porous cathode, a
single electrolyte phase is considered in this study—defined as €2, = €27 U Q¢—to avoid

unnecessary notational complexity without significant gain in physical insight.

4.3 The concept of balance laws in an abstract con-
text

The concept of balance laws is presented in an abstract context. The problem at hand will
be specifically addressed in Section 4.4. As customary for multi-component systems, we
consider an abstract entity embedded in the solid or liquid, called network, which allows
the definitions of displacements and strains [325]. In the context of this work, the small
displacement theory is deemed to be adequate.

4.3.1 Conservation of moving species

We consider a mobile species «, characterized by its molar concentration, ¢, (Z,t) ,which
gives the number of moles per unit volume at position # and time t. For any subregion
VY C B, where B denotes the body under consideration, the amount of this species may
change in time due to (i) transport across the boundary 0V and (ii) volumetric produc-
tion (or consumption) within V. The initial contribution entails the projection of a flux
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vector, ﬁa(x, t),taken positive in the direction of the outward unit normal 77 on 9V. The
subsequent addition introduces a species supply rate, s,(x,t), indicating the quantity of
moles per unit volume per unit time. The conservation laws of species exist in both global
and local forms as follows:

4 caazz-i/ EfﬁdF+:/sadQ (4.1)
dt Jy av v
and 5
Ca = .
2+ V- [fa] = 0 (4.2)

4.3.2 Electro-quasistatic approximation of Maxwell’s equations

The problem at hand pertains to the application of Maxwell’s equations in relation to
charged species. In this context, we will use the electro-quasistatic (EQS) model instead
of the complete set of Maxwell’s equations [249]. This decision offers the main advan-
tage of substituting the hyperbolic representation of Maxwell’s equations with a more
straightforward parabolic problem, as highlighted in [326]. Obtaining the EQS model is
a straightforward process that involves disregarding the time derivative of the magnetic
field B (Z,t) in Maxwell’s equations, resulting in the expression [326], as follows:

v-[D] =¢, (4.32)
1 9D -

1| H| === 4.3b

cur H =5 i, (4.3b)

V- |B| =0, (4.3¢)

curl [E] =0 (4.3d)

where D electric displacement field, ¢ the charge density, H magnetizing field, i current
density, B magnetic field, and E electric fields was presented. Equations (4.3a), and (4.3b)
align with the initial set of Maxwell’s equations [327], indicating that the local form of
charge conservation remains applicable within the EQS model

o0& =
= =-V- M . (4.4)
On the other hand, equations (4.3c) and (4.3d) deviate from Maxwell’s equations as they
do not take into account electromagnetic induction. The magnetic field remains solenoidal,
whereas the electric field has transitioned to an irrotational state. The latter enables the
representation of the electromagnetic field to be written in terms of an electric poten-
tial ¢(Z,t), as opposed to the simultaneous consideration of both electric and magnetic
potentials ff(f, t), as observed in the genuine electromagnetic problem.

E=-V]4]. (4.5)

The relationship between the first and second sets of the EQS approximation is established
through the constitutive laws,

— —

4':0 ) (46&)
o' B — M. (4.6b)

Tt
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wherein P and M represent the polarization and magnetization fields, accordingly. Ad-
ditionally, £, and f, denote universal constants which are not negative [327]. Utilizing
the Helmholtz decomposition theorem enables the analysis of the divergence of the elec-
tric field, facilitating the determination of its evolution. The differential equation derived
from (4.6a) can be computed by applying the divergence operator to (4.3b) in the following
manner:

D -
9D 3 =, (4.7)

Vol

It is important to note that the EQS approximation does not take into account the
magnetic contribution to the Lorentz, as explained in [326]. Consequently, the Lorentz
force per unit of volume is measured as follows:

be = ¢E. (4.8)

Based on equations (4.6a), (4.7), (4.8) and, it can be concluded that the magnetic field
does not have an impact on the development of the electric field and the Lorentz force,
provided that Pis independent of B. This pertains to linear, isotropic, homogeneous
dielectric materials, wherein the expression for P is commonly denoted as

P=F,\E. (4.9)

where \ is a constant and represents electric susceptibility. By employing this approach,
the constitutive description of the electric displacement is obtained as follows:

D=kt E, (4.10)

where

Eo=(1+\), (4.11)

and it is called relative permittivity. Equation (4.10) will serve as the constitutive relation
for the electric displacement field in the electrolyte solution in Section 4.6.1. In the present
scenario, the existence of a magnetic field is acknowledged, yet its impact is negligible.

4.3.3 Faraday’s Law

Ions that have dissolved are responsible for the transportation of charges in the electrolyte
solution. Hence, the charge density & is directly linked to the ion concentration through
the given equation

§=F) Zaca (4.12)

The value of F' is 96485.3383. Faraday’s constant, denoted as C mol~!, represents the
magnitude of electric charge per mole. The valency of ion «, symbolised as z,, is com-
monly +1 for Lit ions and —1 for X~ ions. The flux of mass in balance of species (4.2)
incorporates to an electric current density in the electrolyte Zaccording to Faraday’s law
of electrolysis

i=F> zha. (4.13)

66



4.4. BALANCE LAwS

4.3.4 Balance of momentum

The local forms of the balance laws for linear and angular momentum are summarized
here. In line with the standard treatment in the literature [328], the balance of linear
momentum is adopted in its quasistatic form, because electro-diffusive processes evolve
on a much slower time scale than the mechanical deformation of the body,

V-lo]+b=0, o=0o". (4.14)
Here o(Z,t) denotes the Cauchy stress tensor and b(Z,t) represents the body force per
unit current volume, collecting contact forces and non-local (action-at-a-distance) con-
tributions such as gravity and electromagnetic forces. As argued in [249], the Lorentz
contribution l;g = (E + U X é), is negligible with respect to other mechanical effects,
because charge separation in both the active particles and the electrolyte can be ignored.
Under the electroneutrality assumption, the mechanical and electrical fields therefore de-
couple in the momentum balance (4.14), which reduces to a homogeneous equation when
mechanical body forces are absent.

4.4 Balance Laws

4.4.1 Balance equations for the electrolyte

In the context of generality, it is assumed that the battery cell consists of a binary elec-
trolyte, wherein a binary salt, such as LiX, is dissolved in an organic solvent, such as
a polymer. Once the binary salt LiX has fully dissociated, the electrolyte is identified
by the existence of ionic species Lit and X~. It is important to note that balance laws
remain unchanged regardless of saturation levels. This implies a complete dissociation of
the binary salt in solution, without any additional supply of species. As a result of that,
5, is taken equal to zero. In the electrolyte, Equation (4.2) is applicable to ions Li* and
X7, meaning that it is relevant and valid for those specific ions as follows

621;+ s [ﬁLiJf] —0, (4.15a)
8(5; v [ﬁx—] 0 (4.15b)

In accordance with the EQS approximation, the electric displacement field (referred to as
D, in the electrolyte) is governed by the following rate equation

oD,

V- 5 + 7,

=0. (4.16)

Inertia effects and non-electrostatic bulk forces are not taken into consideration. Based
on the electroneutrality, it can be deduced that electrostatic forces possess a secondary
order. Therefore, the overall balance of momentum given in Equation (4.14) is defined
for the electrolyte as

V-lo.]=0, o.=0.". (4.17)
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4.4.2 Balance equations for the cathode

Electrode particles are classified as either active or storage, depending on whether lithium
ions can be inserted into or extracted from the particle. In our model, we neglect con-
ductive additives (e.g., carbon black) and polymeric binders, and represent the cathode
exclusively by active particles. Conservation of moving lithium ions in the cathode is
guaranteed by following equation !

@CLiéB
ot

In order to represent the movement of electrons within the cathode, Ohm’s law is em-
ployed in various publications [254, 260]. In alignment with previous studies, it is also
incorporated into the current model, resulting in the following expression:

+V - [ | =o0. (4.18)

v. [;] —0. (4.19)

The expression of the balance of momentum for the cathode is identical to that of the
electrolyte and it is given as

V-lo] =0, o.=o!. (4.20)

C

where o, denotes the Cauchy stress at the cathode.

4.4.3 Balance equations for the foils

A unified notation is adopted for the metallic foils, namely the lithium foil anode (a) and
the aluminum foil current collector (cc), collectively denoted by f € {a, cc} is used here
to avoid repetition. When a specific foil is intended, we write f = a for the anode and
f = cc for the current collector. A similar procedure to that formulated for the cathode
is followed, so two balance equations which are the local form of charge conservation and
balance of momentum derived for the foils in the absence of concentration change are
written as follows: The local form of charge conservation yields,

v [i] =0 (4.21)

where 7; denotes the current density in the foils. The expression of the balance of mo-
mentum for the foils is identical way to that of the electrolyte and the cathode and it is
given as

V. [os] =0, or=0}. (4.22)

where o indicates the Cauchy stress at the foils.

4.5 Thermodynamics

4.5.1 Thermodynamics: electrolyte

4.5.1.1 Energy balance

The relationship between the internal energy U of a material region V., the external
mechanical power W, applied to V, the heat transmitted Q, in VV, and the power resulting

1To avoid notational confusion, lithium ions dissolved in the cathode active particles are denoted by
the symbol Li® instead of LiT.
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from mass 7, and electromagnetic &, interactions exchanged in V for the given situation,
which involves quasistatic interactions, is as follows,

du

dt (
These processes are believed to occur independently and make unique contributions to
the overall balance. Specifically, the energy resulting from charges and mass transfer are
treated as separate processes and added together. The specific contributions made by
each individual are:
i) There is a mechanical contribution caused by the body forces b and surface forces I
that exert power against velocities v,

W, (V) :/5~17d§2@+/ - 7dr, (4.24)
% ov

V) =W,(V)+ Q)+ T.(V) + &(V), (4.23)

ii) the heat contrubiton in which the scalar s, denotes the heat provided by external
sources and ¢ denotes the heat flux vector:

Q,(V) = / 5,0 — / g fdr, (4.25)
% oV

iii) The mass flux contribution is represented by the scalar "1, which denotes the chemical

potential. The scalar s, represents the supply of species (a = Li*, X7), and ﬁa denotes
the mass flux vector;

T.(V) = Z (/v "l So A2 — /av " lle, By, - ﬁdF) (4.26)

[e7

iv) The electric and magnetizing fields yield an electromagnetic contribution with the
energy flux vector E, x H,. The vector product of E, and H, represents an energy flux
vector that arises from Poynting’s theorem (see to [319], [327] for more information).
Poynting’s theorem is derived by replacing the curls in Maxwell’s equations.

£(V) = /W(E w [,) -7 dl = /He curl [E] ~ curl [FI} B dQ. (4.27)

An internal energy r, which is specified per unit volume in the reference body (refer to
[320]), is commonly defined as

Uw) = /v rdo, (4.28)

to express the first law of thermodynamics in its local form. By using the divergence
theorem and mass balances (4.2), the following outcome in equations can be derived

(4.24) to (4.27):
W, (V) = /v o, %dQe, (4.292)
Q,(V) - / v (i 4, (4.20D)

Z / o - V[ pa] A, (4.29¢)

E(V) = /v (a;z < *) - B, A, (4.294)
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In accordance with the principles of electro-quasistatics and Ampere-Maxwell’s law (4.3b),
the electromagnetic contribution (4.29d) is derived. The first law of thermodynamics can
therefore be expressed as follows:

866 al—je - = r aca T r
/_dQ / e-§+sq_v'[ﬂ+<at )'Ee+za: Mag_ha'v[ﬂa]dge
(4.30)

Since the region V is arbitrary, the relation must be valid for any such domain. The local
form of the first law can therefore be written as:

d?" a&’e aﬁe - aCOé 7
EZGG.E—FSQ—V'[(ﬂﬁ-(at >E+Z —ho - Vel  (4.31)

The internal energy is expressed as a function of the state variables. These state vari-
ables include the concentrations c,, the electric displacement field D,., and the kinematic
variables represented by the small strain tensor e,.

4.5.1.2 Entropy imbalance

The second law of thermodynamics concerns the equilibrium between the internal entropy
of a system V and the entropy changes resulting from mass and heat transfer within V.
When considering quasistatic interactions, the entropy balance equation for the problem
in hand is formulated as follows:

ds dSi,
dt (V) - dt

V) =Q,+ Ty, (4.32)

where S represents the net internal entropy of system V), S;,; denotes the entropy orig-
inating from internal processes within V, Q, represents the rate of entropy production
due to heat transfer per unit time, and 7, signifies the rate of entropy generation per unit
time due to mass transfer. The assertion that equation (4.32) arises from the non-trivial
assumption implies that mechanics does not play a direct role in determining the overall
entropy flow within the entropy balance equation. Q, and 7, are defined as follows:

(V) = / 2140, — / .5 dr, (4.33a)
T,V) =) /V "Hag ha - V['1a) dQ, (4.33b)

The symbol ", represents the variation in specific entropy resulting from the provid-
ing of a unit quantity of moles of species @ = Li", and X~. The second principle of
thermodynamics declares that
dSint
dt

The specific internal entropy can be employed on a per-unit-volume basis, and denoted
as n as follows:

(V) >0, (4.34)

S(V) = /v 7 dQ.. (4.35)

During small displacements, it is possible to define specific internal entropy either per
unit mass or per unit volume, as neither mass nor volume undergo changes throughout
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the process. Here, the decision is made to define it on a per-unit-volume basis. In the
absence of supply of species, standard application of the divergence theorem on local form
of mass balances (4.2) leads from (4.33) to

—

d S q oc
ds2, —1 = = M % 4 By, o) d2e > 0. 4.36
By acknowledging that

AR A (137)

After multiplying by temperature T', the entropy imbalance can be reformulated in terms
of internal energy by leveraging the properties of identity (4.31) and the sign definiteness
of temperature

dn 1 aca
/TE—Tq V(T —TZ +TZh -V ["p,] dQe+

. (4.38)
dr Oe oD, - o Jc

— | — =00 == ‘4. |- E.— r - -V Q. >
ST o 8t+(8t +2> Ea aatJrEh ["pg] d 0

Knowing that the chemical potential of the species Li*, and X~ are denoted i, the
quantity becomes

ta ="tro = T "piq; (4.39)

in order to write the entropy imbalance as

dp dr 1 Dy de. (0D. -\ =
L A 3 VA Ko | o, e ) E
/V a  dt T VH+Z“ ot 7 8t+<8t H)

—Zh VY [ptal — Zuah -V [T] dQ, > 0.

In accordance with the framework proposed in [319], a redefined heat flux is introduced
as

T= 4TS "y (a.41)

can be defined, where the term Tza"uai_ia accounts for the heat transported by the
diffusion of species such as Li*, X~ in the electrolyte. The modified heat flux ¢ thus
serves as the thermodynamic force conjugate to the temperature gradient, i.e.

dn oe. (0D, -\ =
Sz 14z e o, A, e 'Ee Qe
/ at Z““at 7 8t+<8t H) dfde+

]__, —
——q-V|T| — he - o dQ2e > 0.
+ [ —i-vm > f ¥ i) 420

(4.42)
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4.5.1.3 Helmholtz free energy

Alternative thermodynamic potentials beyond internal energy u can be explored. The
specific Helmholtz free energy that is denoted as 1), for the electrolyte, is defined as
follows and will be employed from this point forward.

Ve =1 —Tn. (4.43)

Consequently, by incorporating following equation,

dn dr di). T
T = e 4.44
a dt a  Tor (4.44)

into equation (4.42), the entropy imbalance can be derived in its final form

dv, T . . D. -\ =
/_1/)_ 0 + uaiJrae:ainL(a ze>-Ee+
%

dt (975 ot ot ot

1
T

(4.45)

G-V = ha V] dQe > 0.

Considering the functional dependence of the free energy as stated, its total derivative
with respect to time is expressed as follows:

dpe O OT O, Oe. 877/16 8D O, Ocy,
dt 0T ot 0Oe. Ot 9D Z Oc, Ot (4.46)
4.5.1.4 Thermodynamic restrictions
The inequality (4.45) becomes
O OT  Ope Oe.  Otpe dD, O Oca Z
, 0T ot e, Ot 9D, 0Ot Oc, Ot ”at Sy at
; ; (4.47)
€. D, L7
: >
ae'8t+<8t ) Zh Vel — qV[]dQ_O,

and must hold for any region V), since the latter was arbitrarily chosen. Hence, the fol-
lowing local entropy imbalance, commonly referred to as the Clausius-Duhem inequality,

yields
oT AN O, oo (O
at( 7 aT>+at '("e )*;%(“a 8ca>+

Oe
a[je a¢e) = 1:» '
Ee +6'Ee__ VIT| - ha'v a20
(.- 2% CONURD SRS

(4.48)

ot ]

Clausius-Duhem ineqeuality given in equation (4.48) is expressed in terms of the electro-
chemical potential, which is defined as:

Mo = fha + Fzo. (4'49)

72



4.5. THERMODYNAMICS

The term i, - E, represents the Joule effect. Based on Faraday’s law, straightforward
algebraic manipulation yields:

ie B =Y ho V] == ho- Vi, (4.50)

taking equation (4.49) into account. By reformulating the equation (4.48) for the speicies
(a = Li*, X7), the final form of the Clauisus-Duhem inequality for the electrolyte is
obtained as follows:

a_T o 31/16 + ase Mo — 3% + acLi* . 31/%: + aCX* . 3%

o \"Tar ) T ar T\ e, ot \MM T G ot \M"™ 7 Bex-

oD, [ = O, 1. - _ - _

It : <Ee - 8_56) - TC] : V[T] — hy+ - V[NL#] — hx- 'V[fo] >0
(4.51)

The inequality is required to remain valid regardless of the values taken by the time
derivative of temperature T', concentrations cp;+ and cx-, strain tensor e, and electric
field E. Given their linear representation within the inequality, the coefficients accom-
panying them must be set to zero. Failure to do so would potentially allow for the
identification of time derivative values that result in a violation of the stated inequality.
Through the application of the Coleman-Noll procedure, it is imperative that inequality
(4.51) maintains validity across all constitutive processes [320, 322|, thereby imposing the
subsequent thermodynamic constraints.

_|_

a% awe a¢e a¢e i awe
g —_ = . —_ = - - — E - — == 9
n+ oT 07 Oc aEe 07 Hrit 0cLi+ 07 125'¢ aCX7 07 e aDe 0
1 — g M
fg' VT <0, hyge - V] <0, hx- - V[ax-] <0.
(4.52)

Given the state of thermodynamic equilibrium, the consideration of entropy as a function
of temperature is omitted. The thermodynamic restrictions are outlined as follows:

0. 0. 0 0.

e :Oa it T =Y, -
o e, Hrit+ Hx Do

aCLﬁ—
— aw@ g - T —
Ee — a = = O, hLi+ . V [ML1+] S 07 hX_ : v [/’I’X*] S O

e

=0,
(4.53)

4.5.2 Thermodynamics: cathode

4.5.2.1 Energy balance

Energy balance equation (4.23) described for the electrolyte is also applicable to the cath-
ode with minor changes. In the context of cathode, material region V now specifically
denotes the active materials. Consequently, it continues to investigate the interactions
that are energetically characterized by equations (4.29a), (4.29b), (4.29¢), and (4.29d).
Power 7,(V) arises from the mass transfer of neutral Lithium under reduction at the in-
terface prior to intercalation. The power &,.()) generated by electromagnetic interactions
is a result of the movement of electrons in the active particles, which are assumed to be
conductive materials. Hence, The essential distinction, therefore, is that mass transport
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and charge transport are carried by two different species. The equation (4.29¢) pertains
to an only one species

0 -
7.(V) :/ Pri® 3;@ higo - V ["ppe] A€ (4.54)
%
and Ampere’s-Maxwell’s law (4.29d) can be simplified as
(V) = / ip - B, dQe (4.55)
v

which leads to the following form of the first law of thermodynamics

dT aé‘c - — r 80 iEB - r
/E dQ /];O'C . E—i—sq—V' [q_1 + 2 - EC + H1,i® aLt - hLiEB : V[ /LLiGB] dQC (456)

This yields the following local form of the energy balance equation in the cathode:

dr Oe.

a7 o

8CL1@ -

+ 5=V -[q +io- Eo+ e —— It = hyge - V[ pipse]. (4.57)

4.5.2.2 Entropy imbalance

The entropy balance relation given in equation (3.51) is also applicable to the cathode
domain, where the terms Q, and 7, are defined in accordance with the form presented in
equation (4.32). The expressions for the cathode are given below:

5 q
Q V:/—quc—/ —-ndl, 4.58a
W= |7 T (4:582)
8CL1@ -
Ty(V) :/ Hyi® — — ot — hye - V['ppe] d€l. (4.58b)
v

Proceeding analogously to equations (4.34)—(4.37), the entropy imbalance for the cathode
can be written as:

d 1 dey,
/T—77 —=q-VI[T] =T "upe ST huge - V(0] dQet
%

dr v (‘37:-: dc 6 (4.59)
- —O0c¢: . _')C'E_’C_T Ll@ }_i dQc> .
. dt at +1 Hri® at + Li® ° V[ Hyi® ] = 0

Following the definition of the chemical potential equation (4.39) as expressed in the
equation (4.38), and considering of the heat flux equation (4.41) in the electrolyte, the
entropy imbalance for the cathode is reformulated as follows:

d - o
| (4.60)
_TC‘? VI - e - V [pre] dQ2e > 0.

4.5.2.3 Additive decomposition of strains

Within our model, the cathode total strain e, is defined, following Equation (3.38) (see
Section 3.2.4), as

€, = - (v @]+ V [ﬁf) . (4.61)
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It is additively decomposed into an elastic, recoverable part after unloading, €, and a

swelling contribution, €3*, caused by lithium intercalation in the cathode active material:
g, = e & (4.62)

The swelling strain €3* is assumed to be Volumetric and linearly proportional to the
deviation cy;6 — C?ﬁ from a reference concentration c? ., through the chemical expansion

Li®»
coefficient wy e of species Li®:

eV = Wr® (CLiG) — C%i@)ﬂ. (463)

C

where I denotes the identity tensor.

4.5.2.4 Helmholtz free energy

Extending equations (4.43) and (4.44) to the cathode, the entropy imbalance can be
written in terms of the Helmholtz free energy 1. as:

dye oT 9 Je. - =
/—;i—ﬂa—huh g?@+ac:a—i+zc-Ec+
Y . (4.64)
7 V[T = e -V o] A > 0.

Based on the specified functional dependence of the free energy, the total derivative with
respect to time is given by

dye _ 00 0T | 0 Oec | Oy Doy
dt 0T ot  0Oe. Ot Ocye O

(4.65)

4.5.2.5 Thermodynamic restrictions

Considering equation (4.65), the entropy inequality for the cathode can thus be written
as:

00T Oy, Oe. O Ocye 8_T n ¢y devie
L 0T 0t  0Oe. 0t e ot ot Mo (466)
850 - — - 1 - .
Tt + d.- E. — hys - V [uge] ik V[T] dQ. > 0,
and the Clausius-Duhem inequality for the cathode written as follows:
GT ( . 31/10) L Oe. (0_ albc) n Jcpe ( )
- : c Hyi®

+;c ' Ec __qj \Y [ ] hLl@ \Y [MLl@] Z

T

By applying the Coleman—Noll procedure, inequality (4.67) must be satisfied. This leads
to the following thermodynamic restrictions under the assumption of thermodynamic
equilibrium and neglecting temperature variations:

87700 877/}0 - o r
c =Y, i® — =Y, e Ee >0, h i® " o < 4.
o 9. 0, fpe By o 0, 1 0 Lie - Ve <0 (4.68)
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4.5.3 Thermodynamics: foils

Under the isothermal assumption applied to the entire system, the temperature of the
foils is time-invariant. Consequently, akin to the electrolyte and cathode, the influence
of temperature 7" as given in equation (4.48) is disregarded in formulating the Clausius-
Duhem inequality 2. The resulting inequality for the foils is expressed as follows

=1 2 CEf > :
815 <0’f 65f> + Zf Ef = 0 (4 69)

where Zf - E + denotes the Joule-Effect for the foils, in conjuction with the electrostatic
approach in the absence of the time variation of the electric displacement field in the
foils, i.e. dgif = 0. Upon implementing the Coleman-Noll procedure, the thermodynamic

constraints produce the following results:

_ vy
8sf

—

=0,ir-E; >0. (4.70)

4.6 Constitutive theory

4.6.1 Constitutive theory: electrolyte

The thermodynamic uncoupling of the processes is assumed, and the Helmholtz free
energy density is decomposed into three distinct components

Ve (eercar Do) = v (ea) + ¥ (D) + ¥ (e (4.71)

Given that species concentrations c, are used as the state variables, the mass transport
process can be described using the 1/%// notation. The electro-quasistatic interactions are
modeled by the contribution ¢¢°, which is expressed in terms of the electric displacement
field D.. Lastly, the mechanical energy density, denoted by ¥¢ is a function of the
deformation that is solely determined by the history of the small strain tensor locally.
Electro-quasistatic energy is defined as a function of the electric displacement field as

follows: .
Y& (De) = =D - D.. (4.72)
2¢
A linear relationship is assumed between the electric displacement field ﬁe and the electric
field F., where € > 0 denotes the constant electrical permittivity of the material:

D, = €¢E. = —€V [¢]. (4.73)

The electrostatic potential ¢ arises from idealized electric charges transitioning between
electrodes, a process depicted by Fickian diffusion as follows:

ho = =MV [fi,)] (4.74)

This diffusion linearly connects the mass flux of species a to the gradient of its electro-
chemical potential, as denoted in equation (4.53), utilizing a positively defined mobility

2The thermodynamic steps—energy balance, entropy imbalance, Helmholtz free energy, and the Cole-
man—Noll restrictions—have already been derived for the electrolyte (Sections 4.5.1.1- 4.5.1.4) and the
cathode (Sections 4.5.2.1- 4.5.2.5). To avoid repetition, they are not restated for the foils.
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tensor M,. The identity in (4.74) is consistent with the thermodynamic restrictions
stated in Section (4.5.1.4). The isotropic non linear case [263] is a representative example
of a traditional specialization of the mobility tensor M, for dilute solutions that takes
saturation into account

Ma (CLiJr, CX*) - dlaca (1 - eLi+ - 9)(7) ]I (475)

where o = Li", X~. The quantity {1, defines the ion mobility of species. Regardless of
where the force is coming from, it is a representation of the average velocity of species «
in the solution when it is subjected to a force of 1 N/mol. 6, is the ratio given by —Z,
where ¢*® represents the maximum saturation limit for ions Li* and X~ in the solution,
under the principles of electroneutrality. Equation (4.75) denotes the physical condition
wherein the pure phase (¢, = 0) and the saturated phase (6;;+ + 0x- = 1) exhibit zero
mobilities within the electrolyte. Utilizing the state of electroneutrality

(cLi+ —ex-) =0, (4.76)

as described in the study conducted [251], the specialization for the mobility tensor can
be simplified to

Mo (ca) = 11, ca (1 _gfa ) I. (4.77)

Csat

The free energy ¥%//(c,) within a mixture is determined by the mixture’s composition.
The subsequent analysis will focus on diluted solutions, as defined in [319]. Based on
the numerical analyses conducted in [329, 251], which revealed that concentration peaks
reach approximately %50 of the saturation limit, the modeling assumption made here is
that concentrations are far enough from saturation to ignore energetic interactions in the
solution, yet not so small as to dismiss the saturation contribution. Consequently, the
free energy is expressed in explicitly as follows:

VI (e, ex-) = Pl cnis + px-cx- + RT™ (07;+In[br+] + Ox-Infx-]) (4.78)

+RTCSGt(1 — 0Li+ - QX—)ln[(l — (9Li+ - ex—)]. '
In the aforementioned formula, R represents the universal gas constant, while xf .. and
1% serve as reference values for the chemical potential of diffusing species. Enforcing elec-
troneutrality via Equation (4.76), the chemical potential can be written in the following
general form:

0 Ca
o= RT'In | ———— |, 4.79
H o + 1 |:Csat — 2004:| ( )
For the two species, we obtain

_,,0 CLi+
Mrit = M+ + RT In {m} s (480&)

0 Cx-
- =py- +RT'In | ———| . 4.80b
X px- + n |:Csat _ 20){—] ( )

These expressions for the chemical potentials yield the following mathematical represen-
tation for the mass flux:

Ca

ho = —1, V[ca] = zaFi, Ca (1 - QCW) v [6e]. (4.81)
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Mass fluxes of LiT™ and X~ ions are defined as follows:

CL1+

hiie = =Dy Views] — Flig e (1 — 2 ) (9] . (4.82a)

I =~y V]ex-] + Fiiycx- (1 - sat) (6], (4.82b)

where I)  denotes the diffusivity of species a, which is related to its mobility through the
Nernst—Einstein relation

D, = §RT, (4.83)

often referred to as the Nernst-Einstein equation. By incorporating the Nernst-Einstein
equation into the mass flux of each ion, fluxes are rearranged respectively

ﬁLi"’ = _]:PL1+V[CL1+] — [DE;FCM-&- (1 — CI;:;) [Qbe] (484&)
e = Dy View ]+ 2l e (12295 v (4.84D)

In this study, the mechanical constitutive model of the electrolyte is assumed as isotropic,
linear-elastic

wel(se) = 156 :C.:e.=

5 (K.trle.]? + 2G| deved] |?) (4.85)

N | —

where K., G, are the bulk and shear modulus of the electrolyte respectively. Symbol
C. denotes fourth-order stiffness tensor of the elastic material. The symbol tr[e.| repre-
sents the trace operator of the strain tensor, while dev[e,] signifies the deviator operator
of the strain tensor. After applying the Coleman-Noll procedure, the thermodynamics
restrictions (4.53) suggest,

= K, trle.] 1 + 2G, devle,]. (4.86)

4.6.2 Constitutive theory: cathode

The choice of the free energy density is a reflection of the assumptions used to model the
lithiation process in the cathodes. Since the system is isothermal, in the absence of the
temperature, the Helmholtz free energy density is decomposed into two components in
the cathode as follows:

'lvbc (Eca CLi@) = ¢EI(CL1® ) sc) + ¢giff(CLi@)' (487)

The electronic current density is assumed to follow a linear Ohmic law, consistent with
the Joule-effect restriction in (4.68), and is characterized by the electrical conductivity
ke > 0:

be = ke E = — k. Vo] (4.88)

In order to satisfy restriction (4.68), a linear Fickian-diffusion law is established for the
diffusion of Lithium in the cathode using a positive definite mobility tensor M7 e

ELi@ = —M eV [pge] . (4.89)
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When high C-rates are present, as is typical in real batteries, the Lithium concentration
within the electrodes generally exhibits localized high values. It is necessary to use satu-
ration specialization of the mobility tensor My;e in the form My;e = i ;0 M 0], which
is still isotropic but non linear, where

Mo = ce <1 — Zﬂf) : (4.90)

Li®

By recalling the equation (4.62), elastic strain can be written as

el =e.— e (4.91)

C

In the small-strain regime, the elastic contribution to the free energy density % (cpe, €.)
is taken in the standard quadratic form

1
Ve (eg, crpe) = 5 (Kctrlee — &V + 26, dev]| [ec — €271 %) (4.92)

where K. and G. denote the bulk and shear moduli, respectively. From the thermody-
namic restrictions (4.68), the stress tensor is obtained as:

o el
—aic =0, = Kctr [EC] ]I + 2GC deV [EC] - 3chLiEB (CLi@ - C&@) H (493)

It is worth noting that the derivative 9y¢ /dc ;e takes the following form:
out _ougl  oed!

3CLi@ aEgl 3CL1@

=0, (—wpel) = —wyetr (o] (4.94)

which emanates from the swelling part of the strain. The diffusive part of the free energy
Y3 characterizes mass transport, with the neutral lithium concentration as the state
variable. According to the regular-solution model [263, 264], the free-energy density
includes an exchange (interaction) parameter x. In this work we set xy = 0 (ideal mixing),
so the mixing contribution is purely entropic. Accordingly

VI (cpie) = pliecre + RTEY [Oren]fie] + (1 — Ope)In [(1 — Ope)]] (4.95)

sat
Li®

Li
this basic theory, the chemical potential is highly intricate and comprises two distinct
components. From Equation (4.68) we derive the chemical potential of as a function
concentration cy;e as

Cy . . . . . .
where 0,0 = L7 and % are the saturation limits for ¢jze. Even within the scope of
i®

0V, (e, Cpyo) ol gy
o = — 9 d <. 4.96
HLie aCLiGB aCLiGB + aCLiEB ( )
The chemical potential thus reads
Cy:
e = )6 + RT In (mL—l®) — wye trlo.]. (4.97)
Crie — CLi®

. . diff . ..
The first emerges from the differential %Iﬁc—ea, is generally non-convex, and originates
.

oyt
cp ;@

of swelling deformation caused by swelling strain on the chemical potential as given in
equation (4.94). By expressing diffusivity in the usual manner as I); ;s = 1,6 RT, Fick’s
law (4.89) can be rewritten as follows:

only from transport. Second contribution arises from , and evaluates the impact

ﬁLi@ = —]:PLi@v [CLiED] + %ﬁli‘? C1i® <]_ — z?;f) WLiGBV [tr [UCH . (498)
Li®
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4.6.3 Constitutive theory: foils

The Helmholtz free energy is expressed for the foils as:

I CHEXIACH] (4.99)

where ey represents the strain tensor. Assuming the both foils behave isotropically and
exhibit linear elastic properties, the free energy is defined as:

1 1
Yi(ep) = 567" T:ef= 3 (Kytrer]® + 2G| dev [ef] |). (4.100)
Here K; and G5 denote the bulk modulus and shear modulus respectively. Thermody-
namic constraints (4.70) lead to the stress tensor being:

oOr= % :Kf tr [Ef]]l+2Gf dev[sf]. (4101)
f

The current density, proportional to the gradient of the electric potential ¢, which is

given by:

ip = rpEr = —rsV oy (4.102)
where k5 > 0 represents electrical conductivity of the foils. The material parameters are
taken constant within each foil but will differ between foils. Accordingly, in the anode €2,
we use Ky = K,, Gy = Gy, and Ky = Kg; in the current collector Q.. we use Ky = K,
Gy = Ge, and K = K. The numerical values of the materials parameters will be

reported in Table 4.1. For brevity, we keep the compact notation Ky, Gy, and ky; the
intended value is understood from the foil.

4.7 Interface Conditions

Figure 4.4: Schematic representation of interfaces
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4.7.1 Interface between the anode and the electrolyte

Li dissolution into the electrolyte is characterized by the following electrochemical oxida-
tion reaction:

Li=Lit"+e (4.103)

which takes place at the Li-metal-foil/electrolyte interface at I' in Figure 4.4. The But-
ler—Volmer equation is used to model the redox reaction process at a zero-thickness inter-
face, as described in [245, 260]. This equation incorporates the exchange current density,

denoted by i :
o _ aa kg —ackyg
iy = 22/6 {exp [ =T ] — exp [T] } . (4.104)

The exchange current density for the anode—electrolyte interface is given by [330]:

7;2/6 = ki F (cp+ )™ (ens)™, (4.105)

where k%, denotes the standard rate constant for the anode—electrolyte interface, and cy;
represents the concentration of pure metallic lithium species in the anode. The surface
overpotential at the negative electrode interface, denoted by 72, is defined based on the
electric potential jump across the interface:

1y = [¢] — Ui = (¢e — ¢a) — UL (4.106)

Here, Uy; is the open circuit potential (OCP) of the lithium metal and it is zero, since
the lithium metal anode is used as the reference point in experimental analyses of the
open-circuit potential (OCP) [245, 260]. As a result, the corresponding electric potential
jump across the interface is defined as:

[[Qb]] = ¢e - gba- (4107)

Given the lack of intercalation of X~ ions between the anode and electrolyte, the interface
conditions can be written as:

hii - e = h%y, on I, (4.108a)
hx- -ite=0 onT¢, (4.108D)
g T =1y - e = 0%, = Fh%, on T, (4.108c)
where 17, = —1, denotes the outward normal on the interface I'; shown in Figure 4.4. In

addition to the electrochemical interface conditions described above, mechanical continu-
ity is also imposed at the interface between the anode and the electrolyte. Since cohesive
behavior, damage, or delamination at this interface is not considered in the present model,
the mechanical contact is assumed to be perfectly bonded. Therefore, the displacement
field is continuous across the interface:

—

Uy = U, on I (4.109)

4.7.2 Interface between the electrolyte and the cathode

The electrochemical reduction reaction for intercalation:

Lit+e” = 1Li (4.110)
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taking place at the surface of the cathode is represented in this study using the Butler-
Volmer equation at I'¢ in Figure 4.4, without considering the double-layer capacitance as
mentioned in [330]. Instead of directly addressing the boundary layers between the cath-
ode and the electrolyte, the phenomena concerned are integrated into an interface without
the thickness. Therefore, the electric potential may exhibit discontinuity at the interface
as presented in [331]. By applying the Butler-Volmer equation, the following definition of
surface current density is obtained and denoted as i%,,. Butler-Volmer equation yields

e : aAan _aCan
Gy = zg/c {eajp [ BT } —exp [T} } (4.111)

where 70 Je referred to as exchanged current density, ¢ denotes surface overpotential, a4
and a¢ symbolize anodic charge transfer coefficient and cathodic charge transfer coefficient
respectively. The exchange current density is contingent upon the lithium concentration
existing at the interface is identified as in [332]:

Z.(e)/c = kﬁ%F (CLH)QA (Cﬁ%x - CLiGB)aA (CLiEB)aC (4.112)

where k% denotes the standart rate constant. The surface overpotential n¢ is delineated
as the difference between the electric potential jump at the interface where [¢] = ¢, — ¢,
and the surface open-circuit potential (OCP) Uy, as formally expressed in the following
equation

s = [0] — Us = (¢e — ¢e) — Us. (4.113)

In this work, we do not utilize the experimentally measured open-circuit potential (OCP)
of cathode active particles. Instead, we adopt an idealized surface OCP expression, pre-
viously developed in the literature [260, 333], which relates the potential to the ideal
chemical potential of lithium ions, pp;e, within a storage particle. This surface OCP,
denoted with U*(t), is expressed by the following two equations:

FU*(t) = fui — pze (1), (4.114)
0
s HrLi® e  RT CLi® Wri®
U= ——"" = —"=2 — —1 trjo.), 4.115
F FoooF e o ) T e (4.115)

where pp;e is defined in Equation (4.97). As customary, the reference lithium chemical
potential fip; in the metallic electrode is set to zero. The reference chemical potential ,ugi@
is selected as

M%iea

—=— = —42V (4.116)
to reflect the typical OCP of lithium cobalt oxide at the composition Lig5Co0O5, under
the assumption of a stress-free electrode, that is, with cje = 3 /2 and tr[o.] = 0.
The primary motivation for employing Equation (4.115) instead of using experimentally
measured OCP data is as follows: experimental OCP values correspond to full-cell config-
urations, whereas the Butler—Volmer Equations (4.104), and (4.111) apply locally at each
point along the lithium metal—electrolyte and electrolyte—cathode interfaces respectively.
After the circuit is opened, state variables, such as lithium concentration and mechanical
stress become spatially dependent, particularly in the presence of phase transformations
within active particles [260, 333], even if no explicit phase transformation is considered
in the present analysis. The symbol Ay, will denote the Butler—Volmer mass flux at the
cathode—electrolyte interface. It is used to describe the rate of mass transfer occurring on
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the surface of cathode particles in normal direction. The surface current density %, at a
given point is directly linked to Faraday’s law when it flows in the same direction

Since X anions do not intercalate into the cathode particle during the discharge, the mass
flux of X anions will be equal to zero. As a consequence, interface conditions between elec-
trolyte and cathode are summarized in terms of the electro-chemical perspective through
the following equations

Bige - fte = —hyg - ite = hGy  on I, (4.118a)
hx- -ite=0 onT¢, (4.118b)
e - e = —lo - e = %, = FhS, onIC. (4.118c¢)
Here n. = —1i. denotes the outward normal on the interface I'C shown in Figure 4.4.

Following the same reasoning applied at the anode—electrolyte interface, the displace-
ment field is assumed to be continuous across the cathode—electrolyte interface, and it is

expressed as:
Ue = U, on I'¢. (4.119)

This interface condition ensures that the mechanical interaction between the cathode and
the electrolyte is correctly captured within the multiphysics framework.

4.7.3 Interface between the cathode and the current collector

At the interface between the cathode and the current collector, no electrochemical reaction
is considered, and a perfectly bonded mechanical contact is assumed. Under this assump-
tion, the displacement field remains continuous across the interface and is expressed as

U, = U, on ' (4.120)

This assumption ensures proper mechanical coupling between the cathode and the current
collector, allowing for consistent stress transfer across the interface. From the electrical
perspective, since both the cathode and the aluminum current collector support only
electron conduction and no charge-transfer reaction occurs at the interface, the electric
potential remains continuous across the interface, and is given by:

P = ¢pec 0N I'L. (4.121)

This condition enforces perfect electronic coupling and guarantees the absence of any
potential drop across the interface.

4.8 Governing equations

4.8.1 Electrolyte

At the boundary between an electronic conductor and a liquid electrolyte, polarization
develops and gives rise to a thin region with a steep electric-potential gradient [306].
Beyond this interfacial zone, strong electrostatic interactions suppress counter-ion sepa-
ration during diffusion; thus, electroneutrality is typically preserved in the bulk of the
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porous phase [249, 251]. Accordingly, in the electrolyte we adopt the electroneutrality
assumption given in Equation (4.76),

CLi+ = Cx—,

which is used in the following EQS formulation. Within the EQS framework, Maxwell’s
equations (4.3a)—(4.3d) reduce, under electroneutrality, to the local charge-balance con-
dition

Vi, =0, (4.122)

which, combined with Faraday’s law of electrolysis (4.13), yields
V- [hx- — hy+] =0. (4.123)
By inserting the Nernst—Einstein fluxes (4.84a)—(4.84b) and the mechanical constitutive

law (4.86) into the species mass balances (4.15a)—(4.15b) and the mechanical equilibrium
equation (4.17), and enforcing (4.76), the following set of governing equations is obtained:

8 i+ ~+F i+
3% LV [_[pwv[cw] N [PJL%IT CLit (1 - 2?;at> V[qbe]] —0, (4.1242)
i+ _)F it
Vo (D = Dy ) Vien+] + (B ;ﬁ)x ) CLi+ (1 - QCCI;at> Vige] | =0, (4.124D)
V- [Ketr[e] T+ 2G. dev[e.]] = 0. (4.124c¢)

The variable fields governing the problem, determined by the thermodynamic prescrip-
tions adopted, encompass the concentrations denoted as cp;+, the electric potential desig-
nated as ¢., and the displacements referred to as u.. The governing equations are valid
for all points & € Q. and a time t € [0, tcpq).

4.8.2 Cathode

Phase segregation is not accounted for in the numerical simulations carried out in this
thesis. Consequently, the analysis is restricted to the ideal-mixing regime, corresponding
to x = 0, in which the material parameters are independent of cp;e. In the cathode
domain, the governing equations are formulated by incorporating the constitutive equa-
tions (4.88), (4.93), and (4.98) into the balance equations for the cathode (4.18), (4.19),
and (4.20). We write the equations using a new field,

fif% (crio, €c) = —wye trlo] = —3K.wpe (trlec] — 3wpe (cpe — o)) - (4.125)
This field captures how the chemical potential (4.97) varies with mechanical effects. The
variable fields governing the problem, determined by the thermodynamic prescriptions
adopted, encompass the concentrations denoted as c;e, the electric potential designated

as ¢., and the displacement referred to as ., and pi’ts. The governing equations are valid
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for all points Z € . and a time ¢ € [0, tcn4],

808_1;69 + V| =Dy Vieue] - %ﬁ CLi® (1 - Z%Z) Vv [Nﬁ@]] =0, (4.126a)
V- [~V [6]] =0, (4.126b)
V- [Ktr[e T+ 2G, deve.] — 3Kwpe (cpe — cbe) 1] = 0. (4.126¢)
Wie — ffe (cLie, €c) = 0. (4.126d)

Equation (4.126d) is introduced as an additional governing equation alongside equa-
tions (4.126a), (4.126b), and (4.126¢) to facilitate the numerical solution of the system.

4.8.3 Foils

On the foil domains, the governing equations are obtained by substituting the constitutive
relations (4.101), (4.102) into the balance laws (4.21), and (4.22). The primary unknown
fields are the electric potential and the displacement, denoted ¢, and uy with f € {a, cc}.
The system is posed for all Z € Q2 and a time ¢ € [0, tendl-

V- [—ksV [¢4] = 0, (4.127a)
V. [Kftr[e]l+2Gsdevie]] = 0. (4.127b)

4.9 Boundary and initial conditions

In this section, suitable boundary and initial conditions are imposed as illustrated in Fig-
ure 4.3. A constant discharge current is applied on the boundary Q2 while a referential
potential ¢, is set to zero on 9NZ:

e =0 on 00F (4.128)

- = - I t

lee " Mee = Tbhat — % on any
Here, A denotes the cross-sectional area, and Toat represents the current density flowing
through the battery. To ensure compatibility of the boundary and initial conditions with
thermodynamic equilibrium at ¢t = 0, the total current [ is modulated over time as

It)= (1 =€) Inc, (4.129)

where [,,c denotes the steady current corresponding to an nC-rate. The theoretical current
density at 1C for the 3D half-cell is estimated as et = 6.20 A /m?. Higher or lower current
rates for any nC-rate can be computed as (n x 6.29 A/m?). On the other hand the flux of
current is zero on the remaining part of the boundary for reasons of the symmetry, thus
the following boundary conditions arise

I =0 on 903, (4.130a)
i e =0 on 004, (4.130b)
b =0 on 04 (4.130¢)
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Neither neutral lithium Li® nor ionic species LiT and X~ can flow through the external
surfaces so that boundary conditons are written as:
FLLH ‘M = f_z’xf -1, =0 on 89?, (4.131a)
hie -fe=0 on Q4. (4.131b)

Moreover, following mechanical boundary conditions are imposed on the external surfaces
for preventing the battery cell expansion and contraction:

Uy =1.e=0 on 008 U 9OE. (4.132)

For the external boundaries, homogeneous Neumann (traction-free) boundary conditions
are imposed:
Ou-Tlg=p,=0 on 004 (
Oc-e=p.=0 on 90, (4.133b
Oc-fle=p.=0 on 004 (4.133¢
Ooe flee =Pec =0 on O (4.133d
No external (stack) pressure is applied in the present model. Accordingly, the external
mechanical boundaries are modeled as traction-free, i.e., p = 0 in Equations (4.133a-d).

Initial conditions for the species concentrations are prescribed at ¢ = 0 for each domain
of the battery. In the lithium metal anode, the initial concentration is set to

cri(Z,0) = 7.64 x 10* mol/m?® in Q,, (4.134)

as reported in [247]. For the electrolyte domain, the initial ionic species concentrations are
taken from [252] and are assumed to be identical in order to satisfy the electroneutrality
condition. Accordingly, we introduce the positive constant ¢y, defined as

Coutk = Cri+ (T,0) = ex— (£,0) = 1.5 x 10> mol/m*® in €. (4.135)

which will be used as a reference value to scale the concentration variables in the weak
forms. The initial concentration in the cathode was set to half of the saturation limit to
reflect typical operating conditions, as discussed in [334]. In practice, only a portion of
the theoretical capacity of LiCoQOs is utilized in order to maintain structural stability and
avoid undesirable phase transitions during cycling. The specific initial concentration of
Li?® in the cathode is taken from [335], i.e.

crie (Z,0) = 1.195 x 10*  mol/m® in €. (4.136)

The initial electric potentials are prescribed at t = 0 for each domain of the battery. In
the lithium metal anode and the electrolyte domains, the potentials are set to the zero:

0a(7,0) = ¢o(#,0) =0V in Q, U Q. (4.137)

In contrast, the potentials in the cathode and the current collector domains are initialized
to 4.2 V, corresponding to a fully charged state:

0e(T,0) = ¢oe(#,0) =42V in Qe U Q. (4.138)
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4.10 Weak forms across all domains

The evolution problem can be reformulated in a weak form by projecting the governing
Equations (4.124a), (4.124b), (4.124c), (4.126a), (4.126b), (4.126¢), (4.126d), (4.127a),
and (4.127b) onto a set of test functions and integrating them over the computational
domain. By applying Green’s theorem (or integration by parts), the differentiation order
is reduced, shifting derivatives onto the test functions. Within the Galerkin framework,
these test functions—also referred to as variational quantities—are denoted by a hat
symbol (%), and are introduced for each primary unknown field, such as the lithium-ion
concentrations (cpi+, cpie ), the displacement fields (., ., @,, U..), electric potentials (¢,
be, Pay bec), and pfts. Accordingly, the associated variational quantities are written as

(éLiJr? éLi@a ﬁea ﬁcu ﬁ(u ﬁcca qbev ch, ¢a’ ¢cc7 ﬂﬁ@) respeCtiV61Y'
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4.10.1 Electrolyte

4.10.1.1 Weak form of the electrolyte

A weak form of governing equations (4.124a), (4.124b), and (4.124c) in the electrolyte
can be written as follows :

From the governing equation (4.124a) regarding the mass balance the weak form is ob-
tained

RT . Ocy i+ D+ F CrLi+
| {5 +v-[—mwwcw]— b P (1-2%5) viod| fao,

Coulk
RT 3 Ocriv
S [ Vi) oo
Coulk JQ
T : F
R [PL1+ CLi+ <1 — QCLI ) V[CL1+] ’ [¢e] €

Csat

_|_
Coulk J Q. RT

RT }
+ / Brit {hw - ﬁ} dr = 0.
Coulk JoQ.

(4.139)

The equation (4.124b) can be expressed in a weak form as follows:
1 ([P it + I]) ) CLi+
F L6 [ =) ¥io] + B (1295 w6 an,
—F [ (e =P )06 - Vlews A
Qe

F/Qe (D¢ ;;PX)FCLH (1 — 20L1+) [¢e] -V [e] A2,

+F/ ée {EX* ﬁe}dF—F/ Qge {ELﬁ ﬁe}dl“zo
0 00

(4.140)
The weak form of the equation (4.124c) is obtained
1 ~ 2 e jal -
- / iV [o] dQ. = — f v [u] L Ve [d,] A€,
Q
5 ‘ 4.141
(%5 — K) 5 - 1 s = 4
Tt V'[ue] V-[u@] dQe"i': ue'pedF:O
t 0o t Joa.

where the symbol V® represents the symmetric gradient operator. In order to preserve the
physical consistency of power expenditure in the weak form, the mass balance equation
(4.139), is appropriately scaled using the coefficient RT derived from the constitutive
relation (4.79), the electroneutrality equation (4. 140) is scaled by the Faraday constant
F, and the mechanical equilibrium equation (4.141) is divided by reference time scale
to convert stored elastic energy into a rate (i.e., mechanical power) consistent with Joules
per second (f) These scalings ensure that all terms in the coupled weak form equations
are dimensionally consistent and represent comparable forms of energy or power.

4.10.1.2 Dimensionless weak form of the electrolyte

It is useful to express equations (4.139), (4.140), and (4.141) in a dimensionless form.
To achieve this, the governing fields are rescaled to have unit dimensions, indicated by
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starred superscripts, using appropriate scaling factors as follows:

T t dQ dr’
=5, =2 V=LV, d¥'=—F dl'=_g
Crit+ A~k éLi"’ sat Csat * [pozg
L Cbulk’ L Cbulk7 Cbulk> IPa L’
F . F . @, o~ i = hol
* = —— 5 * == —_— 5 /l_j* pr— —7 ﬁ* p— —7 h* pr—
¢e RT ¢€ ¢e RT Qbe ¢ L € L « Cphulk L
0_* (o = ﬁe * Ge * Ke

e = s p@ o s e = s e g .
RT cpyix RT cpyix RT cpyix RT cpyix

where L, t, and ¢y, represents the characteristic length, time, and concentration. The
weak forms of Equations (4.139), (4.140), and (4.141) are expressed in following form over
the time interval [0, tenq], respectively:

Rchlllk L3 / ~ 0cii+ a0
Q

t
(4.142)
RTC u L3 * * C*' * [ A% * * *
# B [ g (12588 ) Wl ] 0
RTcouy L? )
Chulk / e { By - e} ar* =0,
t a9
Rchulk L3 * * [ 1% *[ % *
- S [~ 50 VI V] 49
Rchlllk LS * * * C*i K ok * * *
- B g e (12580 ) w16 v Lo g (4.143)
RTcyuy L [ RT ¢y L? (-
4 S bk 2 / R A Y I / o { Ry -7 art <o,
t 0N t 00
G RT ey L? .
_ e 7Cb 1k / \VA [ﬁ:} L *S [’l_[:] dQ:
t Q
2G}
(% - K7) RTeou L? .
L\ 4 / v [ﬁ*] v* @] e (4.144)
Qe

RTco I? [ = -
4 ke 2 / i - pr dr* = 0.
t 9.

To obtain the dimensionless weak forms, both sides of Equations (4.142), (4.143), and (4.144)
are divided by the characteristic power unit RTC+‘J“‘L3. This scaling factor, which carry
units of (f) is dropped from the final expressions to yield the fully dimensionless forms.
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The dimensionless weak form of the mass balance equation is given by:

4 / DL V(] VL] 4
‘e (4.145)

* * C*i * [ A% K[ L% *
# [ i i (125 ) 9l vlo o

Qe
+/ o {E;;i+ ﬁ} dr* = 0.
Qe

The dimensionless weak form regarding electroneutrality reads:
- [ O =) V- VI
* * * C*i *T Tk [ L% *
- / ([PLi+ + DX—) CrLi+ <1 - 2L_+> \% [%] -V [¢e] dQe (4-146)
Qe

csat*

+/ & {E;;_ ﬁ} dr —/ & {ﬁ;i+ ﬁ} dr* = 0.
Qe 0Qe
The dimensionless mechanical equilibrium equation becomes:

-2G; | v [a’*] LV ] A

2G* n
+( ? —K:> / v M v (@] A (4.147)

+/ i@ pedl = 0.
0Qe

4.10.2 Cathode
4.10.2.1 Weak form of the cathode

From the mass balance equation (4.126a) the weak form is obtained

RT ey . .
/ éLiED {ﬂ + v * |:_[PLi@v [CL1®] - [i;jl? Cri® <1 - c?;f) v [ME@]:| } dQc
Q. ¢

Chulk ot Li®
RT ocr; RT R

= / éLiGD Edﬂc + — [PLi@V [CLiEB] -V [CLiée] dQc
Coulk Ja, ot Coulk Jo,

RT - i
i I:PLlEB (]_ _ CLl@) \V4 [éLiG}] -V [ME@] dQC

C1:©® 1
Couk Jo. BT 1o

RT -
+ / éLiea {hLiea : ﬁc} dF — 0
Qe

Coulk
(4.148)

The equation (4.126b) can be expressed in a weak form as follows

/Q c be div [~ KoV [6]] A2 = /Q ¥ 6] - Viod a0+ / N G {ic - pdl =0 (4.149)

0
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The weak form of the equation (4.126¢) is obtained

%_/(;a’ V. [a] dQC:_Q?C /chs M SvalTAR: (9%

J%;K)/ AR ATARTS

3K t (4.150)
c Wi 2,
+ == Li® /Q V- [uc] (cLie — o) dQ
1 N
1 [ dpdr=o
t Joq.
Finally, equation (4.126d) returns
Chu T
ijjkt/ﬂ Hyie (MLi@ — 3K wy e (tr[ec] — 3wy e (CLi@ — Cgi@))) dQ. =0 (4.151)

4.10.2.2 Dimensionless weak form of the cathode

Similar to the approach used for the electrolyte, it is beneficial to rewrite equations (4.148),
(4.149), (4.150), and (4.151) in a dimensionless form. This is accomplished by introducing
appropriate scaling factors for the governing fields, thereby transforming them into their
dimensionless counterparts, denoted by starred superscripts. These scaling factors for the
cathode are as follows:

T t dQ dr’
F=2, =2 V=LV, d0'=—° dI'*=—,
L t L3 L2
~ 0 sat I
« _ CLi® A CLi® 0% __ Crio sat¥ __ CLi® * [DLi@t
Cuie =~ Cre = 5 Cpe = y Ce = o Die = 12
Cbulk Chulk Chulk Chulk
QS*— F gb Qg*_ F gg o — /ﬁ)ctRT Z*— th ﬁ* . hLiéet
—_— c e — c e — —_ P =
¢ RT ’ ¢ RT ’ ¢ Chulk L2F2 ’ ¢ Chulk L F7 Li Cphulk L
ﬁ* o Ue Sk Ue * O, _x pc * Gc x Kc
c ) c 9 c I I I c
L L RT ¢y RT ¢ RT ¢ RT cpui
m nm
me _ PLi®  ome _ HLe . _
My RT’ My RT’ Wrie = WLi® Cpulk-

The weak forms of equations (4.148), (4.149), (4.150), and (4.151) are expressed over the
time interval [0, fonq) as follows:

Tepux L? oc*.
R Cbilk / & o CLie o
t o, ot

RTC u L3 K[ A% * * *
+ %/ Dpie Vi{ee] - VV]ere]de,
Qe

. (4.152)
RTCblllk L3 * c i® * [ A% * ms* *
+ -7 o Dpecie [ 1— # V¥ el -V [urie] Q2
c 1i®
RTcpu LP -
| BTeo / & o { 5 -ﬁc} dr* = 0.
t 09,

RTCbulk LS

~ RTcpyy L? ~
e [ v (6] vl agr e TR
Qc

& {Zj; : ﬁ} dr* =0 (4.153)
5,98
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_ 2GE RTcpu L3/ v [a*} Ve @] A

t Cc
<3§Z—-Kj><RTbmm(L3 A
¥ . [ v ] v ao;
¢ Q. (4.154)
3K* w* .. RTcpu L )
s el LA GRS
Qe
RT ey L L
N Chulk / i AT =
13 o0
RT ey L 3K* w* o RT e LP
Cbilk / ﬂﬁtp :“Ll@ dQ* c sz@i Chulk / AEI;:B v [ﬁ:] sz
f o, 7 o,
9K *w* . RT o L3 4 (4.155)
+ cLi® Z bulk Wzi@/ ,[ALEZB (Cij@ CLl@) dQ* = 0.
Qe

Similarly to the procedure in Section 4.10.1.2 for the electrolyte we divide Equation (4.152),

(4.153), (4.154) and (4.155) by the characteristic power RTC+‘J”‘L3.
The dimensionless weak form of the mass balance equation is given by:

A% Li® *
Crio dQ
ALat

T / Dy V6t a] - V¥ [ch o)A
Qc

¢ o (4.156)
+ / [PL1® C;i@ (1 - sat*) v* [éLl@] : v* [ML1®] dQ*
Qe CLiGB
4%@@%W@M&o
Q%
The dimensionless weak formulation of Ohm’s law in the cathode reads:
/ KEV* [gfs:] V(6] O+ / & {Z: : ﬁ} dr =0 (4.157)
Qe e

The dimensionless weak formulation of momentum balance equation in the cathode reads:

pYel /Q v H V@] A + (252 —K;;) /Q v M v i) do

(4.158)
+MM%/W[ﬂ@@%@M./@ﬁM%O
The dimensionless weak formulation of Equation (4.155) reads:
[ e e a0 = 3Kz wie [ e v i 40
e e (4.159)

OK (wie)? [ i (cie = lie) 492 =0

c
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4.10.3 Foils

4.10.3.1 Weak form of the foils

The equation (4.127a) can be expressed in a weak form as follows

o, o7 V- [Zf} Sy :/Q

The weak form of equation (4.127b) returns

v 4] - v 104] de+/an b5 {i; i far =0, (4.160)

1 ~, 2G s[5 s
?/Q Uf'V' [O'f] de: —Tf 0 \V4 [Uf} VvV [Uf] de
f f
2G _ (4.161)
(Tf B Kf) g N — 1 AN =
+ _ V- |ig| V-] a4 2 [ g fydr =0,
t Qp t an

4.10.3.2 Dimensionless weak form of the foils

Similar to the approach employed for the electrolyte and the cathode, we write equations
(4.160), and (4.161) in a dimensionless form. This is achieved by introducing appropriate
scaling factors, analogous to those previously defined for the electrolyte and the cathode.
These scaling factors for the foils written as follows:

e ey VLV A= dl =15

* F % Fo * /_{fERT Sk ;ft_ _’*—_’f
¢f_RT¢f’ ¢f—RT¢f7 Kf_cbulkL2F2’ I cpu L F7 A
o ﬁf * Uf —x ﬁf * Gf * Kf
s L’ Ty RTCbulk’ Py RTCbulk’ ! RTCbu1k7 ! RT cpux

The weak forms of equations (4.160) and (4.161) are reformulated using scaling factors
to ensure dimensional consistency (in units of %) and are expressed over the time interval
[0, tena), respectively :

3 . 3 . .
Rl cou L7 / wy v [65] 9 03] ag; + AL e L7 / 93 {7 iy} are =0
14 Qp t o0y
(4.162)
92G*% RT ey L .
_ 2y T Coulk / v || v (@] de;
I o,
(ﬁ - K*) RTcom. L?
3 f bull * Zox * —x *
+ - /va ig| v ] ao; (4.163)

RT ey L? L
+$/ &} py Al =0,
t 09

Following the approach used for the electrolyte and cathode, the discretized foil equa-
tions (4.162) and (4.163) are rescaled by dividing through by the characteristic power
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RTcpy L®
t

scale . This yields the following fully dimensionless weak form of Ohm’s law for

the foils:

/Q,. "V [qgﬂ V] g + /m@? {Z? ‘ ﬁf} dr" =0. (4.164)

f

On the foil domains, the mechanical equilibrium equation in dimensionless form reads:
— 2G5 /Q v iy v ) ae;
f

2G5 .
4+ (_ _ KJ’E) AVAR [a‘}] V(@] Ay (4.165)
3 Q

4.10.4 Interfaces

Since the interfaces I' and I'C are part of the boundaries of the computational domain,
as described in Section 4.2.1, the corresponding weak forms and their finite element for-
mulations will be presented in the subsequent sections.

4.10.4.1 Lithium foil-electrolyte interface
4.10.4.1.1 Weak form of the lithium foil-electrolyte interface

From Equation (4.160), the weak-form boundary contribution on the anode—electrolyte
interface from the anode side, i.e., over I'; C 02, reads:

J

On the electrolyte side of the anode—electrolyte interface, by substituting the interface
condition (4.108b) into the weak forms (4.139) and (4.140), restricting to I'¢ C 99, the
boundary contribution reads

T - ~ —
o / euir {Fuse 7} A0 — F/ b { g i | . (4.167)
Ire re

Chulk

Ba {Za - ﬁ} dr. (4.166)

e
a

After imposing the interface conditions (4.108a) and (4.108c), the weak forms on both
sides of the interface are modified as follows: Equation (4.166), corresponding the lithium
foil domain becomes

— | ¢q i%y dT, (4.168)

re
while the corresponding expression for the electrolyte domain, takes the form
RT
Fepyi

/ Crov iy AL — | @ity dT. (4.169)
re Ire

After introducing and linearizing the Butler—Volmer relation in Equation (4.104)3

3The exponential Butler—Volmer terms introduce strong nonlinearity and stiffness in the Newton
system. Linearizing about the current iterate provides a consistent tangent (Jacobian), reduces residuals
more effectively, and improves robustness and convergence of the Newton—Raphson solver.
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Lithium-foil side from Equation (4.168) becomes:

(4.170)

(an+ac) F (9 — ) ] .

o 7 1a F oA ac
/F3 ¢a Ky B (cpie)™ (i) RT

The electrolyte-side contribution, obtained from Equation (4.169), reads as follows:

RT . o oo | (atac) F (¢ —da) | 1
Feoun / Crit kg B (o)™ (cu)™ BT dr’
(4.171)
. F —_
[ bk F (e (e | LAt o) T (0 — ) ]dF*.
e RT

4.10.4.1.2 Dimensionless weak form of the lithium foil - electrolyte interface

s éLﬁ ~ F ~ Sk F ~ % CLi % dF
Cri+ = ) e — T¢eu ¢a = T¢a’ Cry = ) dI'™ = ﬁ?
Chulk R R Chulk
1 1.a
cFo = CLi+ ¢* _ F ¢ ¢* _ F ¢ a*x __ thcaAJracfl
=+ — e —— — T e .
Li Cbu]k ’ e RT €) a RT a R L bulk

After applying the dimensionless variables to equation (4.170), the weak form on the
lithium foil side becomes:

RTCu L? T% 1.4 % * o * O\ * * *
~(aa+ac) = /F COn kg ()™ () (67 — o) ar. (4.172)

The weak form on the electrolyte side in terms of dimensionless variables, given by Equa-
tion (4.171), is expressed as:

i+ kR (Ciﬁ)“ (c1)™ [(Qb: - ngZ)}dF*
L (4.173)
G K (efae)™ (6007 | (92 = 07) |,

RTcpu L?
(s + ac) Chulk / .

r

1 Z

We nondimensionalize the weak forms by dividing both sides of Equations (4.172) and

(4.173) by the characteristic power scale M, as in the other domains. This factor,

which carries units of (f), is then omitted, yielding the fully dimensionless expressions
below.
The dimensionless weak form of lithium foil side reads *:

- [ b ()™ ) o - op]ar. (4174)
I

e
a

The dimensionless weak form regarding electrolyte side is given by:

J

Y4 + ac will be taken to equal 1 (See Table 4.1).

(e = 01) ki (i)™ (b [(01 = 03] ar. (4.175)

e
a
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4.10.4.2 Electrolyte-cathode interface
4.10.4.2.1 Weak form of the electrolyte-cathode interface

On the electrolyte side, we refer to the weak form given in the previous section for the
lithium-—electrolyte interface (see Equation 4.167).

Chulk

T - A (o
u /aLi+{hLi+-ﬁe}dr—F/ ¢e{hLi+-ﬁe}dF. (4.176)
I's re

Similarly, the weak-form boundary contribution on the electrolyte-cathode interface from
the cathode side, i.e., over I'C C 02, reads:

RT }
/ tre {hm ﬁ} dr +/
Chulk re N

By imposing the interface conditions (4.118a), and (4.118c¢), the weak forms on both sides
of the interface are modified as follows: Equation (4.176), corresponding to the electrolyte
side, becomes

Pe {zi : ﬁ} dr. (4.177)

c
e

RT
Fepyi

/ Lt Gy AT + [ ¢ i%y dT. (4.178)
re

I
while the corresponding expression for the cathode side, Equation (4.177), takes the form

RT
Fepyi

/ ére 1%y AT + [ %y, dT. (4.179)
re

re

After introducing and linearizing the Butler—Volmer relation for electrolyte-cathode in-
terface in Equation (4.111)

The electrolyte side contribution, obtained from Equation (4.178) becomes:

+ . @
- %/ Crit kRl (cpr )™ (Ci?é - CLi@) A(CLi@)ac
u Iec
0 2
,LL i@ RT C i® 3KC w i® 9KC w i®
[(¢c — ) + % T hl( s L_ - ) R = trle] + TL(CLi@ —clye) |dT
Li i
g+ ac)F’ A o o
+ %/ Ge ki F (cpiv )™ (Ci% - CLi@) A(CLi@) ¢
I'e
0 2
,LL i® RT C i® 3Kc W i® 9KC w i®
e B ) 5 B
Li i

(4.180)
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while the cathode-side contribution (4.179) is given by:

g+« .
—Aare / Crie ki I (cpm )™ (Ci% - CL1®)QA (cpe )@
Chulk r

c
e

0 2
. RT . 3K, wy: 9K, wr.
l(¢c _ ¢6) + “L_l@ + = ln( Cpri® ) B Wr,;® tr[sc] + ﬂ(%@ _ Cgi@)] dr

F F Ciig; — CLiEB F F
aq+ ac)F A o o
+ % ¢ ki F(cpr )™ (Ci?eta - CL1®) A(CLi@) “
TI'c
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[<¢c — ¢e) + IZJ?@ + ? 1H< CsaEB L_ P ) — I L tr[EC] + —F Li® (CLiEB — C%i@) dr'.
Li 1

(4.181)

4.10.4.2.2 Dimensionless weak form of the electrolyte - cathode interface

- Cri+ ~ F - S F - s Cri® % dar
Cri+ = s ¢e = RTQSea ¢c - RTQSC’ Crio = 5 dI'™ = ﬁa
Chulk Chulk
¥ 1.C
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Li RT ) Li i ) c L ) ) c RTCbulk
CO sat
P Li® satx __ Li®
Li%® — ’ Li® — :
Chulk Chulk

After applying the dimensionless variables to equation (4.180), the weak form on the
electrolyte side becomes:

RTCbulk L3

—(aA+ac) 7

/r e kg ()™ (CISJ%* - Cii@)%(cii@)ac
C
e

satx __ C*

cr.
(¢; — ;) + Nﬁk@ + m(L—l@) —3K7 wie V' - U, + 9K (w£i®)2(cii@ - Cg%)] dr

Li® Li®
RTe L3 A
+ (aa + o) % /p Ge kg (e )™ (Ci%* - C;iﬂa)% (cfe)*@

cr.
6= 04 ) <00 i 9K () e )
(4.182)

Li® Li®
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The weak form on the cathode side in terms of dimensionless variables, given by Equa-
tion (4.181), is expressed as:

RTC u L3 * satx & * «
(OZAWLOCC)%H{/ Lo kR (i )” (CLlé — (e ) A<CL1@) ¢

cr.
(5 — &) + ije + hl(%) — 3K wie Vil + 9K (whe) (e — CLI@)] dr”

Li® — CLi®
RTcpu L? [ -
e +a0) T ] G g (5,00 (628 — o)™ ()7
C

cr.
(9F — ¢2) + e + ln(CatL—@) — 3K Wi VT + 9K (whe) (e — CLI@)] dr

Li® — Crie

(4.183)

We express the weak forms in nondimensional form by dividing both sides of Equa-
tions (4.182) and (4.183) by the characteristic power scale RTC+B“‘L3, consistent with the
other domains. Since this factor has units of (%), we subsequently drop it, obtaining the
fully dimensionless forms shown as following:

The dimensionless weak form of electrolyte side reads

B /F (éiﬁ - é:) kG (cp )™ (o — o) ™ (e )@
e

cr.
(05 — ¢2) + e + hl(%) — 3K wie V' -t + 9K (wii®)2(cii@ - C%ik@)] dr.

Li® Crie

(4.184)

The dimensionless weak form regarding cathode side is given by:

/c (éii@5 +¢BZ> kg (cpz)” (Ci?t* _Cii@)aA<cii®)ac

Li® — Crie

cr.
k%—@ww%+m(@£ﬁr)—wQ%@W4wwmw%@%%@cWﬂﬂ*

(4.185)

4.11 Numerical example

The proposed numerical LIB model is applied to various scenarios to verify its consis-
tency and to gain deeper insight into the coupled electro-chemo-mechanical behavior,
particularly in the absence of experimental data. All simulations are performed using our
in-house multi-physics research code, which is based on the open-source finite element li-
brary deal.ii[23]. To visualize both the simulation geometries and resulting physical fields,
we use Kitware ParaView 5.13.0 [336]. Furthermore, all plots are generated using Python
3.11 [337] with the Matplotlib library [338]. The time evolution of the simulations is con-
ducted with a fixed time step of At = 1s. The LIB cells are subjected to constant current
discharge conditions corresponding to C-rates of 0.5C, 1C, and 2C. In this context, a C-
rate of n implies that the full charging or discharging process is completed within a time
span of % hours. For example, a C-rate of 1 indicates a complete discharge in one hour,
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while a C-rate of 2 corresponds to a discharge time of 30 minutes. These varying C-rates
are employed to analyze how the coupled electrochemical and mechanical behavior evolves
under different operational conditions.

4.11.1 Description of computational domains

In this section, we present the three-dimensional particle-resolved computational geometry
of the system (Figure 4.5). Rather than a tomography-based reconstruction, the geome-
try is an idealized yet representative microstructure constructed by adopting the overall
domain dimensions reported in [138]. The computational domain includes a lithium foil
anode (red), the liquid electrolyte region, embedded within both the separator and the
porous cathode structure (beige), the cathode active particles (green), and the cathode-
side current collector (blue). The 3D domain spans a total thickness of 95 pm in the
through (z) direction, with a square cross-section of 13.4 pumx 13.4 pm in the z—y
plane. Specifically, the domain consists of a 10 pum-thick lithium anode foil, a 35 pum-
thick electrolyte-filled separator, and a 36.5 pum-thick porous cathode region filled with
electrolyte, extending from the separator to the cathode current collector. The porous
cathode also contains randomly distributed spherical active material particles, followed
by a 13.5 pm-thick aluminum current collector. While the electrolyte thicknesses in the
separator and the porous cathode are slightly modified, the total electrolyte domain thick-
ness is preserved to remain consistent with the reference model in [138]. The interfaces
between the cathode and electrolyte, the electrolyte and anode, as well as the cathode and
current collector, are modeled using zero-thickness interface elements. The computational
geometry is constructed using NETGEN [339], whereas the high-quality tetrahedral mesh
generation is carried out using Gmsh [340]. Because deal.ii is not directly compatible with
the tetrahedral meshes produced by Gmsh for the element types used here, we additionally
used TETHEX to convert the mesh into a hexahedral mesh compatible with deal.ii. The
finite element mesh used in this study consists of 28,176 tetrahedral elements defined by
32,827 nodes, resulting in a total of 257,047 degrees of freedom across the computational
domain. This finite element mesh demonstrates the applicability of the given model to
practical applications.

Figure 4.5: Realistic geometry of an LIB battery cell
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Material Parameters
Symbol | Value Unit ref

Cathode
Max Li Concentration % 2.39 x 10* | mol/m3 | [332]
Diffusivity of Lithium Do 5.387x1071° | m?/s (332]
Chemical Expansion coefficient W@ —5.3x 1077 | m*/mol | [341]
Electronic conductivity Ke 10 S/m [342]
Young modulus E. 370 GPa [332]
Poisson ratio Ve 0.2 - (332]
Anode
Electronic conductivity Kaq 1.08 x 107 S/m [260]
Young modulus E, 4.9 GPa [343]
Poisson ratio Vg 0.36 - [343]
Electrolyte
Saturation limit of electrolyte i 1 x 10 mol/m? | [252]
Diffusivity of Li* ions 1N 2x 1071 m? /s [252]
Diffusivity of X~ ions Dy 3x 1071 m? /s [252]
Young modulus E. 450 MPa [344]
Poisson ratio Ve 0.499 - [345]
Collector
Electronic conductivity Keol 3.77 x 107 S/m [346]
Young Modulus E. 70 GPa [346]
Poisson ratio Vee 0.35 - [346]
Anode-Electrolyte Interface
Forward Kinetic Constant Qs 0.5 - [347]
Backward Kinetic Constant ac 0.5 - [347]
Anode Reactivity coefficient k% 1x107° - [138]
Cathode-Electrolyte Interface
Forward Kinetic Constant Q4 0.5 - [347]
Backward Kinetic Constant ac 0.5 - [347]
Cathode Reactivity coefficient kS, 6.67 x 10711 | - [347]

Table 4.1: Material parameters for the computational domain.
5

4.11.2 Material parameters of the LIB cell

The material parameters used in all simulations are provided in Table 4.1. The materials
were selected in the simulations as already stated in Section 4.2.1. The mechanical and
electrochemical behavior of each battery domain is modeled with simplifications appro-
priate to this study. In the cathode, we do not consider lithium-ion trapping or inelastic
deformations in the LiCoOy active material, in order to avoid additional complexity, as
discussed in [261]. The electrolyte is modeled as an incompressible medium, reflecting
the nearly incompressible nature of conventional liquid electrolytes in lithium-ion batter-
ies; this is implemented by assigning a Poisson’s ratio close to 0.5. In order to ensure

dilute-solution conditions, the saturation concentration ciﬁﬁr is chosen to be one order of

® Assuming linear elastic behavior, the shear modulus (G) and bulk modulus (K) used in simulations
for each domain were computed from the provided in table Young’s modulus (E) and Poisson’s ratio (v).

100



4.11. NUMERICAL EXAMPLE

magnitude higher than the initial concentrations of the mobile ionic species, LiT and X~
following the guidance in [252]. The anode, modeled as a lithium metal foil, is treated as
an infinite lithium reservoir as described in Section 4.2.1, implying no spatial or temporal
variation in lithium concentration; it is fixed at 7.64 x 10* mol/m?, as given in Equa-
tion (4.134). The current collector is modeled as an electrochemically inert aluminum foil
with high electrical conductivity (3.77 x 107 S/m), ensuring efficient electron conduction
while preventing surface dissolution. Interfaces between domains are treated as ideal, with
perfect contact assumed for all mechanical and electrochemical couplings. All parameters
related to the interfaces are taken from the literature, as listed in Table 4.1.

4.11.3 Numerical outcomes and discussion

4.11.3.1 Electro-chemo-mechanical response at 1C

The battery voltage

In the 3D simulation of the whole battery cell, the variation in electric potential between
the initial and final time steps is relatively small. Consequently, full-domain colormap
visualizations are not effective, as these small changes are difficult to discern across dif-
ferent domains such as the anode, electrolyte, cathode, and current collector. To better
illustrate the spatiotemporal evolution of the electric potential ¢, a representative 1D line
is extracted along the edge of the cell as shown in Figure 4.6, spanning the entire length
from the anode to the current collector. The representative line is taken along the cell edge
to avoid the geometrical irregularities of the realistic cathode structure, whose complex
porous morphology could otherwise hinder a smooth and interpretable potential vs length
profile. At t = 0s, the system is assumed to be in thermodynamic equilibrium, and the
electric potential on the lithium-foil anode is set to ¢, = 0 V by taking metallic lithium as
the reference electrode, as previously defined (Equation 4.137). During battery discharge,
the electric potential varies approximately linearly within the electronically conductive
domains (anode, cathode, and current collector), following Ohm’s law. However, this lin-
ear trend is not clearly visible in the figure due to the extremely small potential gradients
in these regions. A sharp potential jump is observed near x ~ 50 um, corresponding to
the electrolyte-cathode interface I'¢, which arises from electrochemical reaction kinetics
described by the Butler—Volmer equation (4.111). The battery voltage, defined as the
potential difference between the electrodes, gradually decreases during discharge. The
overall voltage drop is primarily due to the potential drop across the cathode—electrolyte
interface I'S. Figure 4.7a illustrates the battery voltage response under a 1C constant
current discharge, shown as a function of time. The discharge curve reveals three distinct
stages: an initial voltage drop attributed to instantaneous ohmic resistance (IR drop),
a subsequent gradual and continuous decline without a well-defined plateau region, and
a final rapid decrease as the discharge nears completion. This simulation terminates at
t = 2850s, when the lithium concentration in the cathode reaches saturation. Notably,
unlike experiments that apply a voltage cutoff, this model uses a concentration-based
stopping criterion. Another point of interest is the comparison between the theoretical
maximum extracted charge @y, and the extracted charge at 1C. To quantify Qyy,, we define
xz € (0,1) as the lithium stoichiometric ratio in the layered cathode material Li,CoO,,
where z typically ranges from 0.5 to 1.0 under normal battery operation. Within this
range, the theoretical maximum extracted charge follows from the change in lithium con-
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Figure 4.6: Spatial and temporal evolution of electric potential ¢ in the whole domains
according to the selected edge.

centration within the active cathode volume, as given by:
Qu = F (¢35 — ¢lie) Viicoo, = 4.066 x 107°C = 1.13 x 10~° mAh, (4.186)

where Faraday’s constant F'is introduced earlier in Section 4.3.3, and Viico0, = 3.52757 X
107 m?, computed using Kitware ParaView 5.13.0 [336]. The calculation assumes a max-
imum lithium concentration ciiﬁe, as listed in Table 4.1, and an initial concentration cgi@,
which is given in Equation (4.136). With this, the theoretical capacity range is defined.
Surface open-circuit potential (OCP), which serves as a reference for comparison against
the simulated battery voltage during discharge, is calculated from Equation (4.115). Fig-
ure 4.7b compares the simulated battery voltage with the idealized surface OCP given
by Equation (4.115), constructed under the assumptions of a stress-free electrode and
uniform lithium distribution. The OCP profile extends up to the theoretical capacity
obtained in Equation (4.186), which corresponds to the complete extraction of lithium
within the allowed concentration range. As observed, the simulated voltage remains con-
sistently lower than the OCP due to dynamic effects such as overpotential 7, defined as
the difference between the battery voltage and OCP.
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(a) (b)

Figure 4.7: (a) Simulated battery voltage at 1C. (b) Comparison between the simulated
1C battery voltage and the open-circuit potential (OCP) as a function of extracted charge.

The evolution of lithium concentration in the cathode

The simulation is carried out under galvanostatic discharge conditions at 1C, and ter-
minates at t = 2850s, once the surfaces of the active material particles reach sat-
uration, thereby limiting the interfacial lithium flux and preventing further intercala-
tion into the particle interiors. Figures 4.8a—4.8d illustrate the spatiotemporal evolu-
tion of lithium-ion concentration c; e within the cathode region at selected time instants
(t =0s,t =1200s,t = 1800s,t = 2850s), with a particular focus on the intercalation pro-
cess into active material particles. As specified in the initial conditions (see Section 4.9),
the concentration is initially set to 11950 mol/m?, representing a uniform initial lithium
concentration equal to half of the saturation limit ¢{% (see Table 4.1). This uniform initial
state indicates that no prior intercalation has occurred before the onset of the simulation.
As the discharge progresses, lithium ions begin to intercalate into the active particles
via the cathode-electrolyte interface I', resulting in a significant increase in concentra-
tion near the particle surfaces. Over time, a pronounced concentration gradient develops
within the particles, with elevated values at the particle surface and slower penetration
toward the core at a given discharge rate. This behavior arises from the limited rate of
lithium diffusion through the solid active material and from the particle’s geometry, which
lengthens or constrains the diffusion pathways. Figure 4.8 qualitatively demonstrates the
evolution of lithium distribution throughout the porous cathode during 1C discharge,
and reflects the progressive accumulation of lithium, with progressively stronger accu-
mulation near particle surfaces characteristic of diffusion-limited intercalation. To give
the reader a general sense of intraparticle behavior, we analyze the representative active-
material particle highlighted in Figure 4.9, extracted from the cathode microstructure.
Figures 4.10a-4.10d shows the lithium concentration distribution within this particle at
different times, while Figure 4.10e presents the corresponding profile of ¢;;e along the
arc length L.,, defined from point P1 (on the electrolyte-contacting surface at the top)
to point P2 (on the electrolyte-contacting surface at the bottom). This arc-based path
allows us to assess how intercalation progresses spatially along the particle interior.
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(c) (d)

Figure 4.8: Spatial and temporal evolution of lithium-ion concentration ¢;# in the cathode
active material under 1C discharge. (a—d) show 3D maps of ¢;;e at ¢ = 0, 1200, 1800, and
2850 s, respectively.

Figure 4.9: A representative cathode particle is selected from the randomly distributed
active material in the cathode.

Initially, at ¢ = 0 s, the concentration profile is uniform. As discharge progresses,
lithium intercalates from the electrolyte-facing surface, and a gradient develops along the
arc length Le,. At ¢t = 1200s, ¢pe is &~ 18173 mol/m? at Point P1 and ~ 16028 mol/m? at
Point P2; by t = 1800 s these become = 20211 mol/m? at Point P1 and 18179 mol/m? at
Point P2. At ¢t = 2850 s, near the end of discharge, both approach the saturation limit ~
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(e)

Figure 4.10: Intraparticle lithium-ion concentration in a representative cathode particle
under 1C discharge. (a—d) 3D maps of ¢;0 at ¢ = 0, 1200, 1800, and 2850s. (e) Concen-
tration profiles c;;0 along L¢,, showing a U-shaped distribution—higher values near P1
and P2 and lower values in the core.

23900 mol/m?, with P1 still higher at ~ 23546 mol/m? than P2 at 22684 mol/m?. These
trends indicate diffusion-limited transport in the solid at 1 C where lithium accumulates
near the surface while the interior lags. Although both P1 and P2 contact the electrolyte,
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geometric asymmetries yield larger interfacial fluxes at P1, especially early on. Conse-
quently, the profile along L., is U-shaped—higher at P1 and P2 and lower in the center
4.10e.

The evolution of lithium concentration in the electrolyte

Figures 4.11a-4.11b illustrate the spatiotemporal evolution of ¢;;+ in the electrolyte do-
main during 1C discharge at selected time instants (t = 0s, ¢ = 2850s). Initially, at
t = 0s, the electrolyte exhibits a uniform cp;+ distribution of 1500 mol/m?. As discharge
proceeds, lithium ions are released at the anode and consumed by intercalation at the
porous cathode, producing enrichment near the anode/electrolyte interface and depletion
near the electrolyte/cathode interface. To reveal evolution of ¢;+ that are not obvious at
intermediate time instants, Figure 4.11c presents the evolution of ¢;;+ along the electrolyte
thickness L, at selected time instants, based on one-dimensional profiles extracted along
a single continuous section spanning the entire electrolyte from the anode/electrolyte in-
terface to the electrolyte/cathode interface, thus showing how ¢p;+ varies along L.. A
concentration gradient develops across the electrolyte and approaches a quasi-steady pro-
file at later times (e.g., ¢ = 1200-2850s). Within the bulk electrolyte (up to ~ 35 um), the
gradient remains smooth and continuous. Beyond this region, inside the porous cathode,
the concentration profile departs from linearity due to the heterogeneous electrode geom-
etry (shape, size, and spatial distribution of active particles), which induces local varia-
tions in the concentration along the sampling line, despite uniform electrolyte transport
parameters. Quantitatively, at ¢ = 1200's the concentrations are ~ 1554.8 mol /m? at the
anode/electrolyte interface and ~ 1391.8 mol /m? at the electrolyte/porous-cathode inter-
face; at t = 1800's they are & 1555.1 and 1389.8 mol /m?; and at t = 2850s & 1555.7 and
1385.7 mol /m?, respectively. These small changes in the interface values after ¢ ~ 1200s
confirm the approach to quasi-steady-state behavior under galvanostatic 1C discharge.

Mechanical response of the current collector

After establishing the lithium concentration fields in the cathode and electrolyte, we now
quantify the mechanical response starting at the current collector at the bottom of the
domain and proceeding upward along the z-direction through the porous cathode and
electrolyte to the lithium metal foil anode. Figures 4.12a—4.12c show the displacement
magnitude ||d.|| at selected time instants (¢ = 1200s,¢ = 1800s,t = 2850s). In the
current collector, the clamped bottom surface enforces a zero-displacement boundary
condition (@, = 0 on 9NB). At t = 2850 s, the displacement magnitude ||@..|| increases
from the clamped bottom along the z-direction and peaks at the cathode-current col-
lector interface I'¢,, reaching ~ 3.4 x 1078 m. The collector’s deformation arises from
intercalation-induced shrinkage in the cathode (discussed in the following section) and is
transmitted to the collector via displacement continuity at the interface (i, = .. on I'S,).
Figure 4.13a—4.13c show the out-of-plane displacement u. in the current collector at the
selected times. The clamped bottom keeps w, = 0. During discharge, u, increases in
magnitude along z-direction toward the cathode-collector interface I'¢.. Within the in-
terfacial plane (x—y), the field is non-uniform and local peaks appear at some locations,
while neighboring regions show smaller, occasionally slightly negative values as a result
of displacement continuity. The amplitude increases over time, reaching ~ 1.9 x 10~ m
at the cathode-collector interface at ¢t = 2850 s.
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(c)

Figure 4.11: (a-b) spatiotemporal evolution of ¢;;+ in the electrolyte domain at ¢ =
0s,and 2850s respectively. (c) evolution of cri+ in the electrolyte along the thickness L,
at t = 0, 1200, 1800, and 2850 s.

Mechanical response of the cathode

Figures 4.14a-4.14c visualizes the time evolution of the displacement magnitude ||,/
within the cathode region at selected time instants. Intercalation-induced chemical strain
drives an overall increase in displacements, which localize heterogeneously across the
microstructure. Larger magnitudes develop near the top of the cathode, reaching ~
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(a) (b) ()

Figure 4.12: (a—c) show the time evolution of displacement magnitude ||u..|| at 1200, 1800,
and 2850 s, respectively. At t = 0s no displacement is present in the domain.

(a) (b) ()

Figure 4.13: (a—c) show the time evolution of displacement u, in the current collector at
1200, 1800, and 2850s, respectively. At t = 0s, u, = 0 throughout the current collector.

1.8 x 1077 m at t = 2850 s, whereas regions adjacent to the current collector deform
less—consistent with the clamped bottom of the collector and displacement continuity at
the cathode—collector interface (4. = .. on I'’). Figures 4.15a-4.15¢ depict the evolu-

(a) (b) (c)

Figure 4.14: (a—c) show the time evolution of displacement magnitude ||u.|| at 1200, 1800,
and 2850 s, respectively. At ¢ = 0, no lithiation has occurred yet, and thus no displacement
is present in the domain.

tion of the out-of-plane displacement u, in the cathode. During discharge, intercalation-
induced chemical strain (net shrinkage in this configuration) produces a clear vertical gra-
dient that steepens from 1200 to 2850 s. Near the cathode-collector interface I'°, which
is closer to the clamped bottom via the collector, vertical motion is more restricted, so u,
remains close to zero and reaches ~ 1.9 x 1078 m at ¢t = 2850 s. Farther from the clamp,
constraints are weaker, u, becomes increasingly negative and reaches ~ —1.6 x 10~" m at
t = 2850 s. Beyond the displacement fields, we begin to analyze the system’s mechanical
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(a) (b) ()

Figure 4.15: (a—c) show the time evolution of displacement w, in the cathode at 1200, 1800,
and 2850 s, respectively.

stress response at the baseline 1C discharge rate, quantifying stress via the von Mises (J2)
equivalent. As previously discussed in [67, 332, 348], electrochemically driven lithiation
alters the specific volume of LiCoO,, giving rise to mechanical stresses. Figures 4.16a—

(d) (e)

Figure 4.16: (a—c) Evolution of von Mises stress during 1C discharge at ¢ = 0, 1400, , and
28505, respectively, (d) the corresponding global maximum von Mises stress versus time,
(e) the corresponding global maximum von Mises stress versus 6.

4.16¢ visualize the evolution of von Mises stress, o,,,, in the cathode during 1C discharge.
In order to make the interior high-stress regions visible, we apply a mid-plane clip along
the z-axis and show the resulting view. As lithium intercalates, the stress-free specific
volume of LCO decreases; accordingly, an isolated spherical particle under isotropic condi-
tions would shrink uniformly and remain stress-free [349, 350, 351]. In the geometrically
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confined, particle-resolved network considered here, however, this chemical contraction
is constrained, generating stresses that localize at particle—particle contacts and evolve
over time. Figures 4.16d-4.16e shows the global maximum o, that develop throughout
discharge at 1C over the entire cathode (i.e., the largest value attained anywhere in the
domain at that time). As shown in Figure 4.16d, the maximum o,,, increase throughout
discharge, reaching ~ 3 GPa by ¢ = 2850 s as a consequence of lithium intercalation. We
also parameterize the response by the lithiation state. Figure 4.16e presents the maximum
Tums, as a function the @ where 0 is defined as the ratio of the total moles of lithium in the
cathode at a given time to the maximum moles the active cathode can host at saturation.
As 0 increases, maximum o,,, rises nearly monotonically and approaches ~ 3 GPa near the
end of discharge. The curve terminates before # = 1 because surface regions approach sat-
uration while particle cores remain partially unsaturated, consistent with the Figure 4.8.
In addition to the von Mises stress, we evaluate the maximum principal (tensile) stress,
Omax, SO that our results can be compared with Malavé et al. [332]. We take the mechan-
ical material parameters (elastic constants and related inputs) largely from that study,
which reported peak stresses at geometric stress concentrators in isolated single-particle
analyses. Figures 4.17a—4.17c visualize the evolution of maximum principal tensile stress,
Omaz, i the cathode during 1C discharge. In our geometrically confined network, the
peak stresses are markedly higher, reaching 4.9 GPa in maximum principal (tensile) stress
, Omaz, ab particle-particle contacts, at 1C, as shown in Figure 4.17, whereas the isolated-
particle analyses by Malavé et al.[332] report peaks of only ~ 85 MPa—underscoring that
network-level geometric confinement can elevate stresses by approximately two orders of
magnitude and that full microstructural reconstructions are essential for stress analysis.
With peak stresses above 1 GPa, fracture of LCO particles becomes a credible outcome.
Prior work exemplified by Zhao et al. [352] uses an energy-balance framework to infer
the largest particle sizes that can withstand a given discharge rate [70, 352, 353]. Ren-
ganathan et al. [342] report that ceramics typically fracture at about 1% tensile strain,
which for LCO corresponds to a fracture stress of 3.7 GPa. Given that our maximum
principal tensile stresses reach 4.9 GPa at last time instant as depicted in Figure 4.17d,
these levels may be sufficient to initiate cracking in LCO particles, which would in turn
reduce local stress and alter the microstructure.
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(d)

Figure 4.17: (a—c) Evolution of the maximum principal stress during 1C discharge at
t = 0, 1400, and 2850, respectively, (d) the corresponding maximum principal tensile
stress vs time at 1C.

Mechanical response of the electrolyte

Having established the cathode and collector response, we now examine the electrolyte.
By displacement continuity at the cathode—electrolyte interface (@, = @, on I'¢), the cath-
ode’s downward deformation is transmitted to the adjacent electrolyte, while displacement
magnitude is limited near the electrolyte-anode boundary . Figures 4.18a-4.18c show that
the displacement magnitude ||| grows with time and is largest along particle-electrolyte
contacts near I'¢, while it decays with distance into the bulk and toward I'?. At ¢t = 2850,
interfacial hot spots in the electrolyte reach ~ 1.8 x 10~7 m, in line with the adjacent cath-
ode peaks, as required by displacement continuity on I' whereas values near the anode
side remain much smaller.
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(a) (b) (c)

Figure 4.18: (a—c) show the time evolution of displacement magnitude ||@.| at ¢t =
1200, 1800, and 2850's, respectively. At t = 0s, ||@,|| throughout the electrolyte.

Figures 4.19a—4.19¢ show the evolution of the out-of-plane displacement u, in the elec-
trolyte. During discharge, a through-thickness gradient develops, such that u, becomes
most negative adjacent to the cathode—electrolyte interface I'¢, being pulled downward
by the cathode, and relaxes toward nearly zero as it approaches the electrolyte—anode
boundary I'?. At t = 2850s, the interfacial minimum of wu, in the electrolyte reaches
~ —1.6x 10" m in line with adjacent cathode value as required by displacement continuity
on I'C. Consequently, Figures 4.18-4.19 mirror the cathode behavior in Figures 4.14-4.15,
providing a consistent picture in which cathode deformation is transmitted to the elec-
trolyte by displacement continuity. Figure 4.20 shows the evolution of electrolyte von

(a) (b) (c)

Figure 4.19: (a—c) show the time evolution of displacement w, in the electrolyte at ¢ =
1200, 1800, and 2850 s, respectively.

Mises stress. Figures 4.20a—4.20c exhibit a gradual increase in o,,,, with the peak (high-
lighted by the zoom) remaining 115 MPa at the last instant. Stresses are largest in
narrow regions adjacent to the deforming cathode and remain comparatively smooth else-
where—well below cathode levels—because the electrolyte is much softer (E ~ 0.45 GPa
vs. E &~ 370 GPa for LCO) and does not carry intercalation-induced strain. It mainly
accommodates kinematically imposed displacements from the cathode hence stresses con-
centrates near the interfaces and decays quickly into the bulk part, with the clamped
anode/collector boundaries further limiting stress build-up. Figure 4.20d shows the global
maximum o,,, versus time, rising nearly linearly to ~ 115 MPa.

112



4.11. NUMERICAL EXAMPLE

(¢) (d)

Figure 4.20: Evolution of von Mises stress in the electrolyte during 1C discharge. (a—c)
show the stress field at the indicated times; the zoomed images mark the location of the
global maximum at each instant. (d) plots the global maximum von Mises stress as a
function of time.

Mechanical response of the lithium foil

Figures 4.21a-4.21¢ show the evolution of the displacement magnitude ||#,|| in the lithium
foil anode at the same selected times as for the other domains. With the top surface
clamped (@, = 0 on 9QF), displacement accumulates toward the electrolyte-anode inter-
face I'?, where ||t,|| is largest, and diminishes back toward the clamp. By ¢ = 2850s,
the interfacial maximum reaches ~ 7.6 x 107 m. This nanometer-scale quantity repre-
sents the mechanical displacement of the lithium foil and should not be interpreted as
a lithium deposition (plating) thickness, since deposition/growth is not included in the
present formulation. Because the foil undergoes no chemical strain, this observed profile
is a purely kinematic response transmitted from the neighboring electrolyte, and enforced
by displacement continuity at the interface (. = u, on I'?). Among the all domains,
the foil shows the smallest magnitudes because it is farthest from the source of deforma-
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tion (intercalation-induced chemical strain in the cathode), the displacement transmitted
through the electrolyte decays with distance, and the clamped top further suppresses dis-
placement. Figures 4.22a—4.22¢ isolate the out-of-plane displacement w, in the lithium

(a) (b) ()

Figure 4.21: (a—c) show the time evolution of displacement magnitude ||, || at 1200, 1800,
and 2850, respectively. At ¢ = 0s, ||@,]| throughout the lithium foil.

foil. As discharge proceeds, a through-thickness gradient develops with u, most negative
at the electrolyte-anode boundary I'?, and approaching zero toward the clamped top. By
t = 2850 s, the interfacial value at T'% reaches ~ —6 x 10~%m , consistent in sign and
location with the trends reported above.

(a) (b) (c)

Figure 4.22: (a—c) show the time evolution of displacement wu, in the lithium foil at
t = 1200, 1800, and 2850 s, respectively.

4.11.3.2 Electro-chemo-mechanical response at varying C-rates

The battery voltage

As demonstrated by experimental findings [247, 253], battery voltage is significantly af-
fected by the applied C-rate. A quantitative analysis of the voltage-time profiles at
varying C-rates, shown in Figure 4.23a, reveals an inverse relationship between the cur-
rent rate and operating time. Specifically, at 0.5C, the battery operated for approximately
6400 seconds, whereas at 1C and 2C, the durations decreased to 2850 and 1100 seconds,
respectively. This trend indicates that under higher loads, the battery maintains its volt-
age for shorter periods. Indeed, at higher discharge rates, the operating voltage tends to
reach lower values due to increased overpotentials within the battery. Additionally, the
amount of charge extracted during discharge is influenced by the applied C-rate (see Fig-
ure 4.23b); as the discharge rate increases, the extracted charge decreases accordingly. For
a quantitative comparison, Figure 4.23b also presents the ratio of the simulated extracted
charge to the theoretical capacity, indicated in brackets. This percentage represents the
battery cell’s utilization efficiency, providing a quantitative measure of how much of the
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(a) (b)

Figure 4.23: (a) Terminal voltage vs time during galvanostatic discharge at 0.5C, 1C, and
2C. (b) Voltage—capacity curves for the same three rates, compared with the open-circuit
potential (dashed).

theoretical capacity is accessed under different operating conditions. As illustrated in
Figure 4.23b, the battery cell exhibits significant performance degradation at higher dis-
charge rates. For instance, at a 2C rate, only 57.6% of the theoretical capacity is utilized,
compared to 77.2% at 1C and 88.0% at 0.5C. These values indicate that increasing the
discharge rate not only reduces the operating voltage due to higher overpotentials, but
also limits the extractable charge, thereby lowering the overall efficiency of the battery
cell.

The evolution of concentration in the cathode

Figures 4.24a-4.24c present the spatial distrubiton of ¢;;e in the cathode at the end of
discharge for each C-rate. At higher C-rates, such as 2C, lithium tends to accumulate near
the particle surfaces due to the limited time available for diffusion, leaving the interior
regions largely underutilized. In contrast, at lower C-rates such as 1C and 0.5C, the longer
discharge durations allow lithium to penetrate deeper into the cathode microstructure,
leading to more homogeneous concentration profiles. Although perfect uniformity is not
achieved even at 0.5C, the improvement in lithiation depth is evident.
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(a) (b) ()

Figure 4.24: Lithium concentration distribution in the cathode microstructure at different
C-rates upon saturation. (a-c) show the spatial distribution of ¢se in the cathode domain
at 2C (1100 s), 1C (2850 s), and 0.5C (6400 s), respectively.

Mechanical response of the cathode

Figure 4.25 summarizes the global maximum von Mises stresses that develop in the cath-
ode during discharge at different C-rates. Figure 4.25a shows that the maximum o,
increaes monotonically with time for all C-rates, with a steeper rise at higher C-rates,
and this aligns with the sharper lithium concentration gradients and stronger surface—core
mismatch seen in Figure 4.24. Figure 4.25b depicts same quantity against the site-filling
ratio, . For a given f within the range each C-rate actually attains, the ordering (2C >
1C > 0.5C) persists because the lithiation field is more non-uniform at higher C-rates;
this spatial heterogeneity increases swelling-strain incompatibility under geometric con-
finement and raises the domain-wide maximum stress. However, high C-rates do not
reach full filling, so their curves terminate at lower #. In contrast, the 0.5C case evolves
to higher § and, near the end of discharge, achieves the largest stresses.

(a) (b)

Figure 4.25: Under galvanostatic discharging at 0.5C, 1C, and 2C, the cathode’s maximum
von Mises stress as a function of (a) time, and (b) lithium site fraction 6.
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Impact of chemo-mechanical coupling on the voltage response of the battery
Figure 4.26 illustrates the effect of stress evolution on the voltage response of the bat-
tery at various C-rates. A comparison between the fully coupled model (wp;e # 0) and
the purely electrochemical case (wp;e = 0) reveals that accounting for mechanical ef-
fects results in higher total discharge capacity. This behavior stems from the coupling of
stress into the chemical potential definition in Equation (4.97), which subsequently influ-
ences lithium transport (4.98) and the surface open-circuit potential (4.115) through the
Butler—Volmer kinetics in Equation (4.111). Notably, the difference between the voltage
profiles becomes more evident at 2C, where increased current intensifies transport limita-
tions and enhances stress-induced chemo-mechanical interactions. These findings are in
agreement with the study of [354], where mechanical stresses were shown to significantly
affect lithium transport and surface kinetics, thereby impacting the voltage profile.

Figure 4.26: Comparison of the simulated voltage profiles obtained from a fully coupled
chemo-mechanical model (wy;e # 0) and a purely electrochemical model (wr;e = 0).
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4.12 Conclusions

In this work, the three-dimensional behavior of a lithium-ion half-cell has been mod-
eled as a thermodynamically consistent initial/boundary value problem, integrating mass
transport, charge transport, electrochemistry, and small-strain linear elasticity into a com-
prehensive multiphysics framework. The mathematical foundation of the model is built
upon balance laws (mass, charge, momentum conservation), the first and second laws of
thermodynamics, interface conditions between domains, and constitutive equations. Con-
stitutive relations derived from free energy functions and constrained by thermodynamic
restrictions provide the physical consistency and proper closure of the system, enabling a
physically meaningful description of chemo-mechanical responses under operating condi-
tions.

Each domain—electrolyte, cathode, anode, and current collector is governed by the
relevant conservation laws, momentum equations, and explicit coupling of electrochemical
and mechanical fields. The mechanical and electrochemical phenomena—including mass-
and charge-transport, swelling, and reaction kinetics—are formulated in weak form, dis-
cretized, and implemented monolithically using high-performance algorithms based on the
open-source finite element library deal.ii. Interface kinetics, especially between electrolyte
and electrodes, are modeled with Butler-Volmer relations, introducing strong nonlinearity
and stiffness into the Newton-Raphson solution process. Importantly, all equations are
solved together in a fully-coupled fashion, allowing direct interaction between the different
physical fields without the need for operator splitting or sequential solution procedures.

The computational domain is constructed to represent the essential features of a
lithium-ion half-cell configuration. The geometry includes a lithium metal foil anode,
a liquid electrolyte (embedding separator and porous cathode), a porous cathode with
randomly distributed active particles, and an aluminum current collector. Mesh genera-
tion is performed with TETHEX to ensure compatibility with the requirements of deal.ii,
resulting in a refined mesh containing 28,176 tetrahedral elements and 32,827 nodes,
totalling 257,047 degrees of freedom. This high-fidelity discretization demonstrates the
practical utility and scalability of the monolithic modeling approach.

Simulations are performed under various constant-current discharge conditions (C-
rates of 0.5C, 1C, and 2C), enabling the analysis of electro-chemo-mechanical evolution
across different domains and operating regimes. The main observations are as follows:

e Battery voltage declines more markedly at higher C-rates, with the IR-drop followed
by a regular downward trend. The time required to reach full capacity is significantly
reduced at elevated C-rates, with capacity utilization falling to 57% at 2C and rising
to 88% at 0.5C.

e Lithium concentration in the cathode increases rapidly near particle surfaces and
diffuses inwards; this gradient becomes more pronounced at higher C-rates, leading
to surface accumulation and incomplete lithiation in particle cores. Such hetero-
geneities drive localized swelling and stress buildup, especially pronounced under
fast discharge conditions.

e Analysis of mechanical response reveals that chemical contraction induces domain-
specific displacements, most notably at interfaces. Maximum displacement at the
cathode base reaches 1.8 x 10~7 m, closely correlated with lithium accumulation.
The von Mises equivalent stress in the cathode increases with lithium intercalation,
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reaching up to 3 GPa at full discharge, with maximum principal tensile stress ap-
proaches at 4.9 GPa, suggesting that mechanical integrity may become a relevant
concern for LCO active particles.

e The fully coupled chemo-mechanical model yields higher total capacity and voltage
curves compared to the purely electrochemical model. This improvement arises be-
cause mechanical stress effects are included in the chemical potential, which modifies
the reaction kinetics at electrode interfaces (modeled via Butler-Volmer equations),
allowing for greater lithium utilization before the discharge ends.

The deal.ii-based monolithic three-dimensional implementation provides an effective
framework for the numerical solution of strongly nonlinear and coupled field equations
across multiple battery domains. In this sense, the approach offers a useful computa-
tional basis for investigating capacity limitations, deformation, and coupled multiphysics
interactions in lithium-ion batteries.

The present chapter should also be interpreted within its intended modeling scope.
The formulation is restricted to isothermal conditions and small-strain linear elasticity,
and therefore does not capture thermal effects, large-deformation phenomena, or dam-
age evolution explicitly. In addition, the cathode domain is modeled using an idealized
particle-resolved geometry based on randomly distributed active particles, rather than
on an experimentally reconstructed electrode microstructure. This approximation is ap-
propriate for investigating the coupled electro-chemo-mechanical mechanisms addressed
in this work within a controlled computational setting. At the same time, tomography-
based microstructural models could further improve predictive accuracy by capturing more
realistically the spatial arrangement of particles, pore morphology, and local geometric
heterogeneity of real electrodes. In particular, microstructural features such as particle
size distribution, porosity, and tortuosity can influence ionic transport paths, reaction het-
erogeneity, concentration gradients, and the resulting localization of mechanical stresses
within the electrode. These aspects do not affect the internal consistency of the proposed
framework, but they do define the range of applicability of the present simulations and
point directly to the most relevant directions for future model development.

In summary, this chapter shows how the integration of balance laws, thermodynamic
principles, and constitutive equations within a monolithic and multi-domain finite element
framework can provide a physically consistent and informative description of lithium-
ion half-cell behavior. Although the continuum model developed in this chapter is not
calibrated directly against the regenerated cathode materials examined later in the thesis,
it helps identify the class of coupled mechanisms that are relevant to the behavior of
LCO-based electrodes under rate loading. In particular, the simulations clarify the roles
of transport limitation, interfacial polarization, concentration heterogeneity, and stress
localization in shaping the electrochemical response of an idealized half-cell configuration.
The experimental study presented in Chapter 5 does not investigate the same system in a
directly comparable sense; rather, it provides a complementary materials-level benchmark
in which regenerated and commercial LCO powders are compared under controlled half-
cell conditions. In this sense, the two chapters should not be interpreted as a direct model—
validation pair, but as two complementary contributions that address related aspects of
the broader problem of understanding and evaluating LCO-based cathodes.
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Appendix

4.A 3D Finite element implementation

4.A.1 Finite element discretization in time and space for the electrolyte do-
main

The governing equations in their weak form can be reformulated as a first-order Ordinary
Differential Equation (ODE) in time by applying spatial discretization. This is achieved
using spatial test functions ¢;(Z) and shape functions ¢;(Z), where ¥ = {x, x, x5} rep-
resents the position vector in three-dimensional space, while the nodal unknowns, which
evolve over time, are incorporated.® We employ the Einstein summation convention: any
repeated nodal index j is implicitly summed over j = 1,...,n,, where n, denotes the
number of nodes, whereas the test—function index i is free (also i = 1,...,n,). Since the
displacement field @} (7, t) is vector-valued, we use vector-valued shape and test functions.
Define

@ (1) = @i« (@) 1 and @™ (F) = [{*(7) -+ ¢ ()],
where I denotes the 3 x 3 identity matrix, and ¢"*(Z) is a 3 X 3n, matrix in three

dimensions (it collects all vector-valued basis functions into a block matrix).” Discritized
fields for the electrolyte as follows:

i (T,8) = Q@) (), G () = ol (),
o: (F,1) = o7 (2) 657 (1), & (%) = ¢f* (), (4.187)
T (T, 1) = @l (T) T (t), . (T) = p}(T)

A compact block-matrix form for the displacement field, consistent with the Einstein
notation above, is written also as:

us(t)
ar(Z,t) = [ @i (D) - pue (@) ]|
cp‘:er(j') ﬁzn (t)

(1)

6In expressions involving multiple interpolations of the lithium-ion concentration field ¢+, auxiliary
dummy indices such as m and [ are introduced to avoid index conflicts in Einstein summation notation.
Although these indices still correspond to the nodal degrees of freedom associated with cy;+, we prefer
to ensure clarity when multiple summations appear within the same expression.

"Hereafter, we omit the explicit representation of the vector-valued displacement field @ the same
interpolation is used in the other domains.
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Substituting the discretized field representations from Equation (4.187) into the fully
dimensionless weak form in Equation (4.145) yields ®:

_ ok (1)
| o @ et @) S aa,

e [ V@) VA @ 0 as

D, / LT (@) T (1) VAT (7) - Vil (2) (1) Q. (4.188)

D | @) el @ 0 Vel @) Vo (@) 65(0)

+/8QE Ut (7 ){hw ne}drzo.

Equation (4.146) returns
Dy — Dy ) / Vil () - Vb (7) ¢ (1) dQ,
Dy + Dy ) / () ¢ (1) Vil (T) - Vil () 65(1) dD

Qe

O+ D) [ @ O @ 096 @) - Ve @) é5(e) ac,

e

+/8§ze gofe(;f){ﬁx, .ﬁe} dF_/89 901 °(& ){hLl+ ne} dl' =0

(4.189)
The discretized weak form of Equation (4.147) is simply
— QGC/ Vipi“(Z) : Vi« (T) uj(t) A€
2G€ Ue [ = Ue [ =
+ ( 3 Ke) V@i (T) V- i (T) a;(t) dS2e (4.190)
Qe

+/ pie(Z) - p. dI' = 0.
o)

To incorporate time dependency into the entire dimensionless system, the time derivative
is approximated using a first-order backward (implicit) finite difference scheme:

6?0‘174+ N c;ﬁ (thy1) — cLl+ (tn)

~

ot At

Here, t,,1 and ¢, represent the current and previous time steps, respectively, within a
time-stepping framework. The term At = t,,, — t,, denotes the time increment between
two consecutive steps. The solution is updated incrementally in time using this implicit
scheme. This time discretization is applied to the governing equations (4.188), (4.189),
and (4.190) upon substitution, yields the time-discretized weak form equations (4.191),

8For improved readability, superscript * will be omitted from now on in the dimensionless weak form
of each domain.
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(4.192), and (4.193) where all unknown fields are evaluated at the current time step ¢, .
After the time discretization is applied, Equation (4.188) returns,

Lit
Lit = Lit /= G (tn+1)dQ
| @ @ Sgrta,
Li*

it/ Lit/= © (tn)
—/ A () ol (1) g,

At

D / Vb () - Vbi" () 4 (101 AR,
- / () T () Vol (2) - Vo™ ()65 () A,
i — i 2 i — i i — e [ = e
- [PLiJF/Q %Olfr () C%; (tns1) e 80? +<$) C} +(tn+1) VSO%JF(I) ' V@j () ¢j (tng1)dQ2e

‘|‘/ @%ﬁ(f) {ELﬁ . ﬁe} dI' = 0.
0

(4.191)
Similarly, substituting the same time discretization into Equation (4.189) yields the up-
dated weak form shown in the following form

— (D — Dy ) / Vil (F) - Vb ()b (t1)d0

e

= (Dri+ + DX‘)/ Sp%nﬁ (f)c%nﬁ (tnt1) Vi () - V‘ipje(f) ¢§(tn+1)d9e

Qe

i g i 2 i g i e (7 e (2 e
+ Dy +[Px)/ <P%i+(ff)cgj(tn+1)@%0}+($)01L+(tn+1)v%~ () - Vi (2) 5 (tn41)de

e

o[ e (e [ e ar=
(4.192)

Lastly, applying the time discretization to the mechanical equilibrium Equation (4.190)
results in the time-discretized counterpart as follows:

—xﬁ/"vw#wa;vwﬁunﬁawgdm
Qe

2G@ Ue (2 Ue ( 2\ 7€
+ ( 7 Ke) /Q V- pi(T) V- i (T) W (tny1) S (4.193)

+/ @i (&) - pe AT’ = 0.
0Qe
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4.A.2 Newton-Raphson scheme in the electrolyte domain

To solve the nonlinear system f(a,b) we employ the Newton—-Raphson method, which is
expressed as:

fla,b) = f(a™,6™) + D7 [f(a™,*))] =0 (4.194)

Following the standard approach using the Gateaux derivative DY, the Newton—Raphson
iteration at step k results in

D7 [f(a'®),p®))] = di [f (™ + eda, 8™ + esb)]| (4.195)

€ e=0

In the electrolyte domain, the nonlinear residual R, depends on multiple fields, namely
the lithium-ion concentration cj , the electric potential ¢, and displacement . From
now on, we omit the explicit Spatlal dependence of the Shape and test functions and
simply write

ol =oi(D), ¢ =pid),

where I € {Li", ¢, uc}. Given a residual R(cj'", ¢S, 45), its linearization using the
Gateaux derivative yields:

DY [’R (c;ﬁ(k), ¢§(k), ﬁj(k)ﬂ = (?ER( )+ eécJLi+, <;5 )+ €005, @™ + e i )
(4°196)

The Newton Raphson at iteration k yields:

d
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and residual yields as follows:
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4.A.3 Finite element discretization for the cathode domain

(4.199)

The finite element formulation in the cathode region follows the same spatial discretization
used for the electrolyte in Section 4.A.1. The corresponding nodal unknowns, defined at
discrete spatial locations and evolving in time, are interpolated as

Chie (1) = @) () (1), e (2) = 1 (D),
G (5,0) = () 670, 01(7) = (D),

T (T, 1) = @le(B) @5 (t), i) (F) = i(Z),

pE (T, 1) = () (), s (7) = ().

By substituting the discretized field expressions from Equation (4.200) into the weak form
given in Equation (4.156), the resulting expression becomes:

o 0 (t
[ @@ Cfat( Lag,
Qe

+ Do / Vol () - V™ (7) 7 (1) dQ,

(4.200)

(4.201)

Li® Li® 901L1®($> ClLi®(t) Li® (= I Li®
Do | @ e (1= FLDE ) Vol @) vt i 1 .

+/BQ ol (7 )(hLl@ n) dr = 0.
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The dimensionless weak form of Ohm’s law in the cathode domain, obtained from Equa-
tion (4.157), is discretized as:

| never@ - ver@aman |

(@) {7 7.} ar =0, (4.202)
00

The dimensionless weak form of the mechanical equilibrium equation in the cathode do-
main, obtained from Equation (4.158), is discretized as:

—2G, / Vil (&) : Vol (7) @ (t) A,

2GC Ue [ = Ue ( 2\ 7C
+( . —Kc) V- @ (F) V- (@) (1) 9,
e (4.203)

3K, wipe / Vol (@) o (7) (1) de,
Qe
+ [ et pdr=o.
09,
The dimensionless weak form of the equation (4.159)

[ ett@) i@ = @) as.

c

~3Kewe | GHE) V- (@) (0 A, (4.204)

c

8

19K, (wise)? / P(T) 7 (F) 7 (1) dQ, = 0.

c

The implicit Backward Euler method presented for the electrolyte in 4.A.1 is applied in
the same manner to the cathode. After time discretization, equation (4.201) becomes:

Li®
Li® /= Li® /= Cj (tns1)
- - = d€Q,
| e @e @ g

Li®

Li® =\ Li% /= CJ (tn)
_ ‘ . 0
/QC SO'L ('I)QOJ (:E) ﬁt d c

e [ V@) - VA @) e (),

Li® /5 Li® %DlLiea(f) ClLiea(thrl) Li® /= W= Li®
+ Do | P (Z) ey (tng1) [ 1— — V' (L) - V§ () pi" (tnga) Qe

CLi®

+/ QD?EB (f) {ELiEB . ﬁc} dI’ = 0.
00
(4.205)

Similarly, substituting the same time discretization into equation (4.202) gives the follow-
ing updated weak form:

/Q ke VP () - Vol (B)¢(tnsr) AVe + / 0% (7) {ZC : ﬁ} dr = 0. (4.206)

Qe
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Equation (4.203) stems from the mechanical equilibrium is rearranged as follows:

~2G. [ V@) V@) Tt AV,
Qc

2G!C Ue (3 Ue ( 7\ 7C
b (5K [ Vet @) Ve e @ ) v (1.207)

+/ @i (Z) - pedl’ = 0.
Q¢

Lastly, applying the time discretization to the mechanical equilibrium equation (4.204)
results in the following time-discretized form in the cathode region :

[ ot @ @) t) a

c

— 3K, we / P(T) V- @ (F) Tt 1) A2, (4.208)
Qc

J

+ 9KC (wLi@)Q/

P (@) P (@) G (tusn) A = 0.
Q.
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4.A.4 Newton-Raphson scheme in the cathode domain

In order to solve the resulting nonlinear system in the cathode domain, we apply the
Newton-Raphson method following the same procedure outlined for the electrolyte in
Section 4.A.2. In the cathode domain, as in the electrolyte, the explicit spatial dependence
of the shape and test functions is omitted, and we simply write:

ol =0l(), ¢ =),

where I € {Li®, ¢.,u., u}. At iteration step k, the residual R(c; Li® , 5, U ],u] “) is lin-
earized using the Gateaux derivative and the Newton-Raphson ylelds

(k)

d Li® Li® e ¢ e Li® Li®(k) c(k) —e(k)  Li®(k)
deR< +edci, 9 + €00 +65uj7,uj +65uj >5_o —R(Cj AN
(4.209)
where Gateaux derivative is written explicitly as:
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and residual yields as follows:
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4.A.5 Finite element discretization for the foil domains

We use the same finite-element framework as in the electrolyte (see Section 4.A.1) and
the cathode (see Section 4.A.3). The associated nodal unknowns, which are defined at
discrete spatial points and vary in time, are interpolated as

. X T (2 br (=
o} (T,1) = soju( EAGE 05 (¥) = o (7). (4.212)
B 70 = @O0, @) = @

Incorporating the discretized field expressions from Equation (4.212) into the weak form
of Equation (4.164) results in the following form:

/Q./ff V@?f(f).V<pff(§:’) ¢§(t) de—l—/ gpl (7 ){zf nf} dr = 0. (4.213)

090
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The discretized weak form of equation (4.165) is simply

—2G; | Vi (F) : Vi (£) @ (t) Ay
Qy
2G

(3w [ veer@ v ey @l (1214)
Qf

+/ @, (%) pydl =0.
a0y

Unlike the cathode and electrolyte, which include an evolutionary equation for the lithium-
ion concentration, the foil contains no time-dependent equation; therefore, no time dis-
cretization is required. The electric potential and displacement are solved quasi-statically
at each time step, with data evaluated at t¢,,; We solve quasi-static boundary-value
problems on €, and .., enforcing boundary data on 0f), and 0f2... The contributions
assembled in (4.213) and (4.214) define the foil residual, which will be linearized and
solved at t, 1 via a Newton—Raphson iteration in Section 4.A.6.

4.A.6 Newton-Raphson scheme in the foils domain

We solve the nonlinear problem in the foil domains by applying the Newton-Raphson
scheme, following the strategy described for the electrolyte in Section 4.A.2, and for the
cathode in Section 4.A.4. In the foil domains, the shape and test functions are likewise
used without writing their explicit spatial dependence; we simply denote them by

ol =0l(), ¢ =),

where I € {¢r,ur}, and f € {a,cc} as already mentioned before. At iteration k, the
residual R((;S;c , ﬂ’{ ) is linearized using the Gateaux derivative within the Newton-Raphson
scheme and written as following form:

(k)

d
R (6 +eoof, il +eou )| =-R (&™), a®) (4.215)
e=0
where Gateaux derivative is written expilicitly as:
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and residual yields as follows:
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4.A.7 Finite element discretization for the lithium foil-electrolyte interface
domain

(4.217)

The corresponding nodal unknowns, defined at discrete spatial locations and evolving over
time, are interpolated similarly. The Einstein summation convention is likewise adopted,
and it results in the following expressions:

i (1) = 77 (@) " (1), e (@)
G, 1) = o7 () 95(t),  9L(D) = (D), (4.218)
Gal(T,t) = 07" (D) 3(1),  03(@) = ¢*(2).

Incorporating the discretized field expressions from Equation (4.218) into the weak form
of Equation (4.174) results in the following form?:

- [t @ wy cwre (b @ e 0)™ (6@ 650 - @ 65(0) aT

(4.219)
The discretized weak form of equation (4.173) is simply

[ (@ = @) ki an™ (@ e )" (5@ 6500 - (@ a5 ar

(4.220)
Although the discretized interface weak forms in Equations (4.219) and (4.220) contain
no explicit time derivatives—just as the foil equations in Section 4.A.5—we adopt a fully
implicit (Backward Euler, # = 1) scheme: the interface fields c¢;;+, ¢e, and ¢, are all
evaluated at t,11 at the current Newton iterate. Equation (4.219) becomes

~ [ @ b e (@ e 6e) ™ (5@ 65(t0e1) - (@ (1)) T

(4.221)
The electrolyte-side expression in equation (4.220) is reformulated as:

@A

(80?6(5) O (tns1) — @?a(:f) Pu(t 7L+1)> dr.
(4.222)

[ (o @= et @) 1 e (4@ & ()

9Since the lithium concentration in the foil is unchanged, ¢, is taken as constant and is not discretized.
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4.A.8 Newton-Raphson scheme in the lithium foil-electrolyte interface do-
main

The Newton—Raphson method is also employed to solve the nonlinear problem at the
lithium foil-electrolyte interface. At iteration k, the residual R(c?ﬁ, ¢%, ¢5) is linearized
via the Gateaux derivative as part of the Newton—Raphson procedure, and is expressed
in the following form:

(k)

] J J

d i it a a e e
dER( U 4 e5cT, 68 + €560, o +e(5¢j)

=R (CL.W’“), ). ¢;<k>> (4.223)

e=0
where Gateaux derivative is described as:
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(4.224)
and residual yields as follows:
_R< Li* (k) 62, ¢e<k>)
a it Li A e Le o a
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’ (4.225)
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4.A.9 Finite element discretization for the electrolyte-cathode interface do-
main

The corresponding nodal unknowns—defined at discrete spatial points and evolving in
time—are interpolated in the same manner. Adopting the Einstein summation convention,
we obtain the following expressions

Lit

’ ézﬁ( ) Pi (f)v

j t)? é:(f) = szse(f)a (4226)
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Incorporating the discretized field expressions from Equation (4.226) into the weak form
of Equation (4.184) results in the following form:

| (@ =t @) i (4@ )™ (e - @ 7o) (7@ 4 0)
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(4.227)
The discretized weak form of equation (4.185) is simply
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(4.228)
After adopting a fully implicit (Backward Euler, § = 1) scheme, the cathode—electrolyte

interface fields cp+, cr0, ¢e, @, and . are evaluated at t,,; at the current Newton
iterate, and the interface contribution takes the following form for the Equation (4.227):

/rz (@ = " @) K (5" @ (tar0) ™ (3 = o @ (tar) ™ (7 @6 (trir)) ™
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=

Equation (4.228) becomes

[ (@ @) i (@ (b)) (e = 080 7 1) (@) 7 (tr))
[(@fc(f) O (tnsr) — @ (2) (1 n+1)) %+ 1n< ph® (#) H (t4) )
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* % * Ue [ =\ —=C * * i® i® *
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(4.230)
4.A.10 Newton-Raphson scheme in the electrolyte-cathode interface domain

The Newton-Raphson scheme is also employed to solve the nonlinear problem at the
electrolyte-cathode interface. The residual R c;“l , ;ﬁ k),gb (k) , gb k) k)> is lin-
earized via the Gateaux derivative as part of the Newton—Raphson procedure at iteration
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k, and is expressed in the following form:

d Lit Lit Li® Li® e e c c c —C *)
&R (cj +edc” ¢t +edc), @ + €005, ¢ + €, uj + 6(51@)

Lit(k Li® (k e(k c(k) -c(k
_ R <Cj ) 0 ge(h)  gelh) el >>

o (4.231)

As the electrolyte—cathode interface contribution is algebraically much more involved than
the lithium-foil counterpart, we introduce the following abbreviations in order to simplify
the presentation of the Newton—Raphson linearization.
it = Lit
A= i (T) ¢ (tas),

B =& — oH4(@) M (t40),

C = @Y (@) ¢ (tnsn),
G = (% () ¢<(t — 0% () b(t 0x 4 ¢
= () 65 (tner) — 23 (@) 85 tnin)) + il + (5
— 3K wiie V- (@] (2) €S (tht1)) + 9K (wize)* (C — s,
G G 1 1

N el el - - * * 2
S = aAB+acO+C+B+9KC(wLI@) .

where Gateaux derivative is described as:
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(4.232)
and residual yields as follows:
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Chapter 5

Commercial versus hybrid
thermochemical regenerated LiCoQO»
cathodes: A comparative
electrochemical study

5.1 Introduction

Thanks to their high energy density and reliable electrochemical performance, lithium-ion
batteries (LIBs) have become among the most prominent and cost-efficient energy storage
solutions, advancing portable electronics, electric vehicles, and grid-scale energy storage
systems [355, 356, 357]. However, the widespread use of LIBs brings significant environ-
mental challenges, including improper disposal leading to soil and water contamination,
as well as the resource-intensive and environmentally detrimental mining of critical raw
materials such as lithium, cobalt, and nickel [358, 359, 360, 361]. While Chapter 4 focused
on the continuum modeling of coupled electro-chemo-mechanical behavior in an idealized
LCO-based half-cell, the present chapter examines the same material family from an ex-
perimental perspective by comparing commercial and regenerated LiCoO, cathodes under
identical half-cell conditions. The aim is not to validate the continuum model directly,
but to assess whether regeneration-induced differences in microstructure and impurity
content are reflected in measurable differences in rate capability, voltage response, and
Coulombic efficiency. In this sense, the experimental analysis provides a complementary
materials-level benchmark for the broader evaluation of LiCoO4 cathodes. Motivated
by these challenges and building on the hybrid thermochemical strategy described in
[28]—comprising selective leaching, a glucose-assisted self-sustaining reaction (SSR), and
a brief oxidative annealing step—this study presents a comparative assessment of the elec-
trochemical behavior of LiCoOy (LCO) materials regenerated by Armenuhi Yeghishyan,
Dr. Khachatur Manukyan, and their colleagues at the Nuclear Science Laboratory, De-
partment of Physics and Astronomy, University of Notre Dame. Specifically, this work
benchmarks regenerated LCO materials against a commercial LCO reference under iden-
tical testing protocols, focusing on relative differences in charge—-discharge behavior, rate
capability, and Coulombic efficiency. In addition to electrochemical testing, morphological
and microstructural characterization (scanning electron microscopy (SEM), and porosity
analysis) are employed to rationalize performance differences between regenerated and
commercial LCO powders. Among commercial LIBs, LCO remains particularly signif-
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icant due to its high energy density and stable performance, making it widely used in
consumer electronics [362]. Developing sustainable recycling methods to recover and re-
generate LCO is therefore essential to reduce the environmental footprint of LIBs while
advancing a circular economy. Accordingly, the present study does not aim at an ab-
solute certification of cathode performance; rather, it reports side-by-side comparisons
with a commercial baseline under controlled conditions. Within this comparative scope,
the chapter evaluates whether the hybrid thermochemical recycling route can produce
regenerated LCO materials whose short-term electrochemical response approaches that
of commercial references.

5.2 Experimental procedures

5.2.1 List of the samples

As summarized in Table 5.1, all regenerated cathode active materials (LCO-M, LCO-R,
and LCO-S) were produced using the same method reported in [28]. To demonstrate
the method’s applicability, LCO-M was first obtained from commercial powder using the
identical workflow. Subsequently, spent lithium-ion battery packs (10.8 V, 5.2 Ah, 57 Wh;
six cells per pack) provided by the University of Notre Dame Office of Sustainability were
used to produce LCO-R and LCO-S. Following disassembly and laminate separation, the
cathode/Al pieces were thermally pre-treated at 350 °C (N, then air) to remove electrolyte
residues, and the active material was separated from the Al current collector using an
HNO3/H50, solution at 75 °C; the resulting solution was purified by stepwise precipitation
with NH,HCO;3 (pH ~ 5 — 6.35). Glucose monohydrate was then added to obtain a gel-
like precursor; when ICP-OES indicated Li deficiency, Li;CO3 was supplemented. The
precursor underwent a glucose-assisted self-sustaining reaction (SSR), followed by brief
oxidative annealing (= 850°C for ~ 10 min) to complete the conversion to phase-pure
LiCoO,. LCO-R denotes the first recycled batch from the spent batteries, and LCO-S a
subsequent batch from the same source produced after correcting the Li : Co stoichiometry
(via Li;COj3 adjustment) and optimizing the brief oxidative annealing step within the
same method. In addition to these regenerated powders, a commercially supplied LCO
powder from MSE Supplies Inc. was used as the reference material (hereafter LCO-C). All
regenerated materials (LCO-M, LCO-R, and LCO-S) were benchmarked against LCO-C
under identical electrochemical testing conditions.
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Regeneration
Process
Commercial Lithium | Commercial Product
Cobalt Oxide Powder | (MSE Supplies Inc.)
Regenerated via
Regenerated from hybrid
commercial powder thermochemical
method
Regenerated via
hybrid
thermochemical
method
Regenerated via
hybrid
thermochemical
method

Material Source

LCO-C

LCO-M

LCO-R Spent Batteries

LCO-S Spent Batteries

Table 5.1: Summary of LCO materials with their sources and regeneration processes.

5.2.2 Scanning electron microscopy images (SEM)

In Figure 5.1, Scanning Electron Microscopy (SEM) was employed to investigate the
surface morphology, particle size distribution, and agglomeration behavior of LCO-C,
LCO-M, LCO-R, and LCO-S samples. These SEM images were not conducted by the
author but were performed at the Department of Physics and Astronomy at the University
of Notre Dame by Dr. Khachatur Manukyan, ensuring precise and standardized imaging
conditions. A Magellan 400 Scanning Electron Microscope (SEM) was used for surface
characterization of the cathode materials. The powders were compacted into small discs
(1 mm thick, 5 mm in diameter) and attached to an Al stub for imaging. The SEM was
operated at an accelerating voltage of 5.00 kV, which is suitable for capturing fine surface
details while minimizing sample damage. A beam current of 25 pA was used to reduce
charging effects on non-conductive materials, ensuring high-quality imaging. The images
were captured at a magnification of 25,000x, allowing detailed analysis of the particle size,
morphology, and agglomeration behavior. The scale bar in the images represents 5 pm,
providing a clear reference for estimating feature sizes.

138



5.2. EXPERIMENTAL PROCEDURES

Figure 5.1: SEM images of four different sample

5.2.3 Cathode preparation

To remove moisture, LCO cathode powders were heat-treated in a vacuum oven at 120°C
for two hours. After heat treatment, the cathode active particles and Super P carbon
black (MTI Corp) were ground together using a ball mill (MTI-MSK-SFM-3) to achieve
a fine and uniform particle size. Simultaneously, N-methyl-2-pyrrolidone (NMP, Sigma
Aldrich) was heated to 80°C, and polyvinylidene difluoride binder (PVDF, Kynar HSV
900, Arkema) was gradually dissolved into the solvent with continuous stirring for ap-
proximately 30 minutes to create a homogeneous solution. The mixture of active and
conductive powders obtained after ball milling was gradually added to the PVDEF solu-
tion in two batches, with each batch stirred for 30 minutes to ensure uniform mixing.
The LCO powders, carbon black, and PVDF were dissolved in NMP solvent with a 94:3:3
weight ratio. The resulting slurry (see Figure 5.2a) was stirred on a hot plate before being
transferred to a stir plate, where it was mixed overnight to achieve complete homogeneity.
Once the slurry was ready, it was evenly coated onto aluminum foil (see Figure 5.2b) using
a doctor blade to achieve a uniform thickness of 300 pm. The coated cathode sheet was
then dried in a vacuum oven at 90°C under high vacuum for 12 hours to remove residual
NMP and water.
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(b) LCO coated aluminum foil

(a) An example of LCO slurry

5.2.4 Determination of the mass loading

Mass loading is defined as the weight of the electrode slurry deposited per unit area of
the current collector. In laboratory-scale cells, electrodes are commonly prepared with
a relatively low mass loading, typically around 2 mg/cm? [363]. In these experiments,
the mass loading of the punched cathodes varied, with some electrodes having an active
material loading was around 2 mg/cm?, while others exhibited different loadings, as pre-
sented in later sections (see Section 5.3.1, 5.3.2, 5.3.3, and 5.3.4). As the areal loading
increases, the electrode film thickness also increases. Thicker electrodes are more prone to
mechanical issues such as fracturing and delamination from the current collector during
the coating and drying processes, making the fabrication of high-loading electrodes more
challenging [364].

5.2.4.1 Steps for determining mass loading

In the following sections, the mass loading of each material under comparison has been
carefully determined using the specified formulas and methodologies. This approach en-
sures reliable comparisons and maintains a consistent framework for accurate analysis.

Mass of coating (mg)

Mass loading (mg/cm?) =
8 (mg/em) Electrode area (cm”)

1. Weighing the bare disc before coating: The mass of the current collector,
serving as the bare electrode substrate was measured 1.

!The weight of a 10 mm diameter current collector was measured to be 3.3 mg
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2. Weighing the electrode disc after coating: The mass of the coated electrode
disc was measured.

3. Calculation of the mass of coating:

Mass of coating = Total mass of coated disc — Total mass of bare disc

4. Determination of the surface area of the electrode: Area of the coated region

was measured.

Surface area of the electrode = A = 772

5. Calculation of mass loading:

Mass of coating

Mass loading =
ass foading Electrode area

5.2.5 Determination of porosity

Porosity is a crucial factor influencing the electrochemical performance of lithium-ion bat-
tery cathode materials. It refers to the fraction of void space within a material and plays
a significant role in electrolyte penetration, ion diffusion, and overall battery performance
[365].

5.2.5.1 Steps for determining the porosity

1. Given Data?.

e Total mass of coated disc: 5.1 mg

e Mass of bare disc: 3.3 mg

e Thickness of bare disc: 16 ym

e Thickness of coated disc: 32 ym

e Mass of LCO (active material): 470 mg
e Mass of PVDF: 15 mg

e Mass of Super P: 15 mg

e Density of LCO: 5050 mg/cm?

e Density of PVDF: 1780 mg/cm?

e Density of Super P: 1600 mg/cm?

2. Determination of the coating Mass

Mass of coating = Total mass of coated disc — Mass of bare disc (5.1)

Mass of coating = 5.1 mg — 3.3 mg = 1.8 mg (5.2)

2These calculations were performed for the LCO-C1 sample, and the same steps were applied to the
other samples as well, but for the sake of simplicity, each is not shown individually.
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3.

10.

142

Calculation of the effective coating thickness

Effective coating thickness = Thickness of coated disc — Thickness of bare disc

(5.3)

Effective coating thickness = 32 pym — 16 pgm = 16pm = 0.0016cm (5.4)
Calculation of the surface area of the electrode

A=mr*=7(0.5 cm)* = 0.785 cm® (5.5)

Calculation of the coating volume

Veoating = A x Coating thickness = 0.785 x 0.0016 = 0.001257 cm?® (5.6)

Determination of the total mass of solid components in the slurry

Mtotal solids — 470 + 154 15 = 500 mg (57)

Calculation of the individual solid component volumes

470
= —— ~0.09307 cm® 5.8
LCO = 5050 cm (5.:8)
15
Vouper p = 755 & 0.009375 cm? (5.9)
15
Vovpr = —— ~ 0.00843 cm?® 5.10
PVDE = 1780 e (5.10)

Scaling the Solid Component Volumes to Match the Coating Mass

1.8
V.00, seated = Vico X =55 & 0.000335 cm? (5.11)
1.8
vSuper P, scaled — ‘/Super p X % ~ 0.00003375 cm? (512)
1.8
VPVDF, scaled = VPVDF X % ~ 0.0000304 CHI3 (513)

Determination of the Total Volume of Solid Components in the Coating

V;otal solids — VLCO, scaled T ‘/éuper P, scaled + VPVDF, scaled (514)
Viotal solids & 0.000335 + 0.0000304 + 0.00003375 & 0.00039915 cm®  (5.15)

Calculation of the Coating Porosity

Vo al solids
Porosity = 1 — —telsolids (5.16)
choating
0.00039915
P ty=1— ——— ~ 1 —-0.3175 =~ 0.6825 5.17
OTOSIEY 0.001257 (5.17)
Porosity =~ 68.3% (5.18)
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In the present work, porosity was estimated from electrode mass, coating thickness, geo-
metrical area, and the densities of the solid constituents, and should therefore be regarded
as a geometric/density-based estimate of the void fraction within the coating. The values
reported here were not independently validated by mercury intrusion porosimetry, nor was
a pore-size distribution measured. Consequently, the porosity results are used primarily
as comparative descriptors of the electrode architecture across the investigated samples,
rather than as a complete pore-network characterization. A more comprehensive assess-
ment of electrode porosity and transport pathways would require dedicated techniques
such as Hg porosimetry or three-dimensional imaging-based analysis, which were beyond
the scope of the present experimental investigation.

5.2.6 Coin cell assembly

Cathodes were punched into circular discs with a diameter of 10 mm, which were then
assembled into 2032-type coin cells in a half-cell configuration. Lithium metal (Alfa Aesar,
0.75 mm thick) was mechanically scraped to remove surface layers, pressed to achieve a
shiny surface and reduce anode thickness, and punched into circular discs with a diameter
of 14 mm. A separator (polyolefin, from MTI Corp) was placed between the cathode and
lithium metal anode to avoid short-circuiting. The separator and cathodes were wet with
25 pl of a 1.0 M LiPFg electrolyte solution in a 50:50 EC/DEC solvent mixture (Sigma
Aldrich). The assembly also included two stainless steel spacers (15.5 mm in diameter
and 0.2 mm thick) and a wave spring, all sealed using an electronic crimper. The coin
cells were assembled in a precise order as seen in Figure 5.3:

Figure 5.3: A sketch of coin cell configuration during assembly
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5.2.7 Half cell cycling performance

The performance and C-rate capabilities of each LiCoO, sample were assessed using a
lithium metal /LiCoO, half-cell configuration. Galvanostatic charge-discharge tests were
conducted in the potential range of 3.0-4.2 V vs. Lit/Li at various C-rates 0.1, 0.2, 0.5,
1, 2, and 5 on a BTS-5 V 10 mA battery tester (NEWARE, China). The theoretical
discharge capacity of LiCoOs is around 274 mAh/g; however, a more restrictive discharge
capacity of 140 mAh/g is commonly employed in practical applications. This constraint
stems from inherent structural stability issues and the requirement for cycling durability.
In its fully lithiated state, LiCoO,y exhibits a stable layered hexagonal structure. Dur-
ing charging, the removal of lithium ions leads to the formation of non-stoichiometric
Li;_«CoQ, substances, which need the undergo oxidation of Co®* ions for compensation
of charge. The increasing extraction of lithium modifies the crystallographic structure ac-
cording to lithium concentration, and when over % 50 of lithium is extracted, the structure
experiences a phase shift from hexagonal to monoclinic. This transition markedly desta-
bilizes the material, hence constraining the maximum attainable discharge capacity in
practice. Functioning at maximum theoretical capacity would accelerate structural dete-
rioration and capacity decline over successive cycles, so undermining both longevity and
dependability. Thus, restricting lithium extraction to around 0.5 per formula unit—and
thereby capping the capacity at 140 mAh/g—facilitates enhanced stability and durability
throughout charge and discharge cycles [366, 367]. For this reason, discharge capacity of
LiCoO, was taken as 140 mAh/g in these experiments.

5.3 Results and Discussion

5.3.1 Cycling protocol and general rate trend

All cells were cycled according to the rate-capability protocol described in Section 5.2.7:
five cycles at each of 0.1, 0.2, 0.5, 1, 2, and 5C (cycles 1-30), followed by five cycles at
0.1C (cycles 31-35) to evaluate reversible capacity recovery after the high-rate steps. All
cells were tested under identical conditions (voltage window and protocol), enabling a
direct comparison across materials. In general, electrodes with higher areal loading show
a modest capacity advantage at low C-rates, whereas thinner (lower-loading) electrodes
perform better at higher C-rates, where transport and polarization limitations dominate.
As a result, the discharge capacity decreases systematically with C-rate and partially
recovers when the current is reduced back to 0.1C. The subsections below report only
material-specific observations.

5.3.2 Morphological comparison of commercial and regenerated
LCO powders (SEM)

Figure 5.1 compares the particle morphology and agglomeration of LCO-C, LCO-M, LCO-
R, and LCO-S (see Section 5.2.2 for imaging conditions). LCO-C, the commercial refer-
ence powder, exhibits a notably uniform distribution of well-faceted, equiaxed particles
with sharp edges and minimal agglomeration. The particle size is typically on the mi-
cron scale (average sizes order of 5 — 10 pum), consistent with an industrially produced
powder, where high-temperature calcination commonly yields larger, faceted grains [368,
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369]. Such a morphology offers good structural stability and predictable packing be-
haviour, but a more modest specific surface area, which tends to favour robust cycling
at moderate rates while limiting high-rate performance. In contrast, LCO-M, regener-
ated from commercial LiCoOy powder using the hybrid thermochemical route, consists
of fine/sub-micron particles (< 1 pm) with a rough surface texture and occasional sec-
ondary agglomerates. This morphology may increase the accessible surface area, shorten
solid-state diffusion pathways, and facilitate electrolyte access at elevated C-rates; this ex-
pectation is evaluated in Section 5.3.7. The first recycled batch from spent cells, LCO-R,
displays a fine, texturally irregular particle morphology that is superficially compara-
ble to LCO-M. Although no large secondary agglomerates comparable to those observed
in LCO-S are evident, the powder appears heterogeneous and poorly faceted, with a
compact fine-particle matrix in several regions. Notably, despite this comparably fine
particle size, LCO-R exhibits markedly inferior electrochemical performance, indicating
that particle size alone does not control the rate response. This discrepancy suggests that
factors beyond bulk morphology, including surface-chemical limitations, imperfect parti-
cle connectivity, and electrode-level packing effects, may contribute significantly to the
poor electrochemical response of LCO-R. Given the synthesis history of LCO-R, residual
surface phases or processing by-products, possibly including Li;COj3 from incomplete or
inhomogeneous Li compensation, represent a plausible working hypothesis. However, be-
cause no direct surface-chemical analysis such as XPS was performed in this work, this
interpretation should be regarded as tentative rather than confirmed. The corresponding
electrochemical behaviour is discussed in Section 5.3.5. By contrast, the second recycled
batch, LCO-S, regenerated under refined Li:Co compensation and annealing conditions,
displays a distinctly bimodal particle size distribution. While a significant fraction of the
powder consists of fine, sub-micron particles, a number of considerably larger agglomer-
ated clusters — on the order of several micrometres — are also clearly visible. Together
with the improved electrochemical response discussed below, this morphology suggests
that the refined synthesis conditions may have reduced transport-limiting residual phases
relative to LCO-R; however, this cannot be confirmed by SEM alone. At the same time,
the broad particle-size distribution indicates that full control over particle growth and
agglomeration was not achieved within the present processing window. Compared with
LCO-C, the size distribution is broader and the particle packing less uniform; compared
with LCO-R, however, the finer matrix fraction appears more connected and the sur-
face texture less irregular. This intermediate morphological character is consistent with
the electrochemical observation that LCO-S outperforms LCO-R markedly while falling
short of LCO-C and LCO-M at the highest C-rates, as discussed in Section 5.3.6 and
Section 5.3.7. It should be emphasised that SEM alone cannot resolve crystal structure,
phase purity, or subtle compositional inhomogeneities; these aspects were characterised
in detail in the work of Yeghishyan et al. [28]. Nonetheless, the morphological trends
observed here from the highly uniform, well-faceted commercial grains (LCO-C), through
the fine, rough-textured regenerated particles (LCO-M), to the irregular first recycled
batch (LCO-R) and the bimodally distributed second recycled batch (LCO-S) — which
represents a partial but incomplete recovery of morphological quality — provide a co-
herent qualitative framework for interpreting the electrochemical performance differences
analysed in Sections 5.3.3-5.3.7.
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5.3.3 Rate capability of LCO-C

We began with the commercial powders (LCO-C) listed in Table 5.1. The two elec-
trodes from Table 5.2 compared have areal loadings of 2.29 (LCO-C1) and 5.22 mg/cm?
(LCO-C2). Figure 5.4 shows their specific discharge capacities at the C-rates defined in
the cycling protocol. At 0.1-0.2C, the higher-loading electrode delivers a slightly higher
capacity; from 0.5C onward, the lower-loading electrode becomes superior, with the per-
formance gap widening at 1-5C. Upon returning to 0.1C, the capacity largely recovers,
consistent with reversible rate limitations noted in Section 5.3.1.3

Mass Effective
Sample ID | Total Mass . Coating Porosity
Loading .
Thickness
LCO-C1 5.1 mg 2.29 mg/cm? 16 um %68.3
LCO-C2 7.4 mg 5.22 mg/cm? 36 pm %67.8

Table 5.2: Summary of LCO-C samples with their identity, total mass, mass loading,
coating thickness, and porosity.

Figure 5.4: Comparison of LCO-C samples among themselves

5.3.4 Rate capability of LCO-M

After completing the rate-capability tests on the commercial material LCO-C, attention
shifted to the regenerated batch LCO-M, as shown in Table 5.1. The primary aim of this

3Starting with these samples, the mass-loading and porosity calculation steps in Sections 5.2.4.1 and
5.2.5.1 are applied to all subsequent samples.
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step was to test the material regenerated using the recyling method and conduct electro-
chemical analyses as a preliminary phase before applying this method to recycling spent
lithium-ion batteries. Consequently, the samples listed in the Table 5.3 were subjected
to electrochemical testing. Figure 5.5 compares the two LCO-M electrodes from Table

Mass Effective
Sample ID | Total Mass . Coating Porosity
Loading .
Thickness
LCO-M1 4.8 mg 1.91 mg/cm? 15 pm %T1.7
LCO-M2 5.7 mg 3.06 mg/cm? 25 pm %72.8

Table 5.3: Summary of LCO-M samples with their identity, total mass, mass loading, and
coating thickness.

5.3, with areal loadings 1.91 (LCO-M1) and 3.06 mg/cm? (LCO-M2). Minor fluctuations
during the first few cycles at 0.1 C are most likely related to electrode wetting effects
during cell assembly. At 0.2-0.5C, the lower-loading LCO-M1 exhibits a slightly higher
specific discharge capacity than LCO-M2. From 1C upward, the divergence grows, with
the higher-loading LCO-M2 dropping more steeply such that the lower-loading LCO-M1
maintains the advantage at 1-5C. After the high-rate steps, both samples show near-initial
capacities when cycled again at 0.1C, as described in the cycling protocol.

Figure 5.5: Comparison of LCO-M samples among themselves

5.3.5 Rate capability of LCO-R

The electrochemical performance of the regenerated-from-commercial-powder batch LCO-
M was found to be consistent with that of the commercial reference LCO-C, confirming
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that the hybrid thermochemical route can deliver high-quality LiCoO, from a clean feed-
stock. Building on these promising results, the next step was to test cathodes recovered
from spent lithium-ion battery packs, in line with the overall recycling objective of this
work. As summarized in Table 5.1, the first such recycled batch is denoted LCO-R
and was synthesized from the spent-cell leachate using the same hybrid thermochemical
route; in that synthesis, Li,CO3 was added to the purified leachate as needed to com-
pensate Li losses and to target an overall Li:Co ratio close to 1:1 (see Section 5.2.1).

Mass Effective
Sample ID | Total Mass . Coating Porosity
Loading .
Thickness
LCO-R1 4.8 mg 1.91 mg/cm? 16 um % 73.5
LCO-R2 4.4 mg 1.4 mg/cm? 12 pm % 74.1

Table 5.4: Summary of LCO-R samples with their identity, total mass, mass loading,
coating thickness, and porosity.

Figure 5.6: Comparison of LCO-R samples among themselves

Figure 5.6 presents the two regenerated electrodes from Table 5.4, with areal loadings
1.91 (LCO-R1) and 1.40 mg/cm? (LCO-R2). Both LCO-R samples start with lower ini-
tial capacities than the commercial references (LCO-C, LCO-M), and exhibit an early
decline. At 0.1-0.2C, LCO-R1 (higher loading) performs slightly better than LCO-R2,
but at 1-5C both samples suffer marked drops, with LCO-R1 degrading most severely and
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showing negligible capacity at 5C. These trends indicate that the electrochemical response
of LCO-R is not controlled by particle size alone. As shown by the SEM observations
in Section 5.2.2, LCO-R displays a fine, texturally irregular particle morphology that is
superficially comparable to LCO-M. However, although no large secondary agglomerates
comparable to those observed in LCO-S are evident, the powder appears heterogeneous
and poorly faceted, with a compact fine-particle matrix in several regions. In addition,
LCO-R exhibits the highest electrode-level porosity among the four materials (Table 5.4),
suggesting less efficient electrode packing and possibly weaker particle connectivity under
the present fabrication conditions. These electrode-level features may exacerbate polar-
ization and transport limitations at elevated C-rates. Given the synthesis route described
in Section 5.2.1, a plausible working hypothesis is that residual or inhomogeneously dis-
tributed Li;CO3 and/or other impurity-related surface species contributed to increased
interfacial resistance and rate sensitivity. Residual LioCOj3 species at the LiCoO, parti-
cle surface have been reported to impede lithium-ion transport and increase interfacial
resistance, thereby depressing capacity and rate capability [370, 371]. However, because
these surface species were not directly quantified in this work, this explanation should
be treated as tentative rather than confirmed. Therefore, the poor rate capability of
LCO-R is most consistently interpreted as the combined effect of an irregular fine-particle
morphology, high electrode-level porosity, imperfect particle connectivity, and possible
transport-limiting surface species. These electrochemical observations motivated a re-
finement of Li:Co stoichiometry control and annealing conditions in subsequent synthesis
runs, leading to the improved second recycled batch LCO-S discussed in Section 5.3.6.

5.3.6 Rate capability of LCO-S

After the challenges encountered in the previous regeneration batch, a new material was
regenerated from the same spent cells using refined Li:Co stoichiometry and annealing con-
ditions designed to minimise residual Li;COg, this optimised recycled powder is denoted
LCO-S (see Table 5.1). Figure 5.7 compares the two LCO-S electrodes from Table 5.5 with
areal loadings 2.16 (LCO-S1) and 5.09 mg/cm? (LCO-S2) under the rate-capability pro-
tocol defined in Section 5.3.1. At 0.1-0.2C, the higher-loading LCO-S2 delivers a slightly

Mass Effective
Sample ID | Total Mass . Coating Porosity
Loading .
Thickness
LCO-S1 5.0 mg 2.16 mg/cm? 15 pm %68.1
LCO-S2 7.3 mg 5.09 mg/cm? 35 pm %67.7

Table 5.5: Summary of LCO-S samples with their identity, total mass, mass loading,
coating thickness, and porosity.

higher capacity. With increasing rate, both samples decline, but the higher-loading elec-
trode drops more sharply: by 2C a clear separation appears, and at 5C the thicker elec-
trode shows a pronounced loss, consistent with transport and polarization penalties in
thicker structures. Upon returning to 0.1C, both samples recover a substantial fraction of
capacity, indicating that the high-rate losses are largely reversible and dominated by rate
limitations rather than permanent degradation. The more pronounced rate sensitivity
of the higher-loading electrode is consistent with the bimodal particle size distribution
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observed for LCO-S by SEM (Section 5.2.2): the presence of larger agglomerated clus-
ters within the fine matrix is expected to introduce local transport heterogeneities that
become more detrimental as electrode thickness — and therefore effective diffusion path
length — increases. To accurately compare the electrochemical performance of the four

Figure 5.7: Comparison of LCO-S samples among themselves

samples presented in Table 5.1, LCO-C1, LCO-M1, LCO-R1, and LCO-S1 were selected
from Tables 5.2-5.5, respectively, based on their similar or closely matched mass loadings.
In this study, specific charge and discharge capacities were normalized with respect to
mass, as substantial differences in mass loading could lead to inconsistencies and hinder
the reliability of the results obtained during the analysis. For the sake of clarity and
brevity in subsequent discussions, selected samples—LCO-C1, LCO-M1, LCO-R1, and
LCO-S1—will be discussed and referred to by their generalized names: LCO-C, LCO-M,
LCO-R, and LCO-S.

5.3.7 Rate capability comparison of LCO materials

Figure 5.8 summarizes the rate-capability response of the four representative electrodes
(LCO-C, LCO-M, LCO-R, and LCO-S) over 0.1-5C using the common protocol described
in Section 5.3.1. This consolidated comparison provides a direct overview of the relative
performance of the commercial reference and the regenerated powders across the full C-
rate window. Across all rates, LCO-M delivers the highest specific capacities, with the
performance advantage becoming most pronounced at 1-5C. LCO-C and LCO-S follow
closely and remain similar at low and intermediate rates, with a clearer separation only
emerging at the highest rates. In contrast, LCO-R exhibits the weakest rate capability
and approaches negligible capacity at 5C. In summary, LCO-M maintains the strongest
capacity retention as the rate increases, LCO-C and LCO-S remain close over most of the
window, and LCO-R shows the most pronounced deterioration toward high-rate opera-
tion. Consistent with the material-specific observations discussed in Sections 5.3.3-5.3.6,
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Figure 5.8 indicates that the optimized regenerated powder (LCO-S) can achieve a rate
response comparable to the commercial benchmark under the present fabrication and
test conditions, whereas the first recycled batch (LCO-R) highlights the sensitivity of
recycled-material performance to regeneration quality. Overall, the results support that
the hybrid thermochemical regeneration route can yield regenerated LiCoOy with com-
mercially competitive rate capability when synthesis and post-processing conditions are
properly controlled. The porosity values calculated in Section 5.2.5 and reported in Ta-
bles 5.2-5.5 provide additional electrode-level descriptors that are consistent with, but
do not by themselves prove, the observed rate trends. Specifically, LCO-S (68.1% and
67.7%) and LCO-C (68.3% and 67.8%) exhibit comparable porosity, consistent with their
similar rate response over most of the tested window. It is noteworthy that despite the
bimodal particle size distribution observed for LCO-S by SEM, the electrode-level poros-
ity converges toward that of LCO-C. This is consistent with a gap-filling effect, in which
the fine particle fraction of the bimodal distribution occupies the interstitial space be-
tween larger agglomerated clusters, yielding a comparable overall packing density to the
well-faceted LCO-C particles. LCO-M shows slightly higher porosity (71.7% and 72.8%),
which may facilitate electrolyte access under the present fabrication conditions. By con-
trast, LCO-R presents the highest porosity (73.5% and 74.1%), indicating less efficient
electrode-level packing under the present calendering conditions, which may exacerbate
transport limitations and rate sensitivity. It should be noted, however, that industrial
electrodes typically target porosity levels of around 30% [372]; despite attempts in this
work (e.g., calendering), a substantial reduction toward this benchmark was not achieved,
and further process optimization is therefore warranted.

Figure 5.8: Rate capability curves at C-rates from 0.1 to 5 C.
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5.3.8 Voltage-capacity profiles at different C-rates for each LCO
material

As shown in Figure 5.9a, LCO-C achieves a discharge capacity of around 125.24 mAh
g~! at a discharge rate of 0.1 C, close to the practical upper limit of ~ 140 mAh g~}
for LiCoQOs,, indicating high active-material utilization at this low rate. As the C-rate
increases, capacity declines steadily: 123.49 mAh g=! at 0.2 C, 118.18 mAh g~ ! at 0.5
C, 110.70 mAh g! at 1 C, and 102.37 mAh g=! at 2 C. By 5 C, capacity is reduced
to 80.82 mAh g1, reflecting nearly a 35 % decrease from the capacity at 0.1 C. This
trend reveals LCO-C’s limitations in rate capability, as higher discharge rates restrict
the time available for lithium ions to fully intercalate, thereby reducing overall capacity.
The discharge curve exhibits a stable plateau near 3.9 V at 0.1-0.2C, which progressively
shortens and becomes more sloped at 0.5-1C. At 2C and above, the plateau collapses
into a steep drop and is essentially absent at 5C, consistent with strong polarization

contributions that limit high-rate utilization. Figure 5.9b shows that LCO-M achieves a

(a) LCO-C cycling performance (b) LCO-M cycling performance

(¢) LCO-R cycling performance (d) LCO-S cycling performance

Figure 5.9: Voltage-capacity profiles for LCO-C, LCO-M, LCO-R, and LCO-S at various
C-rates (0.1C to 5C). The curves correspond to the final cycle of each C-rate (cycles 5,
10, 15, 20, 25, and 30).

discharge capacity of 129.54 mAh g=! at 0.1C, i.e., near the practical upper-capacity limit
for LiCoOy (~ 140 mAh g~!). This indicates a high degree of active-material utilization
at this low current rate. As the C-rate increases, a gradual reduction in specific capacity
is observed, with values decreasing to 127.70 mAh g~ at 0.2 C, 126.41 mAh g~! at 0.5 C,
121.41 mAh gt at 1 C, and 115.47 mAh g~* at 2 C. At a C-rate of 5 C, the specific capacity
drops further to 103.46 mAh g™}, representing an approximately 20 % decline compared
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to its capacity at 0.1 C. Compared with LCO-C, the 3.9 V plateau remains more extended
up to 0.5-1C, indicating improved voltage stability at intermediate rates. This behavior is
qualitatively consistent with the finer and more uniform particle morphology observed by
SEM (Figure 5.1), which is expected to facilitate transport and reduce polarization under
the present electrode fabrication conditions. Figure 5.9c shows that LCO-R exhibits
the strongest rate-induced distortion in the voltage—capacity profiles. With increasing
C-rate, the characteristic plateau region becomes rapidly compressed and the discharge
curves develop a steep, continuously sloped shape, indicating pronounced polarization.
At 1C-2C, the discharge voltage drops quickly toward the lower cut-off, limiting the
accessible capacity, and at 5C the curve reaches the cut-off almost immediately, yielding
negligible discharge capacity. This behavior is consistent with severe transport and/or
interfacial limitations in the first recycled batch and may be exacerbated by electrode-
level connectivity effects (e.g., high porosity) and/or residual surface species associated
with lithium compensation (e.g., Li;CO3), although such surface phases were not directly
quantified in this work. Figure 5.9d illustrates the electrochemical performance of LCO-S.
Relative to LCO-R in Figure 5.9¢, LCO-S shows improved capacity retention and more
stable voltage behavior, consistent with the refined regeneration conditions designed to
better control residual Li;COs. At 0.1 C, LCO-S delivers approximately 128.82 mAh
g~ !, and exhibits a clear plateau near 3.9 V with limited polarization, similar in shape to
the commercial reference at low rates. With increasing C-rate, the plateau progressively
shortens and the profiles become more sloped, indicating increasing polarization effects:
LCO-S retains 117.86 mAh g~! at 0.5C and 108.66 mAh g~! at 1C, before decreasing to
95.42 mAh g=! at 2C and 67.20 mAh g~! at 5C. Despite the expected high-rate losses,
the voltage profiles remain clearly less degraded than those of LCO-R at the same rates,
highlighting the improvement achieved in the second recycled batch.

5.3.9 Comparison of coulombic efficiency of LCO materials

Coulombic efficiency (CE) is defined as the ratio of discharge capacity to charge capacity
for each cycle:

CE(%) = Quischarge 10 (5.19)

Qcharge

Here, Quischarge and Qcharge denote the discharge and charge capacities measured in the
same cycle, respectively. In an ideal cell without side reactions, CE approaches 100%.
In practical cells, parasitic reactions at electrode/electrolyte interfaces lead to deviations
from 100%. In addition, because the present measurements were performed in Li-metal
half-cells, the Li-metal counter electrode acts as an excess lithium reservoir; therefore,
CE does not directly quantify full-cell cyclable-lithium inventory loss and is strongly
influenced by interfacial parasitic processes at the Li-metal surface, particularly during
the early cycles [373]. Coulombic efficiency (CE) is used in this section as an indicator of
cycle-to-cycle reversibility during the rate-capability protocol, rather than as a long-term
capacity-retention metric. Figure 5.10 provides the full-scale CE evolution for LCO-
C, LCO-M, LCO-R, and LCO-S over the entire stepped-rate (rate capability) protocol
(cycles 1-5: 0.1C; cycles 6-10: 0.2C; cycles 11-15: 0.5C; cycles 16-20: 1C; cycles 21-25:
2C; cycles 26-30: 5C). All cells show CE values below 100% in the first cycle, which
is commonly attributed to initial interfacial side reactions (formation processes) in Li-
metal half-cells. After this initial conditioning, LCO-C, LCO-M, and LCO-S stabilize and
remain close to 100% with only minor fluctuations throughout the subsequent cycles. In
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Figure 5.10: Comparison of coulombic efficiency for four different cells.

contrast, LCO-R shows irregular behavior during the final high-rate segment (5C), where
the CE displays anomalously large spikes exceeding 1000% (cycles ~26-30). These spikes
should be interpreted in the context of the severe polarization observed for LCO-R at
high rates. Under very high current, the cell can reach the voltage cut-off rapidly and the
measured Qcharge becomes exceptionally small; consequently, if Qgischarge remains finite, the
ratio Qdischarge/ @charge Can increase disproportionately. This interpretation is consistent
with the LCO-R voltage-capacity response at 5C, where the discharge curve reaches the
cut-off almost immediately and the accessible capacity collapses. Such severe polarization
may also be influenced by surface residues (e.g., LioCOj3) that can form during synthesis,
which could increase interfacial resistance and accelerate reaching the voltage cut-off under
high current. Because the full-scale plot is dominated by the large CE spikes of LCO-R,
Figure 5.11 replots the same CE data using a limited y-axis window (50-105%) to enable
a clearer comparison of the stabilization behavior and the high-efficiency regime. In this
zoomed view, LCO-C and LCO-M show nearly identical performance, maintaining CE
values close to the 99-100% band across the stepped-rate sequence, including at higher
C-rates. LCO-S exhibits a gradual improvement after the early cycles and approaches
the same 99-100% range, remaining largely comparable to the commercial benchmark.
By comparison, LCO-R displays larger cycle-to-cycle scatter and intermittent deviations
in CE, consistent with less stable interfacial /transport behavior under the stepped-rate
protocol. Overall, the CE trends corroborate the rate-performance observations: LCO-C,
LCO-M, and LCO-S exhibit stable and highly reversible cycling across the stepped-rate
sequence, whereas LCO-R demonstrates unstable behavior under high-rate operation.
This interpretation is consistent with the LCO-R voltage—capacity response at 5C, where
the accessible discharge capacity collapses in Figure 5.9c.
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Figure 5.11: Detailed comparison of coulombic efficiency for four different samples
(zoomed in)

5.4 Conclusion

This chapter presented a comparative electrochemical evaluation of commercial and hy-
brid thermochemically regenerated LiCoO, cathodes, including the commercial bench-
mark LCO-C and the regenerated samples LCO-M, LCO-R, and LCO-S, under identical
electrode-preparation and Li-metal half-cell testing conditions. By comparing charge—
discharge profiles, rate capability, and coulombic-efficiency trends, the relative electro-
chemical performance of regenerated and commercial materials was assessed. Among the
regenerated samples, LCO-M showed the strongest overall response and outperformed
LCO-C particularly at intermediate-to-high C-rates, consistent with its finer sub-micron
particle morphology reducing solid-state diffusion length scales relative to the larger com-
mercial grains. LCO-S achieved performance close to that of the commercial reference
at low and moderate C-rates, with only a modest shortfall at the highest rates. In con-
trast, LCO-R exhibited the weakest rate capability and unstable behavior under high-rate
operation, consistent with severe polarization and cut-off-limited cycling. Overall, these
results indicate that hybrid thermochemical regeneration can yield LiCoO, cathode ma-
terials approaching the performance of commercial references, provided that regeneration
and post-processing conditions are sufficiently well controlled.

The observed differences among the regenerated samples are consistent with variations
in microstructure and processing history. In particular, the strong performance of LCO-
M is consistent with its fine/sub-micron particle morphology and rough surface texture
observed by SEM, which may reduce solid-state diffusion length scales and improve elec-
trolyte accessibility. In contrast, the inferior behavior of LCO-R is plausibly associated
with a combination of irregular fine-particle morphology, high electrode-level porosity,
imperfect particle connectivity, and possible transport-limiting surface species, including
residual or inhomogeneously distributed Li;COg3. Since these surface species were not
directly quantified in this work, this interpretation should be regarded as tentative rather
than confirmed. At the same time, the conclusions of the present experimental campaign
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should be interpreted within the limits of the adopted methodology. Owing to the limited
experimental time window available during the research period at the University of Notre
Dame, the study was conceived as a short-term comparative benchmark rather than as
a full long-term durability assessment. Extended cycling experiments and advanced di-
agnostics such as EIS, GITT, or systematic structural confirmation by complementary
techniques were not carried out within the scope of this work. Therefore, the mechanistic
interpretation of the present results remains limited to trends that are consistent with the
observed electrochemical behavior and microstructural evidence.

Within these limits, the electrochemical benchmarking framework established in this
thesis also provided the basis for the electrochemical section of Yeghisyan et al. [28],
where subsequent process refinements were pursued to obtain more consistent and higher-
performing regenerated materials. From a broader perspective, the present results support
the continued development of sustainable regeneration routes for LCO cathodes and pro-
vide a comparative foundation for future optimization of synthesis, electrode fabrication,
porosity control, and long-term electrochemical validation.
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Chapter 6

Conclusions and outlook

In this final chapter, the main outcomes of the thesis are synthesized and placed in
the broader context of the literature on lithium-ion batteries, electro-chemo-mechanical
modeling, and cathode recycling. Lithium-ion batteries (LIBs) have become the dominant
technology for portable electronics, electric vehicles and grid-scale storage because of their
high energy density and long cycle life [142, 307, 374]. At the same time, advanced con-
tinuum and electro-chemo-mechanical models have been developed to better understand
performance and degradation of lithium-ion cells, with the aim of improving lifetime and
safety [375, 376]. In parallel, their rapid deployment raises concerns about resource avail-
ability, environmental impacts, and end-of-life management, spurring intensive research
into physics-based continuum models for degradation prediction and lifetime extension,
as well as effective recycling and circular-economy strategies [377, 378, 379].

Against this background, the work presented in this thesis addresses these issues in two
main parts. On the modeling side, the thermodynamically consistent continuum multi-
physics framework proposed by Magri et al. [278] is adopted and implemented within
a high-performance computing environment using the open-source finite element library
deal.ii. This implementation extends previous work by enabling fully three-dimensional
simulations of a realistic lithium-ion cell geometry, resolving the coupled electro-chemo-
mechanical response within a Li/LCO half-cell. On the experimental side, a comparative
study of commercial and hybrid thermochemically regenerated LiCoO, (LCO) cathodes
is carried out, in order to assess the performance of regenerated materials obtained from
different feedstocks and processing routes, and to evaluate the potential of direct regen-
eration as a route towards more sustainable battery materials.

6.1 Summary of main contributions

This thesis brings together two related lines of work on LiCoO,-based lithium-ion half-
cells. The first part develops a thermodynamically consistent continuum model to study
the coupled electro-chemo-mechanical behavior of the cell during operation. The second
part presents an experimental comparison between regenerated and commercial LiCoO,
cathodes under controlled half-cell conditions. These two parts are not combined into a
fully calibrated model-experiment framework. However, they are connected by a common
objective: to improve the understanding and evaluation of LCO-based cathodes from both
a modeling and an experimental point of view. In this way, the thesis contributes both
to the study of coupled battery behavior and to the assessment of cathode regeneration
as a possible route for cathode recovery.
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The main scientific contributions of the thesis can be summarized as follows. First, a
three-dimensional, multi-domain, thermodynamically consistent electro-chemo-mechanical
continuum model for an LCO-based lithium-ion half-cell has been formulated and imple-
mented in a finite-element framework based on deal.Il. Second, the numerical results
clarify how mechanical coupling modifies lithium redistribution, overpotential fields, and
stress localization under different C-rates, thereby providing mechanistic insight into rate-
dependent battery response. Third, a controlled comparative electrochemical study has
shown that selected regenerated LiCoOs powders can approach the short-term perfor-
mance of commercial references, while also identifying the limiting roles of microstructural
heterogeneity and impurity-related effects in less successful regenerated samples. Finally,
by placing these modeling and experimental contributions within a common LiCoO,-
centered framework, the thesis establishes a basis for future model-guided evaluation and
optimization of regenerated cathode materials.

6.1.1 Continuum electro-chemo-mechanical modeling

Chapters 3 and 4 of this thesis addressed the problem of modeling the coupled electro-
chemo-mechanical behavior of lithium-ion batteries from a continuum perspective. In
Chapter 3, the focus was restricted to all-solid-state lithium-ion batteries (ASSLIBs), and
a targeted critical review was conducted in the spirit of the recent comparative study by
Yildiz et al. [226], to highlight the modeling choices most relevant to the present work.
Particular attention was given to one-dimensional single-ion-conduction models for thin-
film ASSLIBs [245], advanced frameworks for solid electrolyte intercalation batteries [246],
and all-solid-state cell models featuring two-mechanism ionic transport and multiscale-
compatible formulations [247, 248]. Taken together, these contributions illustrate how
charge transport and interfacial kinetics in ASSLIBs can be cast into thermodynamically
consistent continuum formulations and provide the mathematical tools that underpin
the multi-physics modeling strategy adopted later in this thesis. Building on this founda-
tion, Chapter 4 implemented a thermodynamically consistent continuum model [249, 278|
rooted in the Larché-Cahn framework [261], posed as an initial- and boundary-value prob-
lem over a realistic three-dimensional cell geometry. The model simultaneously accounts
for

e lithium mass transport in the electrolyte and cathode,
e clectric potential in the electrolyte, cathode, and metallic foils,

e small-strain elastic deformation in all solid constituents, including volumetric shrink-
age due to intercalation.

The governing equations were derived systematically from balance laws and thermo-
dynamic restrictions, and then recast in weak form for each domain (electrolyte, cathode,
foils, and interfaces). The resulting coupled system was discretized in space via finite
elements and in time via an implicit scheme, and solved through a Newton—-Raphson
procedure implemented in a high-performance computing environment using deal.ii.

The numerical study in Chapter 4 demonstrated that the model:

e Exhibits the expected electrochemical trends, namely a lower terminal voltage and
a reduced accessible capacity as the C-rates increase,
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e Predicts highly non-uniform lithium concentration and stress fields within the cath-
ode microstructure, with near-surface lithium accumulation and strong stress local-
ization at particle—particle contacts and in regions close to the cathode—electrolyte
interface. The growth of the global maximum stress is steeper at higher C-rates
and, for a given lithiation state, the maximum von Mises stress follows the ordering
2C > 1C > 0.5C, even though the deeply lithiated 0.5C case attains the largest
stresses near the end of discharge,

e Indicates that chemo-mechanical coupling, incorporated via the stress-dependent
Larché-Cahn chemical potential and the surface OCP modifies the overpotential
and stress fields and, leads to a measurable increase in dischargeable capacity and
a change in the voltage profile compared with a purely electrochemical model, es-
pecially at 2C.

Rather than proposing an entirely new theoretical framework, the present modeling
work therefore contributes a fully coupled, multi-domain finite element implementation
of this thermodynamically consistent electro-chemo-mechanical formulation for a realistic
three-dimensional Li/LCO half-cell. In this sense, it sits between classical one-dimensional
cell-level descriptions and purely cathode-microstructure-focused simulations by resolving
both the porous LiCoOs microstructure and the entire Li/LCO half-cell configuration
(lithium metal anode, separator-embedded electrolyte and metallic current collectors)
within a single consistent framework.

6.1.2 Comparative electrochemical study of commercial and re-
generated LiCoQO; cathodes

Chapter 5 presented an experimental study carried out at the University of Notre
Dame, where commercial LCO powders (LCO-C), regenerated-from-commercial powders
(LCO-M), and recycled powders from spent lithium-ion batteries (LCO-R, LCO-S) were
compared under identical electrode fabrication and coin-cell testing conditions.

The hybrid thermochemical regeneration method developed in the Nuclear Science
Laboratory of the University of Notre Dame was first applied to a commercial LCO feed-
stock to produce the regenerated batch LCO-M. Under the present fabrication protocol,
the electrochemical performance of LCO-M was found to be broadly consistent with that
of the commercial reference LCO-C across C-rates from 0.1C to 5C, confirming that the
route can deliver high-quality LiCoOy when starting from a clean feedstock.

The next step extended the method to precursors recovered from spent battery packs.
The first recycled batch, LCO-R, was synthesized from spent-cell leachate using the same
hybrid thermochemical route, with Li;COj3 addition to compensate lithium losses and
target a Li:Co ratio near 1:1. Nevertheless, LCO-R exhibited

e lower initial discharge capacities than LCO-C and LCO-M,
e pronounced capacity decay with increasing C-rate,
e nearly negligible capacity at 5C, particularly for the higher-loading electrode.

Morphological inspection via SEM revealed that LCO-R displays a fine, texturally ir-
regular particle morphology superficially comparable to LCO-M, with no obvious large ag-
glomerates apparent from the images. Nonetheless, LCO-R presents the highest electrode-
level porosity among the four materials, indicating less efficient packing under the present
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fabrication conditions, which is expected to exacerbate polarization at elevated C-rates.
Notably, the discrepancy between the relatively fine particle morphology and the markedly
inferior electrochemical performance suggests that surface-chemical limitations are the
primary performance-determining factor, with high electrode-level porosity providing a
secondary contributing effect. In this regard, the synthesis route suggests that residual
Li,CO3 at the particle surface may impede lithium-ion transport and increase interfa-
cial resistance, in line with literature reports on carbonate surface layers on LCO cath-
odes [370, 371, 380], although such surface species were not directly quantified in this
work.

A second recycled batch, LCO-S, regenerated from the same spent-cell feedstock but
under refined Li:Co compensation and annealing conditions, showed a bimodal particle
size distribution — with a fine sub-micron matrix alongside larger agglomerated clusters
— representing a partial but incomplete recovery of morphological quality relative to
LCO-R. Although the electrochemical data set was not as extensive as initially planned
due to time constraints, the available results indicate that LCO-S narrows the performance
gap with commercial material, particularly at moderate C-rates, supporting the notion
that careful tuning of synthesis parameters and impurity control enables the regeneration
of cathodes with competitive rate capability.

In summary, the experimental work demonstrates that:

e The hybrid thermochemical route developed at the Nuclear Science Laboratory of
the University of Notre Dame can regenerate commercial LiCoOy (LCO-M) with
electrochemical performance broadly comparable to that of the commercial reference
LCO-C when a clean feedstock is used.

e Applying the same route directly to spent-cell-derived precursors (LCO-R) under
insufficiently optimized regeneration conditions led to a fine but texturally irregular,
highly porous electrode structure together with poor high-rate performance.

e The combination of elevated electrode porosity and surface-chemical inhomogene-
ity arising from the synthesis route given in [28], which involves Li;COj3 addition,
provides a plausible mechanistic explanation for the inferior behavior of LCO-R in
terms of interfacial resistance and rate sensitivity. Although XPS measurements
were not available in this work to directly confirm the surface chemistry, this inter-

pretation is consistent with literature reports on carbonate-containing surface layers
on LCO cathodes [370, 371].

e Refinement of the Li:Co compensation and annealing conditions partially recovered
the electrochemical response of LCO-S and may have reduced transport-limiting
residual surface species relative to LCO-R, although this was not directly confirmed
by surface-chemical analysis.

These laboratory-scale results also served as a precursor to the subsequent optimiza-
tion and scale-up study of the same hybrid thermochemical route reported by Yeghishyan
et al. [28]. In that work, regenerated LiCoOy materials with electrochemical performance
even more closely comparable to commercial powders were obtained by refining the syn-
thesis conditions on the basis of insights gained from the LCO-M, LCO-R and LCO-S
batches tested in this thesis.
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6.2 Limitations of the present work

While the thesis makes progress on both modeling and experimental fronts, several
limitations must be acknowledged.
On the modeling side, the following simplifying assumptions were introduced:

The analysis was restricted to isothermal conditions, hence thermal gradients and
heat generation due to ohmic (Joule) losses and electrochemical processes (irre-
versible and reversible/entropic heat) were neglected. Consequently, temperature-
dependent feedback on transport properties, reaction kinetics, thermodynamics
(e.g., OCP), and mechanical response could not be captured.

All solid constituents (LCO cathode, electrolyte-soaked separator, and metal foils)
were modeled using small-strain linear elasticity. Swelling (chemical expansion) was
considered only in the LCO cathode, where it was introduced as a concentration-
dependent eigenstrain. Large-strain deformations, plastic deformation, and fracture
were not included, although they can be relevant for high-capacity materials or
under severe operating conditions.

Interfacial degradation mechanisms such as solid—electrolyte interphase growth, loss
of active surface area, delamination and crack propagation were not modeled ex-
plicitly. Interface conditions were enforced by Butler—Volmer-type relations with
prescribed kinetic parameters and did not evolve with damage.

The microstructure of the cathode was represented by idealized particle-resolved
geometries, generated to reflect realistic volume fractions and particle size distribu-
tions but not reconstructed from tomography or imaging. This restricts the model’s
ability to capture microstructural features such as particle connectivity, binder dis-
tribution and tortuosity with full fidelity.

On the experimental side, the main limitations are linked to the finite duration of the
research stay in the host laboratory:

The electrochemical study lasted only about five months, which limited the scope of
the test plan and the duration of cycling protocols. As a result, mainly short-term
rate-capability tests were performed, along with only a limited number of cycling
experiments. Long-term aging behavior was outside the scope of this work.

Advanced electrochemical diagnostics such as cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) or intermittent titration techniques were not
systematically employed. This restricts the ability to deconvolute charge-transfer,
transport and interfacial contributions to performance and to identify degradation
modes in a quantitative way.

A comprehensive model-experiment cross-validation and parameter identification
campaign was beyond the scope of the available time. As a result, the continuum
model was not calibrated directly against the coin-cell data generated in this work,
and the two parts of the thesis remain methodologically independent.

These limitations do not undermine the main findings, they simply define the scope
in which the results apply and point to the future work discussed in the next section.
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6.3 Perspectives and future research directions

Building on the modeling and experimental contributions of this thesis, several avenues
for future research can be identified.

6.3.1 Model development and extensions

Several directions appear promising for extending the modeling framework developed in
this work:

e Incorporating thermo—electro—-chemo—mechanical coupling by adding an energy bal-
ance equation would enable the simulation of temperature evolution and its feed-
back on reaction kinetics, transport coefficients, and mechanical response. This
is essential for studying fast charging, high-power operation, and thermal-runaway
precursors within a unified framework.

e Moving beyond small-strain elasticity by adopting finite-strain kinematics and in-
troducing inelastic mechanisms (e.g., viscoelasticity, plasticity, and fracture) would
enable the analysis of high-volume-change materials and large deformations in com-
posite electrodes and polymeric separators. Such extensions would also provide a
pathway to modeling crack initiation, particle pulverization, and interfacial delam-
ination under repeated cycling.

e Achieving more realistic microstructural representation by replacing idealized, ran-
domly generated particle packings with tomography-based geometries reconstructed
from actual electrodes would allow a more accurate assessment of microstructural
effects on performance and degradation. This would also facilitate direct comparison
with experimentally characterized samples.

e Improving the interface description beyond the Butler—Volmer relations used in
this work by accounting for concentration- and stress-dependent kinetics, evolving
interfacial resistance (e.g., film growth), and loss of active area would help bridge the
gap between continuum fields and observed degradation patterns. Coupling these
effects with mechanical damage variables would further strengthen the link between
electrochemical response and mechanically driven degradation.

6.3.2 Strengthening the link between modeling and experiments

A second major direction is the integration of the continuum model with targeted exper-
iments:

e Designing electrochemical tests based on model sensitivity (e.g., short high-current
pulses, controlled relaxation periods, or multistep rate sequences) can generate data
that isolates the influence of specific transport and kinetic parameters, improving
parameter identifiability during calibration.

e Calibrating key transport and kinetic parameters against coin-cell voltage—capacity
data for both commercial and regenerated LCO cathodes would allow the model
to make material and process specific quantitative predictions (e.g., rate capability
and polarization trends) rather than only reproducing qualitative behavior.
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e Combining simulations with complementary electrochemical diagnostics (e.g. EIS
and operando methods) could help attribute deviations between regenerated and
commercial materials to specific mechanisms such as ionic transport limitations,
increased charge-transfer resistance, or altered mechanical constraints.

In this broader context, once systematically calibrated and benchmarked against tar-
geted experiments, the continuum modeling framework developed in this thesis could
serve as the basis for a digital-twin-type tool to virtually test regenerated cathodes under
various designs and operating conditions before large-scale experimental campaigns are
launched.

6.3.3 Implications for recycling and cathode regeneration

From an application standpoint, the experimental results indicate that hybrid thermo-
chemical regeneration of LCO is a promising pathway for closing the materials loop in
lithium-ion batteries.

Future work could explore:

e Extending the comparative framework to other cathode chemistries (NMC, NCA,
high-voltage spinels) to evaluate how regeneration strategies and performance re-
covery depend on crystal chemistry and microstructure.

e Integrating regenerated materials into full-cell configurations and evaluating their
performance under realistic duty cycles for consumer electronics or electric-vehicle
applications.

e Establishing links between synthesis parameters, microstructural features (particle
size distribution, porosity, crack density) and electrochemical performance, for ex-
ample by combining advanced characterization (e.g. tomography) with continuum-
scale modeling.

e Investigating the long-term durability of regenerated cathodes under severe operat-
ing conditions, including fast charging, elevated temperatures and extended cycling,
with particular attention to impedance growth, mechanical degradation and loss of
active material.

6.4 Final remarks

This thesis has combined advanced continuum modeling with targeted electrochemi-
cal experiments to gain insight into the behavior of LiCoOs-based lithium-ion cells and
the potential of regenerated cathode materials. The three-dimensional electro—chemo-—
mechanical model provides a practical basis for studying complex multi-physics interac-
tions in realistic cell architectures, while the experimental benchmarking study indicates
that under the present electrode fabrication and short-term testing conditions, regener-
ated LCO powders can approach the performance of commercial references.

Although the two parts were not fully coupled through calibration or validation, to-
gether they highlight complementary insights and motivate a future integrated workflow
in which modeling and experiments can inform each other in the design of more sustain-
able, reliable and resource-efficient battery systems. The limitations identified in this
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work point to promising directions for further research, ranging from thermo—electro—
chemo—mechanically coupled simulations and microstructure-resolved modeling to long-
term cycling studies and advanced diagnostics on regenerated materials.

In conclusion, the results presented here contribute to ongoing efforts to develop quan-
titative, physics-based models and circular-economy strategies for lithium-ion batteries.
They also highlight that electrochemistry, transport, and mechanics must be considered
together when interpreting cell behavior and evaluating regenerated cathodes.
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