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ABSTRACT

Lithium-sulfur batteries (LSBs) represent a compelling alternative in pursuing
advanced energy storage systems, with the potential to surpass conventional lithium-
ion batteries. This appeal stems from their commendable practical gravimetric energy
density, surpassing 400 Wh kg, with further improvement on the horizon. Despite
these promising characteristics, the successful integration of LSBs into the market
relies on overcoming a range of challenges inherent to this technology. Given the
multifaceted nature of these challenges, this thesis adopts a holistic approach,
developing individualized strategies for each cell component to deploy a unified final
device. Beyond component-level innovations, this work places significant emphasis on
the systematic evaluation of the upscaling process associated with the developed
approach, recognizing its pivotal role in leading to practical advancements and
facilitating the broader application of this technology.

Within the objective of optimizing the sulfur cathode, the integration of
graphene-based activated carbons as sulfur hosts has offered remarkable results, with
the ResFArGO material standing out as particularly effective. The outstanding intrinsic
properties of ResFArGO contributed to an enhanced compatibility with lithium
polysulfides (LiPS), effectively trapping and mitigating the shuttle effect's adverse
impact. This, coupled with the improved electronic conductivity attributed to the
presence of graphene, enhances the overall performance of LSBs under different
operational conditions, highlighting the material’s effectiveness.

Given the promising potential of ResFArGO and in a concerted effort to uphold
the cost-effective advantage of Li-S batteries, a strategic additive approach was
systematically explored to ensure the practical and economic viability of this material.
Notably, even minimal quantities of ResFArGO, when combined with a commercial
carbonaceous material, harnessed the intrinsic properties of ResFArGO, significantly
improving the compatibility with the LiPS. Moreover, the presence of ResFArGO
demonstrated its efficacy as an electrocatalyst, actively promoting the sulfur redox
reactions intrinsic to the operation of Li-S batteries, thereby resulting in commendable
cell performance.

In the pursuit of optimizing the sulfur cathode through the use of ResFArGO,
it became evident that the conventional electrolyte, often employed as a reference in
LSBs, fell short of ensuring long-term and stable cycling. In response to this limitation,
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the investigation shifted towards exploring gel polymer electrolytes as a potential
solution to the challenges posed by the conventional electrolyte. The result of this
investigation, denoted as GPE_20, exhibited commendable individual properties and
demonstrated promising performance in lithium iron phosphate (LFP)-based lithium
metal batteries. However, despite these positive attributes, the GPE_20 was unable
to mitigate the dissolution of LiPS and manage the reaction of the polymer matrix and
the lithium metal anode, regrettably resulting in unsuitable battery performance.

At this point, successfully implementing tailored sparingly solvating
electrolytes for application in LSBs proved pivotal to achieving the defined objectives.
The strategic incorporation of the lithium bis(fluorosulfonyl)imide (LiFSI) salt within
the electrolyte formulation was key to harnessing the benefits conferred by the
distinctive solvation structure of this family of electrolytes. This inclusion was
instrumental in ensuring long-term compatibility with the lithium metal anode.
Moreover, the absence of free solvent molecules, a characteristic feature of this
electrolyte family, emerged as a critical factor in mitigating the dissolution of LiPS in
the electrolyte. Additionally, this attribute, coupled with well-selected electrolyte
components, contributed to solidifying the non-flammable nature of this electrolyte,
fundamental for guaranteeing the safety of the battery system. This electrolyte not
only met the essential criteria for an optimal electrolyte in Li-S technology but also
demonstrated outstanding compatibility with graphene-based sulfur cathodes. This
synergistic combination vyielded impressive cell performances, showcasing
remarkable sulfur utilization and long-term cycle life.

The concluding chapter, dedicated to a comprehensive evaluation of the LSBs
upscaling process, provided fundamental insights. The developed energy density
calculation model facilitated the identification of the most influential operational
parameters and established the necessary operating conditions to achieve high
energy density LSBs. Furthermore, as an intermediate step in the scale-up process,
the analysis of the monolayer pouch cells revealed substantial differences when
compared to the performances observed in small coin cells, particularly in terms of
cyclability. Notably, systems employing the conventional DME/DOL electrolyte
experienced a noteworthy reduction in cyclability attributed to poor compatibility
with the lithium metal anode. In stark contrast, the holistic system emerged as the
sole configuration capable of ensuring cyclability comparable to coin cells. Finally, 1.1
Ah multilayer pouch cells were adeptly assembled and tested, demonstrating the
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scalability of the strategies designed throughout the thesis in cells closely aligned to
practical applications. Notably, these cells reiterated the cyclability issues of the
conventional electrolyte, despite achieving remarkable energy density values,
exceeding the impressive barrier of 300 Wh kg. Conversely, despite facing new
operational challenges arising from the upscaling process, the holistic system
demonstrated its commendable cell stability and sustained long-term cycling even
under Ah-level prototype cells.

Consequently, the obtained results underscore the substantial improvement
achieved in the performance and stability of the Li-S cells through implementing the
holistic approach, even at the prototype scale. This work establishes a robust
groundwork for future improvements and optimizations of the system, with the
overarching objective of further enhancing the performance of prototype cells.
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Resumen

La transicion hacia un modelo de produccién de energia renovable y
sostenible, asi como la electrificacién del transporte, son pasos fundamentales para
combatir los problemas medioambientales actuales vinculados al uso extensivo de
combustibles fésiles. En ambos ambitos, el desarrollo de sistemas de almacenamiento
electroquimico eficientes se presenta como un componente fundamental para
alcanzar estos objetivos. En este contexto, las baterias de litio-ion (BLI) han
transformado completamente la perspectiva de la electrénica portatil y han
propiciado el inicio de la transicidon hacia la movilidad eléctrica, consoliddndose como
solucién de uso generalizado comercialmente. No obstante, esta tecnologia estd
alcanzando sus limites tedricos de rendimiento, lo que la incapacita para satisfacer los
requerimientos energéticos de las aplicaciones emergentes.

Para superar esta limitacidn, resulta fundamental explorar nuevas tecnologias
de bateria, destacando aquellas denominadas “de siguiente generacién”. En este
contexto, la tecnologia de litio-azufre emerge debido a su excepcional densidad
energética. Estas baterias se fundamentan en la incorporaciéon del azufre como
material activo en lugar de los 6xidos metdlicos complejos como el fosfato de hierro
y litio (LFP) o el 6xido de manganeso cobalto y niquel (NMC) empleados en las BLI,
junto con la incorporacion de un dnodo de litio metdlico. El azufre se distingue por ser
un material econdémico, sostenible medioambientalmente y con una elevada
capacidad tedrica de 1675 mAh g?, incrementando en 10 veces la capacidad de las
actuales BLI. Estas caracteristicas confieren a esta tecnologia de bateria la capacidad
de proporcionar un almacenamiento energético por unidad de masa
considerablemente superior por un precio inferior al de los d6xidos metdlicos
complejos, convirtiéndose asi en un candidato idéneo para aplicaciones en las que la
masa del dispositivo es un factor critico.

A pesar de las prometedoras propiedades tedricas anteriormente
mencionadas, la tecnologia de Li-S se enfrenta a multiples desafios operacionales que
han obstaculizado hasta la fecha su comercializacion. Por un lado, se destacan los
problemas intrinsecos de la tecnologia, entre los que se incluye la naturaleza aislante
del azufre, las variaciones de volumen durante el ciclado de la bateria, debido a la
diferencia de densidad entre los productos de partida y los finales de la reaccion de
conversion, la disolucién y, por consiguiente, la pérdida de los compuestos
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intermedios de la reaccién (conocido como “efecto shuttle”) y la degradacion del
anodo de litio metdlico. Por otro lado, se encuentran los problemas operacionales
asociados con el proceso de escalado de la tecnologia al tratar de ajustar las
condiciones de operacion a las necesarias para aplicaciones practicas. En la ultima
década, en el mundo académico se han dedicado considerables esfuerzos de
investigacion para resolver los desafios inherentes de la tecnologia, dando lugar a
avances pioneros que han mejorado sustancialmente su rendimiento. Sin embargo,
es importante sefialar que gran parte de estos estudios se han llevado a cabo en
condiciones de operacién ideales, alejadas de los requisitos necesarios para
aplicaciones practicas. Esta disparidad, junto con la limitada atencidn al estudio del
proceso de escalado, ha generado una brecha sustancial entre la investigacién
académica y la industria en el ambito de las baterias de Li-S (BLS). Con el objetivo de
reducir esta brecha, para impulsar la futura comercializacién de las BLS, resulta crucial
intensificar la investigacion centrada en el proceso de escalado en prototipos con
condiciones cercanas a los requerimientos industriales.

En este contexto, considerando la naturaleza multidisciplinar de los desafios
gue enfrenta la tecnologia de Li-S, esta tesis aborda la implantacién de un enfoque
holistico para las BLS. Con este enfoque en mente, la tesis fue planteada como el
desarrollo de estrategias individualizadas para cada uno de los componentes de la
celda, con el objetivo final de unificar todas las mejoras en un dispositivo final.
Asimismo, dada la importancia de cerrar la brecha entre el mundo industrial y el
académico anteriormente explicada, se dedicé un especial énfasis en el proceso de
escalado, poniendo el foco en el desarrollo de materiales con viabilidad industrial y
profundizando el estudio del rendimiento de las estrategias desarrolladas a escala
prototipo.

El Capitulo I de la tesis doctoral se centré en el estudio bibliografico del estado
del arte de la tecnologia. En dicha busqueda bibliografica, se investigaron las
diferentes problematicas de la tecnologia de Li-S, asi como las posibles estrategias
viables para su desarrollo.

Posteriormente, los primeros pasos practicos de este proyecto de tesis, dado
su caracter fundamental y su papel diferenciador en la tecnologia de Li-S, se centraron
en la optimizacion del catodo de azufre. Esta optimizacion puede ser seguida a lo largo
de los Capitulos Il y lll de la tesis. En el Capitulo Il, basandose en una tecnologia ya
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consolidada como los condensadores electroquimicos y aprovechando los requisitos
coincidentes entre ambas tecnologias referentes a los materiales carbonosos a
utilizar, se seleccionaron diversos componentes carbonosos en base al conocimiento
de una tecnologia consolidada y madura como los supercondensadores. En este
sentido, se estudié de forma pionera la implementacion de carbones activados
basados en grafeno como alternativa prometedora para servir como “anfitriones” de
azufre. En esta investigacion, se sintetizaron e incorporaron a la formula del catodo
de azufre dos carbones activados de distintas fuentes, denominados rGOCaf y
ResFArGO. Los materiales resultantes, especialmente el ResFArGO, demostraron una
destacada combinacidn de propiedades tanto texturales, agrupadas en una estructura
plana bidimensional, alta area superficie especifica y adecuada microporosidad, como
una quimica superficial de naturaleza polar. Esta combinacién de propiedades
favorecié la compatibilidad del catodo de azufre con los polisulfuros de litio generados
por las reacciones de conversion del sistema, mitigando parcialmente los problemas
asociados al “efecto shuttle”. Ademas, la mejorada conductividad electrénica, debida
a la presencia de grafeno, contribuyd a lograr excelentes rendimientos de celda bajo
diferentes protocolos de ciclado.

Impulsados por los excelentes resultados demostrados por el ResFArGO en el
Capitulo Il, el siguiente capitulo se centré en la evaluaciéon de su viabilidad practica y
econdmica, con el objetivo final de escalar el sistema. Para ello, se investigd la
incorporacién del ResFArGO como aditivo, al porcentaje de material carbonoso del
sistema, completado por un material comercial de bajo coste conocido como
Ketjenblack KJ600. A pesar de la reduccién en su contenido, la combinacién entre el
carbén comercial y el ResFArGO mantuvo las excelentes propiedades inherentes del
ResFArGO. Ademas, se determind que la inclusién de este material como aditivo en la
receta del catodo permitié mejorar altamente la cinética de las reacciones redox
correspondientes al funcionamiento de las BLS, destacando la funcién del ResFArGO
como electrocatalizador. Estas propiedades favorables posibilitaron que el sistema
basado en ResFArGO como aditivo exhibiera rendimientos de celda comparables a los
observados en el Capitulo Il cuando el ResFArGO se utilizé como fuente uUnica de
carbén estando en mayores proporciones. Estos resultados corroboraron la eficacia
de la estrategia implementada, logrando un equilibrio exitoso entre aplicabilidad y
rendimiento.
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La optimizacién del catodo de azufre evidencié simultaneamente la limitacion
del electrolito liquido convencional de la tecnologia de Li-S para garantizar un ciclado
de bateria a largo plazo, resultando en una capacidad maxima de ciclado de tan solo
50 ciclos. Esta limitacion en la ciclabilidad, combinada con los desafios de seguridad
inherentes de la utilizacion de electrolitos liquidos inflamables junto con litio metalico,
subraya la necesidad de explorar nuevas soluciones de electrolito con el fin de cumplir
con los objetivos marcados para este trabajo. Los Capitulos IV y V se enfocaron en
abordar estas limitaciones de ciclabilidad y seguridad, consideradas como el principal
desafio de la tecnologia. El Capitulo IV se centrd en la aplicacién de electrolitos de
geles poliméricos como una alternativa viable para baterias de Li-S. En este caso, se
empled un proceso de fabricacion facilmente escalable para desarrollar los
electrolitos. Estos electrolitos demostraron un balance satisfactorio de propiedades
individuales, como su adecuada integridad estructural, su alta estabilidad térmica, su
naturaleza ignifuga y las notables propiedades electroquimicas como por ejemplo su
alta conductividad idnica a temperatura ambiente. No obstante, a pesar de estas
cualidades tan prometedoras, la falta de mitigacion de la disolucién de polisulfuros de
litio, combinada con la incontrolada reactividad de la matriz polimérica con el anodo
de litio metalico, dieron lugar a una serie de reacciones parasitarias, resultando en un
pobre rendimiento en celdas de Li-S.

Estos resultados adversos fueron fundamentales para identificar a la
supresién de la disolucién polisulfuros de litio y la compatibilidad entre el electrolito
y el anodo de litio metalico como aspectos claves a tener en cuenta en el desarrollo
de un electrolito ideal para su aplicacion en BLS. Con esto en mente, el Capitulo V se
adentrd en el desarrollo de electrolitos pobremente solventes como candidatos para
su utilizacién en la tecnologia de Li-S de alto rendimiento. En este sentido, la
estratégica incorporacién de la sal de litio LiFSI permitié explotar las propiedades de
solvatacion Unicas de esta familia de electrolitos, gracias al papel fundamental que
desempena el anion de la sal empleado en su formulacion. De esta forma, se logré
una excelente compatibilidad con el danodo de litio metdlico evidenciado en el
comportamiento en la deposicion de litio metalico y la formacién de capas protectoras
ricas en LiF sobre el anodo. Asimismo, la ausencia de moléculas libres de disolvente,
caracteristica de esta familia de electrolitos, contribuyd a mitigar la disoluciéon de los
polisulfuros de litio, uno de los aspectos claves anteriormente mencionado. Ademas,
la seguridad de la bateria fue asegurada por la naturaleza no inflamable del electrolito
desarrollado caracterizada mediante diversas pruebas de flamabilidad llevados a cabo
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durante la presente tesis. Por ultimo y no por ello menos importante, este electrolito
no solo cumplié con los requisitos clave para ser una alternativa idénea identificados
en el Capitulo IV, sino que también presenté una excelente compatibilidad con los
catodos de azufre que incorporan ResFArGO. Esta sinérgica relacién se tradujo en una
mejora de la mojabilidad del sistema que resulté en rendimientos de celda
extraordinarios, ofreciendo tasas elevadas de utilizacidon de azufre al mismo tiempo
gue garantiza un ciclado estable a largo plazo. Por lo tanto, estos resultados
ejemplificaron la eficacia del enfoque holistico de bateria implementado en este
trabajo de tesis.

Finalmente, motivados por los resultados obtenidos en los capitulos
anteriores de la tesis, el Capitulo VI presenta una evaluacién detallada del proceso de
escalado de las diversas estrategias desarrolladas en celdas prototipo a nivel de Ah
con relevancia industrial. Inicialmente, el desarrollo y estudio del modelo de densidad
energética permitieron identificar los parametros operacionales mas influyentes y
establecer, con ello, las condiciones necesarias para alcanzar los tan necesarios altos
valores de densidad energética en el dispositivo final. Debido a la gran diferencia entre
las celdas a escala de laboratorio con las industriales, se determind la realizacién de
un paso intermedio realizando con ello el analisis del rendimiento de las celdas tipo
pouch monocapa. Estas celdas monocapa evidenciaron una notable reduccion de la
ciclabilidad en comparacién con los resultados obtenidos a escala laboratorio con las
celdas de tipo botdn debido a los problemas inherentes del uso de laminas de litio
metdlico de mayor superficie. Sin embargo, en esta etapa intermedia, el sistema
holistico demostré ser capaz de garantizar un ciclado notable, reforzando asi la
eficacia evidenciada a escala laboratorio. Finalmente, el paso final de la tesis doctoral
tuvo como objetivo el estudio de las celdas prototipo a nivel de Ah. Estas celdas
volvieron a evidenciar los problemas del ciclado largo del electrolito convencional a
pesar de los remarcables valores tanto de capacidad como de densidad energética,
superior a 300 Wh kg. Por el contrario, el sistema holistico, a pesar de enfrentar
nuevos desafios operacionales derivados del proceso de escalado, mantuvo su
caracteristica estabilidad y ciclado a largo plazo incluso en las desafiantes condiciones
de las celdas prototipo, volviendo a evidenciar la buena compatibilidad del electrolito
desarrollado con el anodo de litio incluso en estas condiciones tan desafiantes.

En resumen, la implementacidn del enfoque holistico como estrategia para
abordar los desafios de las BLS, llevado a cabo en este trabajo, ha permitido mejoras
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significativas tanto del rendimiento de la celda como, de forma destacada, en su
estabilidad de ciclado, incluso a escala prototipo con relevancia industrial. Los
resultados presentados se encuentran entre los mas destables dentro del estado del
arte de la tecnologia de Li-S y sientan las bases para futuras mejoras del sistema,
enfocadas en la optimizacion del rendimiento de las celdas prototipo desarrolladas en
el proyecto actual.
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2D Bidimensional

AC Activated carbon

AC Alternating current

AGG Cation-anion aggregate

ATR-FTIR Attenuated total reflectance-Fourier transform infrared
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CCD Critical current density

CE Coulombic efficiency

CIP Contact ion pairs

CcMC Carboxymethyl cellulose

cv Cyclic voltammetry

DC Direct current

DME 1,2-Dimethoxyethane

DOL 1,3-Dioxolane

e Electrons

EDS Energy dispersive spectrometry

EES Electrochemical energy storage

EIS Electrochemical impedance spectroscopy
EU European Union

EV Electric vehicle

eVTOL Electric vertical take-off and landing
GNP Graphene nanoplatelets

GO Graphene oxide

GPE Gel polymer electrolyte
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HCE Highly concentrated electrolytes

HFE Hydrofluoroether
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LCO Lithium cobalt oxide

LE Liquid electrolyte

LED Light-emitting diode

LFP Lithium iron phosphate

LHCE Localized high-concentration electrolytes
Li* Lithium ions

LIB Lithium-ion battery

LiDFTFSI Lithium (difluoromethanesulfonyl)(trifluoromethanesulfonyl)imide
LiFSI Lithium bis(fluoromethanesulfonyl)imide
LiPS Lithium polysulfides

LiTFSI Lithium bis(trifluoromethanesulfonyl)imide
LMA Lithium metal anode

LMB Lithium metal battery

LSB Lithium-sulfur battery

MD Molecular dynamics

MWCNT Multiwalled carbon nanotube

NIB Sodium-ion battery

Ni-MH Nickel-metal hydride

PEGDME Poly(ethylene glycol dimethyl ether)
PMMA Poly(methyl methacrylate)

PSD Pore size distribution



List of abbreviations

PVdF Poly(vinylidene fluoride)

PVdF-HFP Poly(vinylidene fluoride-co-hexafluoropropylene)
rGo Reduced graphene oxide

RT Room temperature

SBR Styrene butadiene rubber

SEI Solid electrolyte interphase

SEM Scanning electron microscopy

SET Self-extinguishing time

SS Stainless steel

SSE Sparingly solvating electrolytes

SSIP Solvent-separated ion pair

TGA Thermogravimetric analysis

TTE 1,1,2,2-Tetrafluoroethyl-2,2,3,3-tetrafluoropropylether
XPS X-ray photoelectron spectroscopy
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Introduction and Objectives

1.1. Conceptualization and importance of energy storage systems

The economic growth of a country and its human development are strongly
linked to its energy consumption. Despite efforts made by developed countries to
reduce this dependency, the energy demand is continuously growing (Figure 1.1a),
particularly in developing countries [1,2]. Primarily, this demand is met by the
combustion reaction of fossil fuels, namely coal, oil, and natural gas, collectively
accounting for 81% of the overall energy demand (Figure 1.1a) [3,4]. However, this
notable dependence on fossil fuels entails two major problems. Firstly, fossil fuel
reserves are finite and controlled by a limited number of countries, resulting in price
volatility and uncertainties, especially affecting import-dependent heavily dependent
like the European Union (EU) [5,6]. Secondly, the combustion of fossil fuels
contributes significantly to global warming through the emission of greenhouse
gasses [7-9].

The Paris Climate Agreement was established during the 2015 United Nations
Framework Convention on Climate Change in response to urgent environmental
concerns [10,11]. Ratified by 197 countries in 2019, this international agreement
committed to restricting the global temperature increase to well below 2 °C. It is
evident that meeting the objective outlined in the Paris Agreement, given the current
trend of global energy consumption, requires a transition to a more sustainable and
highly efficient energy model [12,13].

However, despite the significant technological advancements in renewable
energies and their collection systems, their widespread deployment faces a
fundamental obstacle: the non-constant and weather-dependent generation [14,15].
In this regard, developing and deploying cost-effective and efficient energy storage
systems is crucial to overcome the intermittent nature of renewable energies. Among
the available energy storage solutions, electrochemical energy storage (EES), primarily
utilizing batteries, has emerged as a standout choice [16-18].

The transportation sector is another key domain that can greatly benefit from
EES deployment. The automotive industry, a worldwide leader at the economic,
research, and development level, has historically relied on combustion engines,
resulting in significant environmental damage through greenhouse gas emissions
[19,20]. Consequently, an imperative switch from combustion engines to electric
motors is evident. However, challenges such as limited autonomy and high cost are
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currently slowing down the widespread display of electric vehicles (EVs) [21-23].
Hence, the effective development of EES holds the key to overcoming these
challenges and advancing the decarbonization of the transport sector.
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Figure 1.1. a) World primary energy consumption trend until 2021 reflecting the share of each
generation source [24]. b) Total electricity consumption evolution in the EU. c) Life-cycle
greenhouse gas emissions for typical medium-sized passenger cars [25].

In the EU, the adoption of EVs is projected to comprise approximately 80% of
the total vehicle fleet by 2050, resulting in an estimated 10% rise in total electricity
consumption (Figure 1.1b) [26,27]. This transition to transport electrification will
notably reduce both CO; and air pollutants emissions originating from the road
transport sector itself [28,29]. However, it is crucial to acknowledge that the power
source of EVs is directly linked to the grid. Presently, as previously outlined, a
substantial portion of global electricity generation relies on fossil sources.
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Consequently, this increased electricity consumption by EVs may directly contribute
to an increase in greenhouse gas emissions (Figure 1.1c) [27]. Therefore, EVs cannot
be considered an environmentally friendly solution until there is a fundamental
transition in electricity generation towards clean and sustainable sources.

Indeed, the integration of renewable energies and transport electrification
requires a closely interlinked approach, with the development of EES systems as a
pivotal and common nexus [30]. In the realm of energy storage systems, critical
features such as flexibility, security, high energy density, durability, and
environmental compatibility are indispensable requirements. Among the spectrum of
EES technology systems, batteries are booming both in industrial applications and
everyday life, owing to their high efficiency, straightforward design, portability, and
swift installation [31]. However, despite these benefits, batteries face substantial
challenges, including high maintenance costs, limited cycle life, and relatively lower
power density. Addressing these hurdles is essential for their effective deployment to
large-scale facilities.

1.2. Rechargeable Batteries

While the term “battery” is commonly used, it is noteworthy that a battery
comprises one or more fundamental electrochemical units referred to as cells. A cell
essentially consists of two electrochemically active components known as negative
and positive electrodes, separated by an ion-conductive and electronically insulator
medium called electrolyte. In most cases, the terms “anode” and “cathode” are
conventionally employed to denote the negative and positive electrodes, respectively.

Batteries can be broadly classified into two main categories: primary batteries
and secondary batteries [32]. Primary batteries are non-rechargeable devices that
come pre-charged and are discarded once their energy is depleted. Examples of
primary batteries include zinc-air, zinc-carbon, alkaline, mercury, and molten salt
batteries [33,34]. In contrast, secondary batteries, also known as rechargeable
batteries, are electrochemical energy conversion and storage devices that are
designed for high energy density applications. These batteries store energy in
chemical forms, converting electric energy into electrochemical energy, and can be
recharged multiple times after being discharged [35]. As a result, in the case of
secondary batteries, the terminology of “anode” and “cathode” can be a source of
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confusion, as the designation of “anode” and “cathode” need to be aligned with the
charge and discharge processes.

Discharging Charging

=0 ‘(A) M e
7 s

0=

Q anode cation
@ cathode cation

© electron
O electrolyte anion

anode cathode anode cathode

Figure 1.2. Electrochemical operation of a cell during the discharge and charge process
(reproduced with permission from Ref. [36]).

Figure 1.2 schematically illustrates the working principle of a common
rechargeable cell. During the charging process, when the two electrodes are
connected through an external device, the negative electrode undergoes oxidation,
releasing metal ions that migrate through the electrolyte toward the positive
electrode. Simultaneously, electrons (e’) are compelled to move from the negative
electrode to the positive electrode through the external load, leading to the reduction
of the latter. Conversely, during the discharge cycle, the charge flow process is
reversed, resulting in the oxidation of the positive electrode, while the negative
electrode accepts both the e and ions, undergoing reduction.

The amount of electric charge that can be stored in a battery is represented
through the concept of capacity, measured in coulombs (1 C = 1 As) or more
commonly in ampere-hour (1 Ah = 3600 C). The theoretical capacity, or the maximum
obtainable capacity of a given active material, can be determined through Faraday’s
law:

Ctheo = %

w

(1.1)

where F is Faraday’s constant, ne is the number of electrons involved in the
redox reaction and My, is the molecular weight of the active material. As can be seen



Introduction and Objectives

in Equation 1.1, the theoretical capacity is generally normalized by the mass of the
active material (Cineo = Ah g2).

In practice, the achieved capacity during battery cycling falls short of the
theoretical capacity due to different operational constraints, such as side reactions,
internal resistances, or component degradation. In this context, a key parameter for
evaluating a battery’s performance is its Coulombic efficiency (CE), calculated as the
ratio between the provided capacity during the discharge process versus the capacity
value stored during the charging process:

C .
CE = =35 100 (1.2)
Cch

This parameter indicates the degree of efficiency of battery operation and is
closely linked to battery lifespan. Ideally, its value should approach 100% to ensure
optimal efficiency and performance, ultimately leading to extended battery life.

The current density at which a battery is charged and discharged is expressed
by the intensity, measured in amperes (A). In the battery research field, the battery
cycling current is expressed by the C-rate parameter, which is defined by the following
equation:

iapplied
Crate = in (1.3)
1

where iappiied is the current applied to the battery and i1, is the current required
to charge/discharge the cell in 1 h. As an example, a C-rate of 0.2C or C/5 indicates
that it takes 5 hours to either charge or discharge the battery.

The cell voltage, expressed in volts (V), is determined through the potential
difference between the two electrodes constituting the cell. The energy a battery
possesses (Ecen) is directly related to the capacity (Ccen) and voltage (Vcen) of the cell:

Ecenl = Ceen * Veen (1.4)

It should be noted that the cell voltage is not a constant parameter and
changes during battery operation. Hence, to obtain the capacity value, it is necessary
to integrate over the entire voltage range:
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Ceell
Ecen = J Veen - dC (1.5)
0

However, this equation is less commonly used in practice, and instead, an
average voltage value is typically employed to determine the energy of a battery. This
parameter is generally expressed per unit of mass or volume to facilitate the
comparison of battery storage capacity in terms of weight or size. These expressions
are denoted as gravimetric or volumetric energy density, respectively.

Finally, an additional key metric in assessing a battery is its electrical power,
which refers to the rate at which electrical energy can be released or delivered. This
parameter is obtained from the inversely proportional relationship between the
energy released by the cell and the time taken for the charge/discharge process (t):

E
Peen = c:cell (1.6)

1.2.1 Lithium-ion batteries (LIBs)

Rechargeable batteries were introduced into the market in the mid-19t
century, propelled by the successful invention of lead-acid batteries by French
physicist Gaston Planté. Remarkably, this battery technology continues nowadays to
find applications in different domains [37]. Over time, other battery technologies
emerged, including Nickel-Cadmium (Ni-Cd) and Nickel-metal hydride (Ni-MH)
batteries, aimed to enhance battery properties and establish a presence in the market
[38].

Nevertheless, despite the great virtues of these technologies, none of them
provided a definitive solution to the rechargeable battery landscape, mainly due to
significant self-discharge issues. In this context, the emergence of lithium-ion
batteries (LIBs) marked a revolutionary breakthrough in the rechargeable battery
landscape. Firstly commercialized by SONY company in 1991, LIBs rapidly gained
dominance in the market as a power source for portable electronics [39,40]. As a
result, LIBs are now emerging as a viable alternative in the EV market and are being
actively pursued for grid energy storage applications.

The first commercially available secondary LIBs relied on the intercalation and
deintercalation reaction of lithium ions (Li*), a discovery attributed to the pioneering
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research of Professor John Goodenough [41]. This electrochemical reaction involves
the movement of Li* between the anode and the cathode. As illustrated in Figure 1.3,
during the charging process, Li* are released (deintercalated) from the layered oxide-
based positive electrode, traveling through the ion-conductive electrolyte to reach
the negative electrode, where they are inserted (intercalated) within its structure.
Simultaneously, electrons (e’) released during the deintercalation process move
through an external circuit favored by an external energy supply. Once Li* and e  reach
the negative electrode, their insertion (intercalation) into the carbonaceous structure
take place. Conversely, during the discharge process, analogous processes occur in
reverse, Li* is deintercalated from the negative electrode a re-intercalated in the
positive one. Concurrently, e spontaneously flow to the oxide layer cathode,
generating an electrical current that powers an external load.

a) . Charge b) . Discharge )
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Figure 1.3. Schematic illustration of a) charge and b) discharge mechanism process in a
commercial LIB.

This Li-ion cell operates at 3.7 V and delivers an energy storage capacity and
density of 150 mAh g and 250 Wh kg, respectively. Notably, this energy storage
capacity is three times higher than that of previously discussed technologies, making
LIBs successful not only in portable electronics but also in EVs and grid energy storage
applications [42].
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1.2.2. Challenges and opportunities for Li-ion batteries

Nevertheless, the growing demand for new applications requiring higher
energy storage capacities has driven the need to develop batteries with increased
energy density. For instance, the EV industry mandates batteries with energy values
of > 400 Wh kg and 800 Wh L* at the cell level to sustain autonomy levels in
alignment with conventional transportation patterns while ensuring cost-
effectiveness [43]. In this sense, traditional LIBs are approaching their theoretical
limits and would encounter challenges to meet future energy requirements.
Consequently, researchers are currently directing their efforts towards enhancing the
performance of LIBs by exploring new materials: cathode materials that offer
enhanced storage ability and/or anode materials that operate at lower potentials
[44-46].

1.2.2.1. New cathode materials

A key strategy to enhance the energy density of LIB involves replacing the
traditionally used lithium cobalt oxide (LiCoO,) cathode active material with
innovative alternatives [47,48]. One of the early approaches focused on partially
replacing cobalt with other transition metals, such as nickel and/or manganese, within
the structure of the layer oxide LiNiyMn1.,«Cox, commonly referred to as NMC [49,50].
A special focus has been placed on materials with high Ni content (y > 0.5) while
reducing Co content. This shift is driven by the lower cost, higher theoretical capacity,
and increased operational voltage, all while considering the ethical concerns related
to the current cobalt mining issues [51,52]. However, this configuration encounters
new operational challenges, particularly in terms of cyclability and thermal stability
[53,54].

In alignment with this trend, other cathode materials that have gained
prominence in recent years are the layered lithium- and manganese-rich oxides
(LMROs), represented by the formula LiMnOs:(1-x)LiMO, (M = Ni, Co, Mn or
combinations). These materials offer high gravimetric capacity and energy density
(~200-300 mAh gt and ~900 Wh kg%, respectively) and exhibit high thermal stability
[55,56]. However, LMR cathodes still face several technical limitations that need to be
addressed before practical application, including capacity loss in the initial cycle, poor
rate capability, voltage decay during cycling, and relatively short cycle life [57,58].

10
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Among the different cathode materials studied for LIBs, olivine phosphates
have garnered significant attention for industrial applications. Notably, lithium iron
phosphate, or LiFePO, (LFP), stands out as the predominant cathode material widely
employed in LIBs [59]. The significant adoption of LFP is notably attributed to the
pioneering commitment of the Chinese battery industry [60,61]. This technology
offers several advantages, including high-energy density, good cyclability, high
thermal stability, low cost, and environmental friendliness, making it an excellent
candidate as a battery active material [62,63]. Nowadays, LFP is a commercially
available material and can nearly achieve its theoretical capacity (approximately
170 mAh g1), showing an excellent rate capability and guaranteeing extraordinary
safety properties. Nonetheless, its low nominal working potential of 3.2 V restricts its
use for high energy density applications, positioning it as a viable alternative for
applications where safety, durability, and cost-effectiveness are critical requirements
[64,65].

1.2.2.2. New anode materials

Presently, LIBs use graphite as the anode material, resulting in a limited
theoretical capacity of 372 mAh g. To improve and increase the energy density of
future batteries, the replacement of graphite with alternative materials has been
recognized [66]. Consequently, extensive research has been dedicated to exploring
alternative anode materials. In this sense, silicon (Si) has emerged as an appealing
alternative due to its outstanding features, especially for its high reversible capacity
of 4200 mAh g (over ten times higher than graphite). Furthermore, Si operates at a
moderate working potential of approximately 0.4 V vs. Li*/Li, enabling higher energy
storage while enhancing safety issues as lithium plating and dendrite formation are
prevented [67]. In addition, as the second most abundant element in the Earth’s crust,
Siis a cost-effective material [68]. Nevertheless, the implementation of Si as an anode
material faces several technical challenges. The primary challenge stems from the
significant volume change, approximately 400%, that occurs during battery cycling.
This volume change leads to the development of cracks and pulverization of the Si
electrode, ultimately compromising the electrochemical performance of the battery
[69,70].

Another anode alternative that has gained significant attention is the
resurgence of Li metal due to its outstanding electrochemical features. Its low atomic

11
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mass contributes to its outstandingly high theoretical capacity of 3860 mAh g, and
its high tendency to release electrons from its outer shell results in a low
electrochemical voltage (-3.04 V vs. the standard hydrogen electrode) [71,72]. Despite
safety concerns that led to its sidelining for several decades in favor of graphite,
impressive advancements in electrolyte engineering and the implementation of
effective protection strategies have brought lithium metal batteries (LMBs) to the
brink of commercialization [73].

While the broken-down solutions for alternative materials for both cathode
and anode have provided partial solutions to the energy storage constraints of
traditional LIBs, they remain insufficient for meeting the demands of high energy
density applications. Notably, these strategies rely on the same cathode materials as
traditional LIBs, hindering the potential for increasing cathode capacity and
consequently limiting the final battery energy density. Additionally, the dependence
on traditional cathode materials further exposes the technology to supply chain
vulnerabilities, such as resource shortages and notable price fluctuations, impeding
the scalability and/or cost-effectiveness of large battery capacities [48,74]. Moreover,
safety concerns and the environmental impact of LIB materials underscore critical
challenges that require solutions. Consequently, it is imperative to look beyond the
current standard and undertake an intensive search for alternative chemistries or
technologies. This imperative has given rise to the concept of "beyond Li-ion"
alternative technologies.

1.3. Transitioning beyond lithium-ion batteries

In the domain of the “beyond Li-ion” concept, several alternative technologies
have emerged. These alternatives encompass the use of alternative alkali or alkali
earth metals such as sodium (Na), potassium (K), or magnesium (Mg), as well as the
development of novel cathode materials based on reaction chemistries involving
elements like sulfur or oxygen [75,76].

1.3.1. Non-Li metal-based batteries

Ensuring the long-term sustainability of batteries as a viable energy solution
necessitates a comprehensive evaluation of the feasibility, cost, and availability of the
resources upon which they depend. Nevertheless, the projected increase in lithium
demand, coupled with its scarce and geographically concentrated supply, raises
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concerns about potential future supply constraints, price fluctuations, and
geopolitical conflicts [77]. Relying exclusively on lithium-based batteries for all energy
storage requirements could jeopardize their long-term sustainability and hinder the
widespread adoption of renewable energies and EV applications. To address this
challenge, extensive research has been devoted to exploring alternative
electropositive metals that are abundant in nature, aiming to identify viable
substitutes for lithium and diversify the resource base.

1.3.1.1. Monovalent-ion batteries

Among the different alternatives, sodium-ion batteries (NIBs) have attracted
significant attention from both academia and industry as viable and cost-effective
alternatives to LIBs, especially due to the high abundance of Na, ranking as the sixth
most abundant element in the Earth’s crust [78,79]. The (de)intercalation chemistry
of Na-ion is highly comparable to that of lithium-ion, with a slightly lower reduction
voltage (-2.7 V of Na compared to -3.04 V for Li). However, due to the larger specific
weight and ionic size of Na, NIBs exhibit lower gravimetric and volumetric capacities
compared to Li-based batteries [80,81]. Nonetheless, this battery technology holds
great potential for applications where overall cost takes precedence over
considerations of weight. Consequently, NIBs are well-suited for large-scale grid
energy storage applications when coupled with renewable energy sources [82—-84] .

In addition to Na, other alkaline alternatives like potassium, which is an
abundant and cost-effective metal, have been recently studied as a suitable candidate
for beyond LIB battery technologies [85]. K-ion batteries (KIBs) exhibit a relatively low
standard reduction potential of K*/K (-2.936 V vs. the standard hydrogen electrode),
which is lower than that of Na*/Na and closer to Li*/Li. This exceptional negative
potential enables KIBs to operate at higher voltage, being competitive to NIBs in terms
of energy density and power density, and a potential alternative to LIBs for high-
voltage applications [86]. However, it is important to highlight that these alkaline-
based alternative technologies are still in the early stages of development, and
additional research efforts are required to address operational challenges and
establish themselves as a viable alternative in the energy storage landscape [87,88].
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1.3.1.2. Multivalent-ion batteries

In contrast to single-atom alkali metal-based batteries, multivalent-based
batteries are gaining prominence as an emerging alternative for higher storage
capacity systems. While the gravimetric energy density of LMBs may prove practically
unattainable for multivalent-based batteries, they offer a competitive edge in terms
of volumetric capacity [89,90]. Multivalent ion-based batteries increase the total
charge transfer per ion within a specified electrode volume compared with
monovalent ions, resulting in higher volumetric capacities. In this sense, several
multivalent electrochemical systems, highlighting magnesium (Mg), calcium (Ca),
aluminum (Al), and zinc (Zn), have been subjected to thorough investigation [91].
These metals not only provide the advantage of greater volumetric energy but also
exhibit a reduced propensity to dendrite formation. Additionally, due to their inherent
stability compared to alkaline metals, they are more manageable and amenable to
processing, avoiding the need for highly controlled inert atmospheres during
manufacturing [92]. Despite these promising features, it is important to emphasize
that these multivalent-based technologies are still in their developmental stages.
Extensive research and development efforts are indispensable to overcome the
multiple challenges that their practical application presents [93,94].

1.3.2. Conversion-based positive electrodes

As previously described, the use of both Si and Li as anode materials offers the
potential to increase the theoretical capacity of the anode. However, this capacity
enhancement is limited by the constrained capacity of cathode materials based on
traditional layered oxide materials. Additionally, the availability and sustainability of
these materials is a paramount challenge. The extensively documented issues
surrounding cobalt supply, including health and, particularly, ethical considerations
related to child labor in its extraction, underscores the imperative to address these
supply chain vulnerabilities [95-97]. Additionally, the scarcity and rising price of
nickel, coupled with its negative environmental and health impacts, have surfaced as
emerging concerns that require immediate attention [98,99]. For that reason, the
exploration of new positive electrode materials is crucial. In this context, batteries
based on conversion-type positive electrodes, with a special focus on technologies
such as lithium-air (Li-air) and lithium-sulfur (Li-S) technologies, have become a hot
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topic. This growing interest is mainly attributed to their availability, cost-effectiveness,
and impressive theoretical capacity [100,101].

1.3.2.1. Lithium-air batteries (Li-air)

Lithium-air (Li-air) batteries have become of great interest, particularly as a
power source for transportation, primarily due to their remarkably high energy
density of 3505 Wh kg. This surpasses even the energy density provided by
conventional gasoline engines, typically around 1700 Wh kg™ [102,103]. In contrast to
many battery designs, Li-air batteries feature a unique structure where the traditional
bulky positive electrode is replaced by a porous electrode, facilitating the introduction
of oxygen from the ambient air. Among the different types of Li-air batteries,
distinguished by the media involved in the reactions, non-aqueous or aprotic batteries
are the most extensively studied approach [104]. These batteries are based on the
following electrochemical reaction pathway:

Anode: Li o Lit+e” (1.7)
Cathode :  2Li* +2e~ + 0, o Li,0, (1.8)
Cell reaction : 2Li + 0, < Li,0, (1.9)

E =296 Vs Li/at Li*

Despite the outstanding properties of Li-air batteries, this technology remains
immature and far from practical application. Several technical challenges need to be
addressed to boost the viability of the technology. These challenges include low
practical energy density due to poor rate capability, low energy efficiencies induced
by large voltage hysteresis, limited cycle life resulting from the electrode and
electrolyte decomposition by high overpotentials, and the interferences and parasitic
reactions related to the other air components, such as CO; or H,0 [105,106].

1.3.2.2. Lithium-sulfur batteries (LSBs)

Lithium-sulfur batteries (LSBs) are becoming a promising and practical
alternative from both academia and industry to pursue light and environmentally
friendly high energy density batteries. This technology leverages the use of Li metal
as the negative electrode, which presents a remarkable theoretical capacity of
3861 mAh g?, and elemental sulfur (Sg) as the electroactive material in the positive
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electrode, which offers a theoretical capacity of 1675 mAh g?. This combination
enables a theoretical energy density of 2500 Wh kg* [107,108].

The energy storage process in Li-S batteries takes place through the following
electrochemical reaction:

Cell reaction: S + 2Li & Li,S (1.10)

Due to their high theoretical specific energy density, as represented in Figure
1.4, LSBs have become a promising and practical alternative to replace LIBs, especially
in applications where weight is a key parameter, such as trucks or buses, electric
passenger aircraft, electric vertical take-off and landing (eVTOL), or high-altitude long-
endurance unmanned pseudo satellites (HAPS) [109,110].
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Figure 1.4. Comparison of volumetric energy density and gravimetric energy density of LSBs,
LIBs, and advanced LIBs. Advanced LIBs are those that pair high-capacity lithium transition
metal oxide cathodes with silicon or Li metal, rather than graphite anode materials
(reproduced and modified with permission from Ref. [111])

HAPSs, exemplified by projects like Project Loon, Facebook Aquila, or Airbus
Zephyr, represent prominent applications for LSBs [112]. These systems use solar
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panels to charge their batteries during the day and rely on the energy storage in their
Li-S batteries, with energy densities of 350 Wh kg, to power their flights during the
night. LSBs are well-suited for this application as they operate efficiently under soft
battery rate conditions, typically around C/10. Notably, significant progress has been
made in the Li-S technology, resulting in the development of high-capacity batteries
of 20 Ah achieving energy densities exceeding 400 Wh kg™ at practical pilot-scale
levels. Furthermore, there is potential for LSBs to reach even higher practical values,
possibly in the range of 500-600 Wh kg? shortly, making them strong competitors to
traditional LIBs [113,114]. Therefore, as suggested by Fotouhi et al., future LSB
applications will depend on further developments in terms of power, cycle life, and
the combination of them [115]. However, the commercialization of LSBs encounters
several challenges that have hampered their widespread adoption in the industry.
These challenges include poor power capability, limited cycle life (particularly under
high rates), and high self-discharge. Despite these hurdles, LSBs are distinguished as
one of the more mature emerging technologies, benefiting from significant ongoing
research aiming to overcome these challenges [112,116].

Consequently, LSB technology can be viewed as a rough diamond that
requires proper polish before taking the decisive leap toward practical application,
thereby becoming an attractive and viable solution in the eyes of the industry.

1.4. Delving deeper into Li-S Batteries
1.4.1. Elemental sulfur: ideal active material for battery manufacturing

The use of Sg as an electroactive material provides significant advantages over
traditionally employed metal oxide intercalation cathode materials. Firstly, despite
the bad reputation of sulfur, it is an environmentally friendly, benign, and safe
material [117,118]. These characteristics eliminate the need for precious metals like
cobalt or nickel, which suffer from limited availability and high environmental impact.
Notably, sulfur can be stored in an open-air environment, either in the form of powder
or blocks, as illustrated in Figure 1.5, showcasing its stability and low reactivity.
Secondly, sulfur is an abundantly available material, ranking as the sixteenth most
abundant element in the Earth's crust [119]. This abundance positions sulfur as a cost-
effective alternative, mitigating concerns related to material scarcity and contributing
to the economic feasibility of battery systems.
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From a chemical engineering perspective, it is noteworthy that most of the
elemental sulfur is obtained as a by-product of desulfurization processes in refineries.
The modified Clauss process for sour gas and the hydrodesulfurization process,
followed by the Clauss process for oil, play a pivotal role in reducing the sulfur content
in commercial fossil fuels to below 10 ppm requirements. This reduction is essential
to comply with stringent environmental restrictions, preventing the formation of
sulfur oxides (SOyx) during fuel combustion [120]. Therefore, sulfur’s abundance is
complemented by its large-scale production as a by-product of industry, contributing
to its remarkably low price and making LSBs a real cost-effective alternative to LIBs.
Furthermore, the depletion of gas and oil reserves, along with increased demand, has
driven the utilization of “sour” resources characterized by higher sulfur content. This
trend, alongside the tightening of fuel sulfur content regulations, has led to an
involuntary increase in sulfur production [121,122]. This oversupply of sulfur, which
cannot be readily absorbed by the sulfuric acid market alone, presents a promising
opportunity for LSBs to establish a sustainable balance between demand and supply.
This scenario creates a new “industrial symbiosis”, fostering a mutually beneficial

relationship between unintended sulfur producers and battery manufacturers.

Figure 1.5. Open-air a) sulfur powder (reproduced with the permission of Ref. [101]) and b)
sulfur bricks storage sites resulting from the desulfurization of petroleum by the Clauss process
in the refineries.

1.4.2. Working principles of Li-S batteries

Regarding the electrochemistry aspect, as previously outlined, a conventional
Li-S battery comprises a lithium metal anode (LMA), an Sg-based composite positive
electrode, and a Li* conducting electrolyte. It is important to highlight that, contrary
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to LIB-based active materials, sulfur initiates in a charged state, and the battery
operation starts with a discharge process. In this process, as illustrated in Figure 1.6,
Li metal is oxidized in the negative electrode, resulting in the formation of Li*and e
(as shown in Equation 1.7). These Li*, facilitated by the electrolyte, and e, conducted
through an external circuit generating an electrical current, are simultaneously
transported to the positive electrode. Subsequently, within the positive electrode, the
reduction reaction of Sg occurs, forming LiS by accepting both the e” and Li*.

a) Discharge b) Charge

Separator

Separator
Cathode Electrolyte Anode Cathode Electrolyte Anode

Figure 1.6. Schematic illustration of a) discharge and b) charge process in LSBs, and the
corresponding intermediate products (lithium polysulfides) involved in the sulfur redox
reactions.

The electrochemical processes governing the operation of a Li-S battery can
be succinctly summarized through the following reactions:

Negative electrode: 16Li < 16Li*T + 16e~ (1.11)
Positive electrode: Sg + 16Li* + 16e~ < 8Li,S (1.12)
Cell reaction: Sg + 16Li < 8Li,S (1.13)

However, as evidenced in Figure 1.6, the operation of LSBs is more complex
than previously described. The reaction represented in Equation 1.13 does not occur
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as a single-step reaction but instead follows a multi-step reaction mechanism. In this
mechanism, the elemental sulfur is reduced, leading to the opening of its ring
structure and the formation of intermediate products known as lithium polysulfides
(LiPS), specifically denoted as Li,Sx (2 < x < 8) [123,124]. To elaborate, when the Sgring
is opened, high-order LiPS with x ranging from 6 to 8 are formed. Subsequently, as
more Li* are accepted, lower-ordered polysulfides emerge, with values of x ranging
from 2 to less than 6. In more detail, the sulfur reduction mechanism during the
discharge process can be broken down into four different stages:

Stage 1: Through a solid-liquid biphasic reaction, elemental sulfur is converted
to Li,Ss:

Sg + 26~ + 2Li* - Li,Sq (1.14)

Stage 2: Through a liquid-liquid monophasic reaction, Li,Ss (soluble) is further
reduced forming high and low-order LiPS:

3Li,Sg + 2e” + 2Li* - 4Li,S4 (1.15)

2Li,Ss + 2 + 2Li* - 3Li,S, (1.16)

Stage 3: represents three-quarters of the theoretical capacity (1254 mAh g?).
It is associated with the reduction of the low-order polysulfides to Li,S; and Li,S by a
liquid-solid reaction, being those competing reactions [124]:

Li,S, + 2e~ + 2Li* - 2Li,S, (1.17)

Li,S, + 6e™ + 6Li* — 4Li,S (1.18)

Stage 4: Li,S; is reduced to Li,S by a solid-solid reaction, and, due to the
insulator and insoluble nature of both products, this reaction is kinetically slow and
commonly suffers from severe polarization:

Li,S, + 2e™ + 2Li* - Li,S (1.19)

Hence, an ideal discharge process follows four-stage profiles characterized by
two plateaus. The first upper plateau > 2.3 V (as represented in Equation 1.14) is
complemented by a lower ranging from 1.9to 2.1V (as indicated in Equation 1.17 and
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Equation 1.18). Additionally, two slopping-down regions emerge, one between 2.1-
2.3 V (described in Equation 1.15 and Equation 1.16) and another below 1.9 V
(explained in Equation 1.19). For illustrative purposes, Figure 1.7 displays a typical
voltage profile for a Li-S battery during the discharge process, highlighting these four
different stages and their resulting final products. Significant endeavors have been
devoted to understanding the intricacies of the reaction mechanism in Li-S batteries
to enhance cathode design and composition for enhanced performance. However, it
is important to emphasize that discharge and charge processes, along with the
resulting voltage profiles, are highly dependent on various factors. These factors
include the composition of both electrode and electrolyte, electronic and ionic
conductivity, internal cell resistance, as well as the operating rate. Consequently,
formulating a universal model that suits the heterogeneity of LSB systems remains an
elusive goal [125,126].
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Figure 1.7. Voltage profile of Li-S during discharge, with the four differentiated steps
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1.4.3. Challenges of Li-S batteries

Despite the striking properties of LSBs, the journey to commercialization is
fraught with challenges, reminding that all that glitters is not gold. As schematically
represented in Figure 1.8, the practical performance of LSBs falls short of their
theoretical potential due to several technical challenges that continue to impede their
broad implementation [116,127,128].

Mainly, these challenges can be broadly categorized into two principal groups:
i) inherent challenges of the technology and ii) upscaling challenges. The first group is
associated with the inherent problems intrinsic to technology and its underlying
reaction mechanism. Conversely, the latter group of challenges is related to
operational issues arising from the implementation of realistic operating conditions
closely mirroring practical applications.
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Figure 1.8. Schematic illustration of the different degradation processes encountered during
LSB cycling.

22



Introduction and Objectives

1.4.3.1 Li-S technology’s inherent challenges

1.4.3.1.1 Insulating nature of initial active material (Sg) and final products (Li,S and
Li>S,)

A primary challenge that must be addressed lies in the inherent insulating
nature of elemental sulfur (Sg), which has poor electronic conductivity of
5x103° S cm™ at room temperature. Besides, the end products of the discharge
process, namely Li;S; and Li,S, share similar insulating properties. This inherent
limitation gives rise to low sulfur utilization, poor cycle life, and suboptimal cell
performance [129,130]. To address this challenge, a higher amount of conductive
carbonaceous material (ranging from 20 to 40 wt.%) must be introduced into the
sulfur electrode composition in comparison with LIBs. These carbonaceous materials,
aside from providing electronic conductivity, must possess a certain level of porosity
to host the sulfur, thereby improving the electronic environment of the active
material. However, the incorporation of additional non-electrochemically active
materials limits the final sulfur content, inevitably leading to a reduction in energy
density and specific capacity per electrode mass [128,131].

1.4.3.1.2. Severe volume expansion upon cycling

During the discharge process, the ring structure of elemental sulfur (Ss)
undergoes an opening as it accepts e” and Li*, giving rise to the formation of Li,S as the
final product. The substantial density difference between the initial product Sg
(2.07 g cm?®) and the final product Li;S (1.66 g cm?3), induces a severe volume
expansion of 78.7% during the discharge process [132,133]. This pronounced
volumetric expansion, coupled with morphological changes in the active material
upon lithiation, has a detrimental effect on the microstructure and architecture of the
electrodes. These consequences seriously influence the LSB performance, leading to
a large capacity drop, diminished CEs, and even the potential collapse of the cathode
[134,135].

1.4.3.1.3. Shuttle effect

The shuttle effect is indeed the primary and well-known challenge associated
with Li-S technology. As mentioned before, intermediate products, particularly high-
order LiPS, possess high solubility in organic electrolytes, especially in commonly used
ether-based electrolytes (e.g., Li,Se with a solubility of 6 M in a mixture of
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1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL)) [136,137]. Therefore, during
the discharge process, a concentration gradient and potential difference emerge,
resulting in the diffusion of these LiPS through the electrolyte toward the negative
electrode. During the charging process, if the LMA is not adequately protected, LiPS
can be reduced unwantedly, accepting e and Li*. Subsequently, if the newly formed
LiPS remain soluble, they can diffuse back to the cathode and get oxidized in the
following charge. However, if the generated LiPSs are insoluble (i.e., when Li,S; and
Li,S are formed) they irreversible deposit on the anode surface, leading to corrosion
and undesired passivation of lithium anode [138,139]. This phenomenon, commonly
referred to as the polysulfide “shuttle effect”, induces detrimental consequences on
the cell performance, including active material loss and anode degradation, resulting
in reduced cycle life, low CE, and ineffective use of the sulfur [140,141]. However, the
dissolution of LiPS is a double-edged sword. While it presents significant operational
problems, it also plays a pivotal role in accelerating mass migration and enhancing
electrochemical kinetics during cycling [142]. Hence, controlling the dissolution of LiPS
is indeed necessary to mitigate the described issues, ensuring that this process is
confined exclusively to the positive electrode while maintaining its essential role in
optimizing LSB performance.

1.4.3.1.4. Li dendrite and anode degradation

The use of Li metal as an anode in batteries is regarded as the “holy grail” due
to remarkable properties, such as low redox potential and the potential for increased
energy density in final devices. However, employing Li metal introduces several
challenges related to stability and safety.

A primary concern stems from its high negative redox potential, which renders
it highly reactive with commonly used organic solvents. This reactivity results in the
formation of a non-suitable and non-homogeneous solid electrolyte interphase (SEl)
on the Li metal surface. The irregular SEl leads to uneven current density and
conductivity, resulting in a non-uniform plating of Li* during the charging process
[143]. Cycling exacerbated these issues, placing significant stress on the SEl, thereby
inducing cracking and rupture. Consequently, needle-like microstructures, known as
“dendrites”, begin to grow from the cracks, expanding over time and potentially
piercing the separator, causing a short circuit in the cell [144,145]. This issue generates
heat and poses a safety risk, including the potential for fire and explosion due to the
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large current passing through these microstructures [146]. Furthermore, the repeated
rupture of the SEI during cycling continuously exposed fresh Li metal to the
electrolyte, leading to its reaction and the depletion of the electrolyte, as well as the
corrosion of the anode surface. These factors collectively contribute to low CE, a
significant increase in internal resistance, and substantial capacity decay upon cycling
[147,148].

The growth of Li dendrite has another significant consequence: the formation
of inactive lithium, often referred to as “dead lithium”. Dead lithium originates from
the breakdown of Li dendrites at their finest point [149]. Once formed, Li dendrites
corrode in the presence of the electrolyte, resulting in the development of a poor
electron-conducting SEI. Hence, the broken Li dendrite parts lose electrical contact
and become unable to participate in the subsequent reactions. The accumulation of
inactive lithium not only hampers Li* conductivity but also promotes the formation of
new dendrites, ultimately leading to irreversible capacity loss of the cell [150,151].

1.4.3.2. Challenges derived from practical operating conditions

In the past decade, significant scientific efforts have been devoted to
addressing the inherent challenges outlined above in the context of LSBs. This
remarkable trend is vividly reflected in the exponential growth of publications related
to LSBs since 2010, underscoring the widespread interest and the potential for
technological advancements in this field. As a result of these fruitful strategies, LSBs
have demonstrated remarkable performances, boasting long cycle-life (>1000 cycles)
with high specific capacities (> 1000 mAh g1), and high Coulombic efficiencies (> 99%)
[152-155]. However, it is worth noticing that most of these remarkable advancements
have been achieved at the small lab cell level, typically employing coin cells or
Swagelok cells, and operating under idealized conditions. These idealized conditions
include the employment of low active material loading (< 2 mg cm?), an excess of
electrolyte (with an electrolyte-to-sulfur ratio, denoted as E/S ratio, exceeding
10 pL mgs?), and a thick lithium anode (often in 20-fold excess) [112,156,157]. Under
these non-realistic laboratory conditions, many of the inherent challenges associated
with LSB technology can be mitigated or masked, posing challenges in directly
extrapolating and scaling up the proposed strategies to meet practical conditions
demanded by the industry.
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The transition from lab-scale LSBs to practical prototype cells encounters
substantial challenges, with current results deviating from the performance achieved
at the lab-scale, mainly due to significant cyclability issues. These challenges emerge
as accelerated degradation in larger-sized cells, particularly derived from the
degradation of the anode and electrolyte depletion when subjected to practical
operating conditions [158,159]. Recent investigations into the upscaling of Li-S
technology emphasized an evident gap between academic and industrial research,
underscoring a lack of effective communication and collaboration between these
institutions [107,110,160].

To achieve practical and high-energy LSBs capable of competing with
commercial LIBs, three key parameters have been identified as crucial: i) amount of
electrolyte, ii) cathode sulfur loading, and iii) the amount or excess of lithium. The
amount of electrolyte, as mentioned previously, is commonly expressed as the ratio
between the employed amount of electrolyte and the amount of sulfur in the cathode
(E/S ratio). Cathode sulfur loading refers to the amount of sulfur per unit area of the
electrode (mg cm™). Finally, the lithium inventory in the anode is quantified by the
ratio of negative capacity to positive capacity (N/P), which represents the excess of
lithium used in the cell. Certainly, these three parameters direct and significant impact
on the energy density of the cells. For achieving practical high-energy density LSBs
capable of competing with commercial LIBs, low amount of electrolyte
(E/S < 4 pL mg?), high sulfur loading (> 5 mg cm™), and limited excess of lithium
(N/P < 2) operational conditions must be used [112,161]. However, the
implementation of these realistic conditions at the practical level brings new
challenges that must be overcome for the long-awaited commercialization of LSBs,
especially considering the scalability problems of this technology.

1.4.3.2.1. Challenges arising from lean electrolyte conditions

The electrolyte volume in LSBs is a key parameter that greatly influences their
practical energy density, and it is closely linked to the sulfur content in the cathode
[162,163]. Sulfur loading is another important parameter that also affects the energy
density of the final battery. Increasing sulfur loading leads to a rapid enhancement in
the energy until an optimal value is reached. Beyond this point, further increasing
sulfur loading results in a gradual decay in the energy density. In contrast, reducing
the amount of electrolyte for a fixed sulfur loading value significantly increases the
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energy density of the cell, particularly for high sulfur loading values [164]. Therefore,
the employment of high and optimal sulfur loading values coupled with low
electrolyte amounts (E/S < 5 uL mg?, often referred to as lean conditions) is essential
to obtain practical and competitive energy density values in LSBs.

The quantity of electrolyte in LSBs is not only pivotal for achieving high energy
density but also greatly influences the overall battery system. Unlike LIBs, where the
cost is predominantly driven by the expensive electrode raw materials, an excessive
incorporation of electrolyte in Li-S cells constitutes a significant cost burden for
practical LSB. This practice overshadows the inherent cost advantage of sulfur. As
depicted in Figure 1.9a, the sulfur content has a minimal impact on the total cost of
the battery, while an increase in the E/S ratio leads to a linear increase [165,166].
Therefore, a clear consensus exists among researchers regarding the pivotal role of
lean electrolyte conditions in realizing practical and cost-effective LSBs.
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Figure 1.9. a) Influence of the E/S ratio on the overall cost of a practical Li-S package calculated
with different areal sulfur loading (reproduced with permission from Ref. [152]). b) Polysulfide
concentration solubility in correlation with the E/S ratio assuming complete dissolution of
sulfur and c) galvanostatic discharge curves for Li-S cells influenced by the E/S ratio.

Despite this agreement, a pertinent question arises: why is every research
work not conducted under these conditions? The honest answer lies in the inherent
challenges associated with minimizing the electrolyte volume, as it introduces several
operational problems [161]:

e Damaged ionic conductivity: In conventional ether-based electrolyte
composed of the DME/DOL-based mixture, the redox reaction pathway
involves the dissolution-precipitation of LiPS in the electrolyte. However,
when high sulfur loading and lean electrolyte conditions are combined, LiPS
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concentration increases, resulting in poor ionic conductivity and reduced
wettability of the electrolyte due to its increased viscosity. In consequence,
these effects can sluggish the sulfur redox kinetics, leading to poor sulfur
utilization and increased polarization during the second plateau of discharge
processes.

Saturation and untimely precipitation of LiPS: When low E/S ratios are
applied, the concentration of LiPS is sharply increased, exceeding their
solubility limits and resulting in the saturation and premature precipitation
of these soluble species (Figure 1.9b). The untimely LiPS precipitation onto
the carbonaceous conductive matrix causes the clogging of both electronic
and ionic conduction pathways, resulting in irreversible active material loss
and sluggish solid-solid reaction kinetics. The premature solid precipitation
at a low E/S ratio increases polarization during the second plateau reaching
the voltage cut-off, thus resulting in a decreased capacity, and causing cell
failure (Figure 1.9c) [167,168].

Instability and degradation of LMA: Low E/S results in a significantly higher
concentration of LiPS, which exacerbates the polysulfide shuttle effect.
Additionally, the accumulation of dead Li due to the growth of Li dendrite
under realistic operating conditions (which will be defined deeper in the next
point), increases the contact surface area of the LMA, exacerbating the
reactions with the organic electrolyte. This continuous electrolyte
consumption, especially manifested when low E/S ratios are employed, can
lead to premature cell failure due to electrolyte depletion and battery drying
out [169].

1.4.3.2.2. High sulfur loading

Developing LSBs that can compete with the current commercial LIBs indeed

requires the employment of high sulfur loading cathodes (> 4 mg cm?) with a

remarkable utilization of active material (> 4 mAh cm?). While the scientific

community has shown a strong preference for the research of new materials for the

develop
number
cathode
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ment of new sulfur cathodes to maximize the specific capacity, a limited
of studies included the application of high sulfur loading in their developed
s [170,171]. To advance the practical application of LSBs and enable a
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meaningful comparison with LIBs, a more comprehensive exploration of high sulfur
loading cathodes is imperative [172].

However, the development of high sulfur loading cathodes presents new
challenges that need to be faced. Firstly, in the processing step, the conventional
solvent drying process used for the preparation of high sulfur loading cathodes often
leads to cracks formation and electrode delamination from the current collector.
These issues can compromise the structural integrity of the cathode. Furthermore, in
terms of electrochemical performance, high-loading cathodes deliver poor cycling
performance with significant electrochemical polarization, low cyclability, and inferior
rate performance [173]. This non-suitable performance behavior can be ascribed to
several operating factors: i) The reaction kinetics are slowed down because of the
increased transport distance of electrons and Li* within the electrode, worsened by
the insulating nature of sulfur. ii) The undesired shuttle effect is exacerbated with high
sulfur loadings due to the increase in the sulfur concentration gradient, thus resulting
in a higher loss of active material and triggering the consequent cycling problems
discussed above.

1.4.3.2.3. Li pulverization

The scientific community has predominantly focused on cathode
optimization, addressing challenges related to sulfur’s insulating nature and LiPS
shuttle, to maximize the electrochemical conversion of sulfur and its practical
capacity. However, this intense scientific focus on cathode optimization has
inadvertently resulted in neglecting other critical research domains [174].

As mentioned previously, the major challenge for practical LSBs lies in their
limited cycle life, primarily stemming from the instability of the LMA during cycling,
especially in large-size cells (Figure 1.10a). Surprisingly, the significance of this
behavior and the key role of the LMA have been largely underestimated in academic
research, which has mostly focused on lab-scale conditions [175]. In the case of
prototype cells, the amount of sulfur is notably higher compared to a coin cell,
resulting in a larger current density on the anode surface and an intensified LiPS
shuttle due to the increased concentration gradient. To illustrate this point, a case
involving a LSB pouch cell with a total capacity of 2 Ah is considered, a standard
capacity of a typical smartphone battery. Charging this cell at a moderate rate of 0.2C
would require a current of 560 mA, which is significantly higher than those
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corresponding to a coin cell, which typically ranges from 0.1-10 mA. The challenge
arises from the uniform distribution of this current across the anode surface, due to
the increased probability of encountering imperfections when employing a larger LMA
area. These imperfections serve as concentration points for the current, leading to
nucleation, dendrite growth, and the degradation of the anode (Figures 1.10 b and c)
[169,177].

a)

2500 - I 100
| T =
E 2000fg | 15 &
2 | S
g 1500 K . {50
<% ¥ b=
S 1000} — h 8
o . 125 2
o

& 500 | g
K= —_—
3] | 1° =
k] ol . 3]
a [ o

0 25 50 75 100
Cycle number

c)

Fresh 3 After 50 cycles
Limetalk  § ———>»

Figure 1.10. a) Discharge capacity and Coulombic efficiency of a 2.67 Ah pouch cell at a C-rate
of C/10 (reproduced with permission from Ref. [175]). Optical images of top views of the Li foil
b) before and c) after cycling (reproduced with permission from Ref. [176] and Ref. [175],
respectively).

Consequently, the major concern affecting the poor cycle life of practical
LMBs is the LMA degradation at high current densities. In contrast to conventional
understanding, this degradation is not solely caused by short-circuiting but is primarily
attributed to the formation and accumulation of a porous interface along the Li metal
surface, resulting in Li pulverization and the formation of dead Li [176,178]. Even with
the commonly used lithium nitrate (LINOs) salt additive, a pivotal component of
commonly employed LSB additives that has shown remarkable results in coin cells, it
proves insufficient in preventing degradation under these conditions. The resultant
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formation of powdery Li leads to a larger contact surface, thus resulting in several
operational and safety problems. I) Stronger reactivity with the electrolyte is induced,
causing the electrolyte depletion issue that has been widely observed in LSB pouch
cells. Il) Safety issues are worsened due to an increased probability of combustion
when exposed to air [178,179].

Hence, to bridge the substantial gap between academic and industrial
research in this context, it is imperative to build a stable protective SEI layer on the Li
anode surface to prevent Li pulverization and enhance Li ion diffusion.

1.4.3.3. Strategies for addressing LSB challenges

Indeed, the different challenges discussed are fundamental factors hindering
the commercialization and industrial application of LSBs. Overcoming these
constraints is of key importance in bridging the performance gap between lab-scale
cells and prototype battery systems. To address these challenges, different strategies
have been proposed for the different cell components. For the sulfur cathode, the
development of new carbon hosts with additional functionalities and the introduction
of kinetic promoters have emerged as highly promising strategies [180—186]. In the
case of the electrolyte, electrolyte engineering involving novel solvation structures to
modify the reaction pathway from precipitation-dissolution processes to quasi-solid
or solid-solid processes is an appealing alternative that has gathered special attention
[187-191]. Finally, on the anode side, the protection of the lithium anode is the main
strategy being pursued through both ex-situ and/or in-situ protection techniques
[192-197].

In this way, significant progress has been achieved by implementing these
strategies in prototype cells. However, it is common to see in the literature the
application of these valuable and useful strategies independently. Although each
strategy demonstrates improvements when applied individually, they often fall short
of meeting the established benchmarks for practical LSBs. This limitation arises from
the recognition that the ultimate solution does not rely on the development of a single
strategy but requires the integration of multiple strategies into a final unified LSB
design, thereby giving rise to the concept of a "holistic LSB approach". In this sense, it
is essential to emphasize that the challenges related to one cell component can have
indirect repercussions on the rest of the cell components. For instance, addressing
problems related to the use of lean electrolyte conditions requires not only electrolyte
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modification but also the optimization of the sulfur cathode and the protection of the
LMA to ensure effective operation under these conditions. In this sense, there is a
consensus among industry and academic researchers on the imperative for a holistic
and balanced approach to solving the multidisciplinary challenges of LSBs.

1.4.4. Industrial perspective of Li-S batteries

Despite the challenges associated with the upscaling process of LSBs, there is
encouraging news regarding the commercialization of this technology. LSBs have
garnered considerable attention from different companies and institutions,
particularly in the realms of potential applications in transport and aerospace
applications.

Sion Power and BASF have been actively engaged in the research and
development of high energy density Li-S prototype cells based on practical
applications [198,199]. However, after a long research trajectory in LSBs offering
outstanding findings and improvements, Sion Power recently announced its decision
to withdraw from this technology due to the operational difficulties associated with
the cycle life issues. On the other hand, LG Chem has made significant investments in
this next-generation technology and has recently reported successful testing of a
410 Wh kg* LSB, designed to power a high-altitude, long-endurance unmanned
vehicle (EV-3) [200]. The company has explicitly stated its real intention to start
commercial production of these cells by the year 2027 [201]. OXIS Energy Ltd. held a
distinctive position in the industry as a company exclusively focused on the industrial
development and implementation of LSBs. The technology pioneered by OXIS
successfully met customer requirements, delivering high-capacity (>15 Ah) LSBs that
exceeded 400 Wh kg? at a technology readiness level of 7-8 [202]. Unfortunately, in
2021, the economic downturn resulting from the COVID-19 pandemic led to OXIS's
bankruptcy, orphaning the industrial development of LSB technology at that moment.
Despite this setback, a ray of hope persists. Several promising start-ups, including
Lyten, Theion, and Zeta Energy, have emerged in recent years, all poised to drive the
long-awaited commercialization of LSBs [203—205]. The entry of these new players,
coupled with the rise of additional companies in the field, inspires optimism for the
future of this technology, anticipating new and outstanding developments in the
coming years.

32



Introduction and Objectives

The industrial journey of Li-S technology demonstrates its challenging nature,
marked by numerous hurdles that demand overcoming. Consequently, the
establishment of close collaboration between industry and academic research stands
out as a fundamental cornerstone for advancing the commercialization of LSBs.
Bridging the gap between these two entities is imperative for enabling a symbiotic
relationship that allows for a holistic approach to addressing the multidisciplinary
challenges associated with LSBs.

1.5. Scope and objectives of the thesis

Advancing new battery technologies is pivotal for completing the transition to
a sustainable energy model and meeting the energy demands of emerging
applications. In this context, LSBs emerge as a promising alternative within the
“beyond LIBs”, particularly for applications where weight is a critical factor. However,
to promote the commercialization of LSBs, establishing a closer and more
collaborative relationship between academic research and industry is an imperative
task.

Accordingly, the main objective of this thesis will be the development of high-
performing, safe, and long cycle-life LSBs. To this end, a holistic approach will be
implemented for addressing the multifaceted challenges inherent in Li-S technology.
This approach will be characterized by the formulation of individualized strategies for
each component of the cell, with the ultimate goal of integrating all advancements
into a cohesive final device. Notably, this thesis work would emphasize evaluating the
upscaling process of LSBs featuring the developed strategies, aiming to provide crucial
insights into the pivotal transition from small coin cells to more practical cell
configuration. The results obtained by the implementation of these strategies in Ah-
level prototype cells will hold fundamental relevance for subsequent developments
implemented at this large scale. For that purpose, the following specific points are
identified as the primary objectives guiding the development of this work:

1. The identification and understanding of the principal challenges posed by
each cell component of LSBs for tailoring the different improvement
strategies. The multifaced nature of the emerging challenges underscores the
significance that this study will have in guiding the research work of this thesis.

2. The investigation of the incorporation of graphene-based activated carbons
in the sulfur cathode composition aiming to optimize its performance. To
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achieve this objective, two different production sources of activated carbons
will be analyzed in the synthesis process.

3. The evaluation of the practical and economic feasibility of the synthesized
carbonaceous materials, with a specific focus on ensuring scalability within
the proposed strategies. For this purpose, the additive strategy will be
implemented to strike a balance between applicability and electrochemical
performance.

4. The study of the employment of gel polymer electrolytes as an alternative to
overcome the operational and safety limitations associated with the
conventional electrolyte used in Li-S technology.

5. The exploration of sparingly solvating electrolytes to ensure long-term and
safe cycling of LSBs. The objective will be to leverage the unique solvation
properties inherent in this electrolyte family to prevent the dissolution of LiPS
and promote compatibility with LMA.

6. The development of a comprehensive energy density calculation model to
evaluate the prototype cells. This model will serve as a valuable tool for
identifying the most influential operational parameters and establishing the
optimal operating conditions to achieve high energy density in the developed
LSBs.

7. The evaluation of the performance of the different strategies implemented in
prototype cells, aiming to determine their viability in cells closely aligning to
practical applications. This study will be of fundamental importance for
discerning the existing differences between results obtained in laboratory-
scale cells and those in prototype cells. This information will be essential for
the design of future improvements tailored to optimize the performance of
prototype cells, key to be applied in practical applications.

For all this, each chapter of the thesis will focus on a specific component of
the battery, with the holistic battery concept progressively taking shape by the
incorporation of improvements from earlier chapters into subsequent ones. Chapter
I sets the stage by providing contextualization, reviewing the current state of the field,
and outlining the objectives of the thesis. Subsequently, given the key role of the
sulfur cathode Li-S technology, special attention is dedicated to its optimization in two
consecutive chapters (Chapter Il and Chapter lll). Chapter Il is dedicated to exploring
the use of graphene-based activated carbons as sulfur host, aiming to produce
cathodes with high sulfur loading and efficient utilization of the active material.
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Building on these concepts, Chapter Ill focuses on improving the economic feasibility
and practical application of the cathodes developed in the preceding chapter, without
compromising their suitable electrochemical performance. Shifting the focus to the
electrolyte and LMA, Chapter IV introduces and explores the implementation of gel
polymer electrolytes as a promising alternative for the development of safe and high-
performing room-temperature LSBs. Along the same line, Chapter V aims at the
preparation of new liquid electrolytes with low LiPS solubility and suitable
compatibility with the LMA to enhance LSB cyclability. Chapter VI provides a
comprehensive analysis of crucial parameters for the upscaling process of LSBs. It also
offers an in-depth evaluation of the results obtained from the prototype cell featuring
each developed strategy. Finally, Chapter VII presents an analysis and
contextualization of the thesis results, summarizing key conclusions drawn from the
research work.
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Graphene-Based ACs as Sulfur Host for High-Performing LSBs

2.1 Introduction

As widely described in the introduction section, Li-S batteries are a promising
technology that offers higher energy density compared to conventional Li-ion
batteries [1,2]. This improved energy density is directly related to the inherent
properties of sulfur as active material and its redox reactions, making it the key
distinguishing element of this battery technology. However, several intrinsic
challenges, including the insulating nature, volume expansion, or shuttle effect, are
still hindered in its commercialization [3,4]. Notably, these issues are primarily related
to the active material and can be mitigated through cathode engineering [5].

In this sense, sulfur encapsulation within porous carbonaceous materials has
emerged as a feasible and adaptable approach [6]. These materials present a high
specific surface area, which allows for the incorporation of a significant amount of
sulfur within an electronically conductive framework while also facilitating the
physical adsorption and partial retention of polysulfides. Furthermore, their porous
structure aids in buffering volume changes during cycling, thus enhancing overall
battery performance [6—-8]. One commonly employed carbonaceous material for
sulfur encapsulation is the commercially available Ketjenblack® EC-600JD (KJ600),
known for its high surface area of approximately 1400 m? g [9]. However, KJ600
exhibits inadequate electronic conductivity for high sulfur utilization, particularly at
fast cycling rates and high sulfur loadings [10—12]. Additionally, its predominant pore
structure primarily consists of large micropores and mesopores, which are not optimal
for LiPS retention [13]. Consequently, investigating new porous carbon
nanostructures with customized properties represents a promising avenue for
advancing LSBs.

This research has found intriguing similarities between the criteria established
for sulfur cathode carbon materials and the electrode materials employed in
electrochemical capacitors, commonly known as supercapacitors [14,15].
Supercapacitors represent a well-established and widely adopted energy storage
technology, and their performance strongly relies on the characteristics of electrode
materials, with carbonaceous materials playing a pivotal role [16—-19]. In particular,
electric double-layer supercapacitors, which depend on charge accumulation in the
electrode/electrolyte interphase for energy storage, require carbon materials with
high surface area, accessible pore volume, and a hierarchical pore size distribution
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[20,21]. Interestingly, these requirements closely align with the need for a suitable
sulfur carbon host [22]. Therefore, implementing knowledge and insights into the
design of porous carbonaceous materials from supercapacitor technology can
effectively contribute to developing new materials to address the challenges of Li-S
technology and maximize its performance.

In this sense, activated carbons (ACs), extensively utilized in the
supercapacitors field, offer a compelling alternative as sulfur-hosting material. They
exhibit high specific surface area, typically ranging from 500-3000 m? g?, and
abundantly available porosity, overcoming the above-described challenges
[15,23,24]. Moreover, ACs can be readily synthesized from abundant and easily
accessible waste materials, allowing the development of an improved sustainability
route for carbon material production [25-27]. However, their electronic conductivity
remains insufficient for efficient sulfur utilization during battery cycling, particularly
at high sulfur loadings [28-30].

To address the conductivity limitations of ACs, researchers have turned their
attention to graphene, a two-dimensional (2D) carbon material with excellent
electronic conductivity, high theoretical specific surface area, and superior
electrochemical properties [31-33]. However, large-scale production challenges and
the non-polar nature of graphene have led to the utilization of graphene oxide (GO)
or its reduced counterpart (rGO) as graphene-based materials [34—36]. In addition to
their excellent mechanical properties, these materials possess polar nature functional
groups that aid in polysulfide retention and enhance the wettability of the electrolyte
within the sulfur electrode structure [33,37]. Nevertheless, these graphene-based
materials do not present the ideal textural characteristics to become the optimal
sulfur host material, mainly due to their low practical specific surface area and
insufficient porosity.

Therefore, a promising approach may involve the combination of graphene
materials with activated carbons to create hybrid carbon structures. This strategy has
shown remarkable results in supercapacitor technology owing to the synergistic
effects produced. However, its application in the context of LSBs has been relatively
limited. Therefore, this thesis chapter focuses on synthesizing graphene-based
activated carbon hybrid materials as sulfur hosts for their implementation into high-
performance sulfur cathodes. The study involves the synthesis, physicochemical and
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electrochemical characterization, subsequent integration into sulfur cathode
composition, and the final performance evaluation in Li-S cells of two newly
developed porous carbonaceous materials. To assess the characteristics and potential
applicability of the two synthesized carbonaceous materials, the widely used
commercial material KJ600 will be used as a reference.

2.2. Graphene-based activated porous carbon for high-performing sulfur cathode

Two different sources were selected for the preparation of these porous
carbons. The first carbonaceous material, referred to as rGOCaf, was synthesized
using coffee waste in combination with GO. The selection of coffee waste as a
precursor aimed to enhance the sustainability and cost-effectiveness of the process
by utilizing this abundant biowaste. The second graphene-based activated carbon,
named ResFArGO, was prepared through the pyrolysis of high-purity polymers over
the GO template. In this case, a phenolic resin derived from the
resorcinol/formaldehyde hydrothermal polycondensation reaction was employed as
the precursor. This choice was based on the resin’s high yield production and
versatility in tailoring morphological properties to suit specific requirements.

2.2.1. Carbon material synthesis

For the synthesis of rGOCaf material, GO dispersion with a concentration of
4 mg GO mL'as a 2D template, obtained from Graphenea company, and coffee waste
as a carbon source were used as precursors. In the initial step, the coffee waste and
GO dispersion were thoroughly mixed under vigorous stirring, followed by a freeze-
drying process to obtain the dry coffee waste/GO precursor. This precursor was then
pre-carbonized at 400 °C under Ar atmosphere for 3 hours. To fine-tune its
morphological properties, the obtained carbon was ground and mixed with potassium
hydroxide (KOH) at a C:KOH ratio of 1:6, to carry out the chemical activation step. The
mixture was then heated to 800 °C under Ar atmosphere. The resulting material was
neutralized using a diluted hydrochloric acid solution and subsequently purified by a
water-washing process. Finally, the material was freeze-dried to obtain the graphene-
based activated carbon material.

To synthesize ResFArGO material, resorcinol was dissolved in a mixture of
water and ethanol under magnetic stirring. Afterward, the GO suspension was added
and thoroughly stirred to ensure complete homogenization. Following that,
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formaldehyde and phosphoric acid, serving as catalyst, were subsequently added to
the suspension, and the mixture was promptly transferred to an oven at 85 °C for 70
h to carry out the hydrothermal condensation reaction. The resulting resin was then
carbonized in a tubular oven at 800 °C under Ar atmosphere, yielding the carbon
material. Finally, this material was activated, purified, and dried following the same
procedure as in the rGOCaf synthesis. Scheme 2.1 illustrates the two synthetic routes
followed for the preparation of both graphene-based activated carbons.

rGOCaf

@g’ + = Activated

i Mix and pyrolysis Chemical carbon
Coffee GO activation (KOH)

waste dispersion -~

Phenolic
resin dispersion -/

ResFArGO

Scheme 2.1. Schematic illustration of the synthesis process of the two graphene-based ACs.

2.2.2. Physicochemical characterization of the porous carbon materials

As previously mentioned, the textural properties of the carbon material used
in sulfur cathodes play a pivotal role in addressing the inherent challenges associated
with the Li-S technology. Accordingly, conducting a comprehensive study of the
inherent properties of carbon material is an essential first step for this endeavor.
Figure 2.1 presents the morphological features of the three different carbon
materials: commercial KJ600, and the in-house synthesized rGOCaf and ResFArGO
carbon materials. Scanning electron microscopy (SEM) images (Figures 2.1a, b, and c)
reveal significant differences in particle structure among the three different carbons
analyzed in the study. KJ600 consists of irregularly shaped submicrometer-sized
particles with a non-uniform distribution. In contrast, rGOCaf showcases larger
particle sizes, characteristic of carbon materials derived from biowaste sources [38].
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Notably, these particles are uniformly coated by the rGO laminates, obtained through
the thermal reduction of GO. The ResFArGO carbon material showcases an open and
uniform 2D flat structure with evenly distributed AC flakes over the rGO template.
This 2D structure arises from the templating effect of GO during the phenolic resin
yield process [29]. The open structure of both in-house prepared ACs would provide
effective buffering of the volume changes characteristic of LSBs during cycling and
serve as a potential reservoir for LiPS.

KJ600 rGOCaf

Figure 2.1. SEM images of the morphological properties of a) K600 commercial, b) rGOCaf,
and c) ResFArGO carbon materials.

To evaluate the textural properties of the different porous carbons, nitrogen
adsorption/desorption isotherms at -196 °C. Figures 2.2a and b collect the isotherms,
revealing distinct profile types according to the IUPAC classification, as well as the
pore size distribution (PSD) of the studied carbons[39]. KI600 exhibits a type IV
isotherm profile, indicative of a mesoporous nature, accompanied by an H3 type of
hysteresis loop, suggesting the presence of slit-shaped pores [40]. In contrast, rGOCaf
displays a combination of type | and IV isotherm profiles, reflecting the coexistence of
microporous associated with small amounts of mesoporous structures [41]. Lastly,
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ResFArGO presents a type | isotherm behavior, characteristic of microporous
materials [42]. Importantly, both synthesized ACs show a higher BET-specific surface
area (2350 m? g and 2318 m? g! for rGOCaf and ResFArGO, respectively) compared
to the commercial carbon KJ600 (1383 m? g?). This higher specific surface area is
instrumental for the accommodation of sulfur within the carbon matrix. The PSD
analysis inferred that KI600 presents an uneven pore size distribution, comprising
both micropores (approximately 1 nm) and mesopores (around 5 nm). In contrast,
graphene-based materials demonstrate a narrower distribution of micropore size. It
is worth noting that the micropores in rGOCaf are wider than those in ResFArGO, as
suggested by the isotherm shape. Therefore, the synthesized carbons present a higher
specific surface area and narrower distribution of smaller pores compared to the
reference KJ600, which are desired properties for Li-S application [43,44].
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Figure 2.2. a) N, adsorption-desorption isotherms and b) calculated pore size distributions of
KJ600, rGOCaf, and ResFArGO carbon materials.

In conjunction with the investigation of textural properties of carbonaceous
materials, a detailed examination of their surface chemistry is essential for thorough
characterization. While physical anchoring initially proves effective, it may not
completely mitigate the shuttle effect due to the weak interaction with LiPS [45,46].
Hence, the presence of compatible surface chemistry can synergistically complement
LiPS anchoring, thereby addressing the shuttle effect [47,48].

To evaluate the surface chemistry of the synthesized carbonaceous materials,
X-ray photoelectron spectroscopy (XPS) analysis was conducted. Figure 2.3 displays
the O 1s spectra of KJ600 and ResFArGO carbonaceous materials. In the O 1s spectrum
of KJ600, a bimodal distribution is evident, featuring two distinct peaks centered at
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534 and 532 eV, corresponding to the C-O and C=0 groups. In contrast, the peak
distribution for ResFArGO diverges significantly. Here, an additional peak emerges at
530 eV, alongside the predominant C=0 peak at 532 eV and a lowered C-0O peak
centered at 534 eV. This newly observed peak is assigned to carboxylic acids or esters
(O-C=0 group), sourced from the remaining original functional groups of GO.
Compared to KJ600, the emergence of this new peak, superseding the C-O group,
confers a polar characteristic to the ResFArGO surface. As extensively documented in
the literature, the presence of this polar surface represents a key feature for
enhancing the affinity with polar LiPS compounds [35,49-51].

KJ600 | ResFArGO
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Figure 2.3. O 1s regions corresponding to XPS spectra of a) KJ600 and b) ResFArGO
carbonaceous materials.

The effective entrapment of LiPS by carbon sulfur host is crucial for mitigating
the shortcomings associated with the shuttle effect. In this sense, common carbon
materials generally possess non-polar characteristics, leading to limited interaction
with polar LiPS compounds. This weak affinity results in compromised long-term LSB
cycling, due to the unmitigated shuttle effect [52—-54]. Hence, to evaluate the LiPS
trapping ability of the studied carbons, a visual test based on the color change
associated with Li,Se adsorption capacity was conducted. Figure 2.4a vividly illustrates
the substantial differences in Li,Ss anchoring among the studied carbon materials.
KJ600 exhibits the lowest LiPS adsorption capacity, evident by the darker coloration
of the solution, while the two in-house synthesized materials show a more
pronounced reduction in the solution coloration. As illustrated schematically in
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Figures 2.4b and c, the difference in LiPS trapping is attributed to the synergistic
combination of favorable structural and surface chemistry properties exhibited by the
synthesized graphene-based ACs, as observed previously. Specifically, in contrast to
KJ600, the higher specific surface area and narrower smaller PSD, coupled with the
presence of polar-based functional groups presented by both rGOCaf and,
particularly, ResFArGO materials, contributes to an enhanced affinity with LiPS. This
fundamental feature holds the potential for an improved LSB performance.

a) 3mMLIPS +KJ600 +rGOCaf +ResFArGO

Figure 2.4. a) LiPS anchoring test of the studied carbon materials. Schematic illustration of the
LiPS retention capability of b) KI600, and c) graphene-based ACs.

2.2.3. Sulfur@carbon composite preparation and characterization

After synthesizing the two porous carbons, the sulfur@carbon composites,
designated as S@KJ600, S@rGOCaf, and S@ResFArGO, were prepared with a sulfur-
carbon material mass ratio of 71:29. The incorporation of sulfur into the carbon
structures was accomplished using the melt diffusion process. This process entailed
exposing the carbon materials to sulfur at a temperature of 155 °C for 12 hours under
the Ar atmosphere. This temperature is selected especially because sulfur becomes
molten and achieves its lowest viscosity point, thereby facilitating the infiltration
process in the minute pores of the carbon materials without agglomerations to ensure
optimal distribution and integration of the active material within the porous carbon
matrix. By way of comparison, the widely known KJI600 commercial porous carbon
was selected and studied to evaluate the potential of the in-house synthesized ACs.
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Figure 2.5. SEM images of the different S@carbon composite.

SEM images in Figures 2.5a, b, and c showcase the different S@C composites.
Upon examining the SEM image of the S@KJ600 composite (Figure 2.5a), an increase
in the particle size compared to that of the pristine KJ600 raw material (Figure 2.1a)
is apparent. The size enlargement can be attributed to the aggregation of the carbon
particles resulting from the incorporation of sulfur in the composite. Conversely, the
SEM images of the graphene-based composites (Figures 2.5b and c) show no
significant structural changes when compared to sulfur-free ACs (Figures 2.2b and c).
Moreover, it is noteworthy that no active material agglomeration is observed in these
images, indicating a homogeneous distribution of sulfur across the surface of the ACs.

The successful integration of sulfur in the carbon structure is further
confirmed by the X-ray diffraction (XRD) patterns presented in Figure 2.6a. In the XRD
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patterns of pristine Sg (JCPDS No. 08-0247), well-defined and highly intense diffraction
peaks are observed, indicating the crystalline nature of orthorhombic sulfur. However,
upon infiltration of sulfur into the different carbonaceous materials, these peaks are
noticeably diminished. This reduction in peak intensity can be correlated to the
exceptional sulfur storage properties of the proposed carbons and the complete
dispersion of sulfur within the activated carbon pores, resulting in the reduction of
the diffraction peaks [55,56]. Further characterization of the S@C composite was
conducted using the Raman analysis (Figure 2.6b).
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Figure 2.6. a) XRD patterns of sulfur (JCPDS No. 08-0247) and the three sulfur@carbon
composites. b) Raman spectra of the noted samples.

The Raman spectra exhibited two broad peaks at approximately 1330 and
1600 cm?, assigned to the G and D bands of graphite, respectively. The G-band
corresponds to sp2 carbon vibrations, while the D-band is associated with defect-
induced vibrations resulting from the disordered structure of the graphene sheets.
The ratio between the integrated areas of the D-band and G-band was found to be
1.89, 1.52, and 1.52 for S@KJ600, S@rGOCaf, and S@ResFArGO, respectively. This
indicates a lower concentration of defects and a higher graphitization degree in the
samples containing graphene. Importantly, no sulfur peaks were observed in the
Raman spectra, further confirming that crystalline sulfur clusters are uniformly
dispersed along the graphene surface [57].

2.2.4. Sulfur cathode preparation and characterization

To prepare the sulfur electrodes, S@ACs and S@KJ600 composites were
combined with carboxymethyl cellulose (CMC) and styrene butadiene rubber (SBR) as
cathode binders in deionized water, maintaining a mass ratio of 90:5:5, resulting in a
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final sulfur content of 64 wt.%. Subsequently, these slurries were deposited on a
carbon-coated aluminum current collector using a doctor blade technique, with the
sulfur loading being controlled by adjusting the wet thickness of the slurry deposition.
Two different loading values were fixed depending on the final application: i) medium
loading of 2.5-3 mgs cm™ for the cycling rate evaluation, referred to as power cells,
and ii) high loading of 4 mgs cm? to evaluate high-capacity cells under mid rates,
denoted as energy cells. In all cases, the laminates were thoroughly dried at room
temperature to avoid crack formation followed by a drying process at 50 °C under
vacuum overnight to ensure complete removal of any residual solvent.

After conducting a comprehensive analysis of the individual properties of the
three carbon materials and the S@C composites, the study progressed to examine
their behavior for sulfur cathode development, particularly at high sulfur loading
targets (4 mgs cm, in this case). Alongside technological challenges, achieving high
sulfur loading while maintaining suitable mechanical integrity in terms of packing and
homogeneity presents a significant challenge in LSBs. Hence, the morphological
evaluation of the high sulfur loading (4 mgs cm™) was evaluated.

The optical image in Figure 2.7a reveals a notable issue observed in S@KJ600
electrodes, characterized by poor material adhesion and the development of large
cracks on the electrode surface. This issue is attributed to the significant shrinkage
during the slurry drying process in KI600-based cathodes, primarily caused by the high
amount of solvent retained within this carbon material during the electrode slurry
preparation [58].

Furthermore, capillary stresses associated with the drying of aqueous slurries,
due to the higher surface tension of water, lead to more aggressive cracking [59,60].
In contrast, Figures 2.7b and ¢ demonstrate the superior ability of both ACs to
enhance electrode component cohesion, attachment, and distribution, resulting in a
high packing quality. The SEM image further validates these findings by depicting the
presence of micro-sized cracks in KJ600 sulfur electrodes (Figures 2.7d and g), while
the electrodes composed of graphene-based ACs (Figures 2.7e-i) exhibit a distinct
absence of such defects. Additionally, the ACs-based electrodes demonstrate an
exceptional particle distribution with no signal of sulfur particle agglomeration. These
observations highlight the favorable mechanical properties, packing characteristics,
and active material distribution of the synthesized graphene-based activated carbons,
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which are key properties for the successful development of optimal high sulfur loading
cathodes.

ResFArGO

N

% 20007
/\" N ER D

Figure 2.7. a-c) Optical and SEM images at d-f) low and g-i) high magnifications of the prepared
high sulfur loading electrodes with the three different carbon materials.

In summary, the obtained results demonstrate that both ACs exhibit superior
individual as well as sulfur electrode properties compared to the KJ600 reference
material.
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2.2.5. Electrochemical performance of the prepared sulfur cathodes

To assess the impact of these favorable properties on the performance of
Li-S cells, a comprehensive electrochemical analysis was conducted through the
galvanostatic cycling of the three sulfur electrodes developed in the current chapter.
This analysis encompassed two different cell studies. Firstly, a C-rate test was
employed to analyze the power capabilities of the newly synthesized carbons in the
power cells, as described earlier. Secondly, long-term cycling was undertaken to
evaluate the cycling stability of the different electrodes prepared in the energy cells.

For these cell studies, the conventional Li-S technology electrolyte was
employed, consisting of a solution of 0.5 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.5 M lithium nitrate (LiNOs) dissolved
in a 1:1 vol. mixture of DME/DOL Concerning the electrolyte amount, it is common in
the existing literature to encounter studies reporting coin cell performance under
flooded electrolyte conditions. However, this practice can lead to misinterpretation
and may mask potential operational issues during battery cycling. Furthermore, it is
important to note that these cycling conditions significantly diverge from practical
application, making their transition to real cells challenging. Consequently, taking
these factors into account, a reduced amount of electrolyte 7 pL mgs™* was employed
in all the coin cell cycling tests performed throughout the thesis. This ratio was
consistently adjusted to establish lean electrolyte conditions for this battery
configuration, to facilitate its future scale-up.

2.2.5.1. Rate capability evaluation

For the C-rate test, moderate sulfur loadings were employed to mitigate
possible operating challenges that the lithium anode may suffer under these harsh
operating conditions. To this end, the power cells underwent galvanostatic cycling at
different C-rates, including C/20, C/10, C/5, and C/2.

Henceforth, in all representations of battery electrochemical performance
within this thesis, the dot representation will be linked to the CE on the right vertical
axis, while the dash-dot representation will correspond to discharge capacity on the
left vertical axis.
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Figure 2.8. a) Rate capabilities of Li-S power cells using the studied carbon materials at
different C-rates, along with the discharge/charge voltage profiles of b) S@KJ600, c)
S@rGOCaf, and d) S@ResFArGO cells.

Figure 2.8a presents the gravimetric and areal capacity plots of the power
cells. Notably, both rGOCaf and ResFArGO cells exhibit significantly higher specific and
areal capacities across the entire range of the analyzed C-rates compared to the cells
using commercial KJ600 as the sulfur host material. Additionally, the graphene-based
cathodes demonstrate remarkable capacity retention as the C-rate increases from
C/10 to C/2, with rGOCaf retaining 73% of the initial capacity and ResFArGO retaining
an impressive 89%. This outstanding behavior can be attributed to the exceptional
characteristics of the in-house ACs, which offer a combination of high specific surface
area and highly accessible narrower pore size distribution for effective sulfur
conversion and LiPS retention. These suitable properties, along with the excellent
electronic conductivity provided by the rGO sheets, contribute to their robust
response under fast cycling conditions, which is of particular importance for practical
application.

It is worth highlighting the performance of the S@ResFArGO cathode,
exhibiting the best rate capability among all the analyzed systems. At a high C-rate of
C/2, it delivers stable discharge capacities of 950 mAh g (around 2.5 mAh cm™) with
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minimal polarization, defined as the voltage difference between charge and discharge
profiles, at high current densities, as evidenced by the charge/discharge profiles
shown in Figure 2.8d. Furthermore, the stability offered by the ResFArGO-based cell
is highly commendable, achieving impressively high coulombic efficiencies exceeding
99.8% in all tested cycling rates. Compared to rGOCaf, this remarkable performance
can be attributed to the narrower and smaller pore sizes and the material
homogeneity of ResFArGO. Unlike coffee waste, which can present inherent material
properties that are challenging to control, the quality of the resin produced by the
polycondensation reaction showcases a higher quality as a carbon source. Therefore,
the S@ResFArGO system is positioned as a promising candidate for high-rate Li-S cell
application. For comparative analysis, charge/discharge profiles of the S@KJ600 and
S@rGOCaf cells are included in Figures 2.8b and c. These profiles reveal a moderate
polarization of the rGOCaf cell, while the reference KJ600-based system exhibits a
significantly higher polarization, resulting in observable voltage shifts at C/10 and
higher C-rates.

2.2.5.2 High sulfur loading LSB performance

After characterizing the behavior of the power cells, it is also crucial to analyze
the performance of the energy cells under a constant cycling rate of C/10, preceded
by 5 formation cycles at C/20 (Figure 2.9a). In this evaluation, both graphene-based
electrodes feature a significantly improved capacity compared to the reference KI600
cell. S@rGOCaf demonstrates a capacity of 780 mAh g* (3.12 mAh cm™), while
S@ResFArGO showcases an even higher capacity of 1100 mAh g (4.4 mAh cm?)
compared to the lower capacity of 520 mAh g (2.08 mAh cm™) delivered by the
reference S@KJ600. The S@ResFArGO cell stands out for achieving the highest
capacity and demonstrating remarkable cell stability.

Additionally, the S@ResFArGO cell presents an outstanding capacity retention
of > 99.7% from the first to the last cycle at C/10, with charge/discharge profiles
remaining unchanged over 50 cycles (Figure 2.9d). This exceptional capacity retention
can be attributed to the carbon material’s ability to effectively retain the first plateau
related to the conversion of high-order LiPS. The combination of its strong LiPS
trapping capability and excellent electronic conductivity allows for the fast and
efficient conversion of the high-order LiPS, contributing to its impressive
performance. For comparison, the charge/discharge profiles of S@KJ600 and
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S@rGOCaf can be found in Figures 2.9b and c. It is worth noting that the S@rGOCaf
cell displays some erratic charging behavior before cycle 40, which can be ascribed to
the lithium instability and potentially mild LiPS attack at the anode. This phenomenon
is less pronounced in the S@KJ600 cell due to its lower cell capacity, resulting in
gentler lithium anode cycling stress and reduced LiPS generation. Considering these
observations, S@ResFArGO demonstrates exceptional sulfur utilization, rate
capability, capacity retention, and long cycle life. Therefore, this carbon material can
be considered a highly promising candidate for sulfur cathode development in
practical Li-S cells.
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Figure 2.9. a) Long-term cycling performances of Li-S energy cells using the different carbon
materials. Discharge and charge profiles of the b) S@KIJ600, c) S@rGOCaf, and d)
S@ResFArGO-based energy cells.

2.2.6 Post-mortem analysis and cell failure mechanism

Despite the enhanced performance demonstrated by the in-house
synthesized graphene-based Acs both for power cells and energy cells presented in
this chapter, particularly by the ResFArGO material, it is important to highlight that
the Li-S cells present a relatively limited lifespan of approximately 50 cycles, which
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hinders their potential practical application. Consequently, to understand the
underlying cause of failure, a thorough post-mortem analysis of the high sulfur loading
cells was conducted.

Figures 2.10 and 2.11 display optical images of the individual cell components
after the energy cell cycling test, while SEM imaging was used to examine the
recovered and washed cathodes and anodes.

"

Cathode

b)

Separator

Figure 2.10. Post-mortem analysis of the different energy cells after cycling. Optical images of
a) the cathode and b) the separator of high-loading cells at the end of their cycling life for the
three carbon composites.
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The optical image of the S@KJ600 cell’s cathode reveals a fractured electrode
with the active material detached from the current collector (Figure 2.10a).
Fragments of the active material are observed adhering to the separator, which
displays noticeable coloration due to the presence of dissolved LiPS in the electrolyte.
This cathode disintegration, coupled with the prevalence of the soluble LiPS, explains
the reduced capacity observed in this particular cell configuration.

In contrast, both S@rGOCaf and S@ResFArGO cycled cathodes remarkably
maintain their structural integrity even after 40-50 cycles, as confirmed by SEM
images. However, a discernible difference arises between these two AC systems. The
S@rGOCaf cell exhibits a clear yellowish-orange color, typically associated with the
dissolved LiPS (Figure 2.10b). Strikingly, despite achieving the highest sulfur utilization
among the cells, the S@ResFArGO system preserves an unaltered appearance with no
coloration on the Celgard® separator after 50 cycles, as shown in Figure 2.10b.
Furthermore, distinct sulfur deposition is visible on the surface of the ResFArGO
cathode, facilitating its subsequent utilization and enabling improved sulfur utilization
and capacity retention.

Conversely, optical and SEM images reveal a noticeable degradation of the
LMA in all systems (see Figure 2.11). On one hand, the irregular deposition of lithium
on the anode surface indicates inadequate long-term compatibility between the
employed conventional electrolyte and the lithium anode. The existing bibliography
suggests that the consumption of LiNOs salt during cell cycling is responsible for this
compatibility issue [61,62]. On the other hand, the conventional DME/DOL-based
electrolyte is not designed to effectively suppress LiPS dissolution. Consequently, the
presence of LiPS in the rGOCaf cell further accelerates the consumption of LiNOs,
which is the main responsible for maintaining cell stability. Therefore, the limited cycle
life of the S@ResFArGO system can be primarily attributed to the stability problems
induced by the LMA degradation during the employed challenging battery cycling,
particularly under high areal capacities. A similar failure mechanism is presumed in
the case of the S@rGOCaf cell, albeit accelerated by the presence of partially dissolved
LiPS.
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rGOCaf ResFArGO

Figure 2.11. a) Optical and SEM images at b) low and c) high magnifications of the metallic
lithium anodes of the noted energy cells after galvanostatic cycling.

2.3. Summary and conclusions

In  conclusion, this chapter showcases the potential of employing
carbonaceous materials, originally designed for electrochemical capacitors, to address
various inherent challenges associated with Li-S battery technology, given the similar
material requirements of both technologies. The combination of activated carbons
and graphene oxide for the carbon material synthesis has been analyzed for the first
time in the context of Li-S batteries, resulting in two new carbonaceous materials,
rGOCaf and ResFArGO. The former is derived from coffee waste as an eco-friendly and
sustainable precursor, while the latter is produced using high-purity and highly
tunable polymer resins. Both materials exhibit favorable properties, including high
surface area and optimized hierarchical pore size, making them highly compatible
with sulfur and LiPS. As a result, the sulfur electrodes incorporating these materials
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exhibit exceptional electrochemical performance. The presence of graphene and
small micropores in these materials synergistically contributes to high electronic
conductivity and efficient trapping of LiPS, resulting in beneficial effects for Li-S cells.
Notably, the incorporation of ResFArGO material enables outstanding sulfur
utilization, exceeding 1100 mAh g (66% of sulfur utilization) at high sulfur loadings of
4 mg cm?, and exhibits remarkable rate capability. These findings suggest that the
scalability study of ResFArGO holds great promise for the development of high-
performance Li-S prototype cells, which will be further investigated in the subsequent
chapters of this thesis. However, it is important to consider the degradation of the
lithium anode under the employed realistic operation conditions and seek solutions,
as these factors significantly affect the overall performance and cycle life of Li-S
batteries.
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Bringing ResFArGO-Based Sulfur Cathodes toward Practical Application

3.1. Introduction

In the preceding chapter, significant progress was made in overcoming most
of the inherent challenges associated with the Li-S battery technology, including poor
sulfur utilization and the shuttle effect. These improvements were directly attributed
to the incorporation of well-suited graphene-based activated carbon as sulfur host,
particularly by ResFArGO composite carbonaceous material. The exceptional textural
properties, suitable LiPS compatibility, and remarkable cell performance exhibited by
this material position it as a promising alternative for developing high-performing
sulfur cathodes.

However, the development of practical LSBs is more than just about
maximizing their performance. While guaranteeing its exceptional energy density is
crucial, achieving cost-effectiveness is equally pivotal to positioning Li-S technology
competitively against conventional Li-ion battery technologies [1-4]. Conventional
LIBs, which rely on expensive metals as active materials like cobalt or nickel, result in
average costs of around $100 per kilowatt-hour (KWh) [5,6]. In contrast, the use of
sulfur as active material significantly contributes to the cost-effectiveness of LSBs due
to its abundance and low cost, priced at approximately 0.05 $ kg?! [7-9].
Consequently, researchers envision that optimized LSBs have the potential to achieve
highly competitive costs, potentially falling below $50 per kWh [10-13]. In this sense,
achieving these cost targets entails implementing economic cell optimization
strategies, including selecting cost-effective sulfur host materials [14,15].

In the realm of Li-S technology, it is common to encounter studies detailing
the development of advanced sulfur cathodes that exhibit exceptional battery
performance at the laboratory scale [16,17]. However, these advancements
frequently involve high costs and complex synthetic processes, posing challenges in
their scalability for industrial applications [18—21]. This discrepancy between lab-scale
and industrial performances underscores the need to develop solutions that not only
address the technological challenges but also promote the applicability and cost-
effectiveness of the LSBs.

The ResFArGO material presents promising properties as a potential sulfur
host. However, its current synthesis process requires optimization to facilitate large-
scale production. The primary challenge lies in the chemical activation step, where the
textural properties of the carbon material are adjusted. This process, conducted under
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the employed operating conditions, results in high energy consumption, leads to
impurity formation, and generates waste streams, requiring extensive purification
steps [1,22,23]. To address this bottleneck, a potential approach could involve the
replacement of chemical activation with physical activation methods using agents like
steam or carbon dioxide [24-26]. This modification enables streamlining of the
production process, reduces associated costs, and facilitates the transition to
industrial-scale manufacturing. However, the investigation of this process
modification is beyond the scope of the current doctoral thesis but holds promise for
future research work.

Motivated by this consideration, this chapter primarily focuses on addressing
the cost challenges associated with the ResFArGO material without modifying its
production process. To this end, a straightforward, scalable, and cost-effective
strategy is proposed, involving the improvement of low-cost commercial carbon
material-based sulfur cathode through the incorporation of tailored carbonaceous
materials, such as ResFArGO, as additives. To comprehensively assess the
effectiveness of this strategy, it will be compared not only to the reference KI600
carbon material but also with an alternative additive approach composed of a mixture
of various carbonaceous materials commonly documented in the literature, referred
to as commercial additives (CAs). Initially, a thorough physicochemical
characterization of the different sulfur electrodes prepared will be conducted to
evaluate their textural properties and chemical surface characteristics. Subsequently,
a comprehensive evaluation of the sulfur redox kinetics of these sulfur cathodes will
be deeply studied. Finally, the potential applicability of the proposed strategy will be
assessed by testing the studied sulfur cathodes in power and energy Li-S cells.

3.2. Bringing ResFArGO-based sulfur cathodes closer to practical application
3.2.1. Physicochemical characterization of carbonaceous mixtures

The commercial KJ600 carbon material presented in the previous chapter was
selected as the main carbon component due to its low cost and high specific surface
area, which are necessary attributes to accommodate large amounts of sulfur-active
material. Two different types of carbon additives were incorporated at an initial
amount of 10 wt.% of the total electrode composition. To prepare the first carbon
mixture, referred to as KI600 + ResFArGOi,, the KJ600 was gently mixed with the
synthesized ResFArGO material, which was obtained following the previously
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described synthesis process outlined in Chapter Il. For the second carbon mixture,
referred to as KI600 + CAs, the additive consisted of a combination of commercially
available carbonaceous materials, namely carbon black (C-65), multiwalled carbon
nanotubes (MWCNTSs), and graphene nanoplatelets (GNPs). These carbon materials
were selected due to their high electronic conductivity and their ability to enhance
the performance of the sulfur electrode, as widely reported in the literature.

a) KJ600 + CAs b) KJ600 + ResFArGO,,

Figure 3.1. SEM images of the different carbon mixtures a) KI600 + CAs and b) KI600 +
ResFArGO;o under low (x 15000) and high (x 60000) magnifications.

The compatibility and mixability of the proposed additives with KI600 were
the first key parameters addressed in this study. To this end, the carbon mixtures were
characterized using scanning electron microscopy, as shown in Figure 3.1. Both
carbon mixtures exhibited a homogeneous distribution of all the components,
indicating good compatibility and high affinity between the proposed materials. In the
case of KJ600 + CAs (Figure 3.1a), the SEM images disclose two significant details to
be highlighted. Firstly, the GNPs present a well-integrated structure within the carbon
matrix, conferring their high electronic conductivities to the composite. Secondly, the
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MWCNTs acted as interconnectors, establishing enhanced electronic pathways
between the different particles. In the SEM images of the ResFArGO-based mixture
(Figure 3.1b), a uniformly dispersed, flat-shaped structure of the ResFArGO material
is observed, demonstrating effective coating and integration with KJ600 particle
agglomerates. The resulting structure is not only anticipated to enhance the electronic
conductivity of the composite but also ensure smooth lithium-ion diffusion along the
surface of the carbonaceous composite.

a) b)
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Figure 3.2. a) N, adsorption/desorption isotherms, b) Pore size distribution (PSD) of the studied
carbon mixtures, K600, KJ600 + CAs, and KJ600 + ResFArGOio.

Moreover, an in-depth study of the textural properties of the as-prepared
carbon mixtures was performed through N, adsorption/desorption isotherm
measurements at —=196 °C. As presented in Figure 3.2a, all the carbonaceous mixtures
exhibit a type IV isotherm, indicating a mesoporous nature according to the IUPAC
classification [27,28]. This nature can be attributed to the inherent mesoporous
structure of KJ600 material predominant in all the blends. Additionally, the obtained
specific surface areas for the KJ600, CAs mixture, and ResFArGO mixture were
calculated to be 1324, 800, and 1370 m? g%, respectively. The decrease in the specific
surface area observed in the CAs blend compared to pristine KJ600 is attributed to the
incorporation of non-porous materials (GNPs, C-65, and MWCNTSs) in its composition.
On the other hand, the ResFArGO mixture displays a slight increase in the specific
surface compared to using KJ600 as the main carbon, ascribed to the incorporation of
the highly porous ResFArGO material, as shown in the previous chapter. Furthermore,
the pore size distribution shown in Figure 3.2b exhibits a heterogeneous distribution
of pores ranging from 0.6 to 20 nm for all the carbonaceous materials, mainly
influenced by the porosity characteristics of KI600. However, in the case of the
ResFArGO-containing blend, a larger portion of micropores is observed, primarily
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derived from the higher microporosity provided by the graphene-based material, as
evidenced in Chapter II.
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Figure 3.3. O 1s regions corresponding to XPS spectra of the studied carbon mixtures, a) KJ600,
b) KJI600 + CAs, and c) KI600 + ResFArGO1,. d) Full survey scan of XPS spectra of the different
carbons and carbonaceous mixtures.

As previously highlighted, achieving optimal LSB performance requires special
consideration of both the textural properties and surface chemistry of the carbon
sulfur host. Therefore, an in-depth characterization of the surface chemistry of the
carbon mixtures was conducted using XPS. Figures 3.3a-c present the O 1s spectra of
KJ600, KJ600 + CAs, and KJI600 + ResFArGO, respectively. In Chapter Il (Figure 2.3),
significant differences in surface chemistry emerged when comparing the reference
KJ600 with the graphene-based ACs, attributed to the presence of remaining
functional groups originating from GO. In this case, the blend incorporating ResFArGO
as additive exhibits a similar surface chemistry trend, characterized by the presence
of oxygen-based polar functional groups. This observation aligns with the surface
chemistry observed when ResFArGO is employed as the sole carbonaceous material.
The resulting polar functional groups are assigned to carboxylic acids or ester
compounds, as disclosed in Chapter Il. Conversely, the blend based on CAs displays
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similar characteristics to those obtained with KI600 as the only carbonaceous
material. This consistent trend is further reflected in the oxygen content, as illustrated
in Figure 3.3d, where it becomes apparent that the presence of ResFArGO increases
the oxygen content in the mixture compared to KJ600. In summary, the
comprehensive characterization of the inherent physicochemical properties of the
mixtures reveals that even in small quantities, the incorporation of ResFArGO confers
advantageous properties to the final mixture. These advantages include an increase
in the total specific surface area, enhanced microporosity, and a higher amount of
oxygen and polar compounds on the mixture’s surface, which are crucial to mitigating
the shuttle effect.

Efficient trapping of LiPS during the Li-S cell operation is a key attribute for an
ideal carbon sulfur host, which decisively impacts the final performance of the cell
[29-31]. Hence, an investigation was carried out to determine if the different carbon
blends formulated in this chapter demonstrated this crucial characteristic. For this
evaluation, the polysulfide retention test, based on the visual determination of
coloration change associated with Li,Se, was executed, as illustrated in Figure 3.4a. The
figure reveals notable differences in the LiPS trapping ability among the investigated
carbon mixtures. The ResFArGO-based mixture stands out with a significant reduction
in dissolution coloration, underscoring its effectiveness in LiPS trapping even when
incorporated as an additive. The other samples, albeit to a lesser extent, present a
slight reduction in the coloration, suggesting that the commercial KJ600 possesses the
ability to trap a certain amount of LiPS.

To quantitatively corroborate these visual observations, ultraviolet-visual
spectroscopy (UV-vis) tests were carried out (Figure 3.4b). The UV-vis spectra provide
further evidence that the incorporation of ResFArGO increases the polysulfide
retention capacity, owing to its higher specific surface area and a heightened presence
of polar oxygenated groups [29,32,33]. In contrast, the CAs-based mixture presents
lower LiPS retention compared to the reference KJ600 material. This reduction in LiPS
trapping capacity can be attributed to the decrease in the total specific surface area
of the mixture due to the introduction of non-porous carbons as additives, and the
non-polar surface of carbon blends.
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Figure 3.4. a) Li,S¢ adsorption visual test of the analyzed carbon mixtures and their
corresponding b) UV-vis spectra of the remaining Li,Se solutions after the adsorption test.

Therefore, these findings, exemplified by the KJ600 + ResFArGO mixture, once
again highlight the importance of the optimal physicochemical properties of the
carbonaceous materials for being used in Li-S technology. These optimized properties
directly lead to improved compatibility and retention of LiPS, a key feature for an
optimal LSB operation by being able to reduce the shuttle effect.

3.2.2. Physicochemical characterization of additive-based sulfur electrodes

Once the individual properties of the carbonaceous mixtures were thoroughly
analyzed and understood, the corresponding sulfur cathodes were prepared following
the same procedure described in Chapter Il. However, for the CAs-based sulfur
cathode preparation, the melt diffusion process was executed solely with the KJ600,
after which the carbon additives were mixed and incorporated by a dry mixing
process. This modification was adopted to ensure efficient sulfur infiltration, due to
the non-porous structure of the carbon materials constituting the CAs. To evaluate
the impact of the studied additives on the LSB performance, both power cells
(2.5-3 mgs cm™) and energy cells (4 mgs cm2) were developed.

Given the challenges associated with achieving high sulfur loading cathodes
that maintain good structural integrity, the packing properties of the three different
carbon composite cathodes with a loading of 4 mgs cm? were evaluated using the
SEM, as shown in Figure 3.5. Notably, even at low magnifications (Figure 3.5a), large
cracks were observed in the reference KJ600-based cathode. This phenomenon, as
previously discussed in Chapter Il, results from shrinkage that occurred during the
drying process of the electrode, attributed to the substantial amount of solvent
retention by the KI600 carbon material during the electrode slurry preparation and
the difficulty of packing the agglomerated particles characteristic of this carbonaceous
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material (observed in Figure 2.1). In contrast, the CAs-based sulfur electrode exhibited
a significant reduction in electrode cracks, likely due to the lower amount of KJ600 in
the formulation and the consequent decrease in the specific surface area after the
incorporation of the non-porous conductive additives. Furthermore, both GNPs and
MWCNTs have the potential to act as bridging agents of the KJ600 particle
agglomerates, enhancing the compaction and reducing electrode cracks. Remarkably,
the electrode containing ResFArGO as additive presents significantly improved
homogeneity, compaction, and adhesion to the current collector, despite its high
sulfur loading (4 mgs cm™). These favorable processability characteristics can be
attributed to the amphophilic nature of ResFArGO, stemming from the presence of
functional groups on its surface, as previously demonstrated in the XPS data. These
functional groups enhance its dispersibility in water, thereby reducing agglomerate
formation. Notably, even in smaller quantities, the presence of ResFArGO as an
additive results in cathodes with similarly exceptional properties as when used as
main carbon.

Under higher magnification (Figure 3.5b and Figure A.3.1), the KJ600
reference electrode displays highly agglomerated particles. In contrast, the CAs
electrode (Figure 3.5b and Figure A.3.2), albeit still exhibiting some agglomerates,
demonstrates a well-packed and interconnected structure. In this sense, the
observation made in the SEM images of the carbon mixture related to the distribution
of the CAs mixture suggests that MWCNTs may act as electron conductive bridges
between the agglomerates, establishing the desired electron pathway through the
electrode. Additionally, in the case of graphene-based activated carbon cathodes, the
uniform and 2D flat-shaped structures inherent to ResFArGO material closely interact
with KJ600 particles, facilitating high electrical conductivity across the entire
electrode, as evidenced in Figure 3.5b and Figure A.3.3. These SEM images effectively
showcase the packing properties of the selected additives, with the ResFArGO-
containing composition demonstrating packing properties similar to those observed
in cathodes composed solely of ResFArGO, as observed in Chapter Il. Finally, the
energy dispersive spectrometry (EDS) of the elemental mapping of sulfur in all the
prepared electrodes confirms the excellent distribution of the active material within
the entire cathode, without the presence of any sulfur clusters (Figure 3.5c). This
observation once again highlights the effectiveness of the melt diffusion sulfur
infiltration technique in achieving a homogeneous active material distribution within
the cathode structure.

98



Bringing ResFArGO-Based Sulfur Cathodes toward Practical Application

KJ600 +
KJ600 + CAs | | ResFArGO,,

Figure 3.5. SEM images of the studied high sulfur loading cathodes under a) low and b) high
magnifications, and c) EDS sulfur mapping.

3.2.3. Redox kinetics and electrochemical behavior of the additive-based cathodes

In contrast to conventional LIBs based on intercalation and deintercalation
processes, the performance of the Li-S technology is governed by multiple redox
reactions that take place during battery operation. Therefore, the analysis of the
electrochemical behavior of the proposed sulfur cathodes is fundamental for gaining
insights into their overall LSB performance.
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Consequently, a comprehensive range of electroanalytical measurements was
conducted to thoroughly evaluate the effect of incorporating the proposed
carbonaceous additives on the electrochemical performance of the sulfur cathodes.
Initially, to assess the influence of the additives on the redox kinetics, cyclic
voltammetry (CV) at a scan rate of 0.2 mV s™ of the as-prepared sulfur cathodes was
carried out. Figure 3.6a presents the sulfur reduction-oxidation reaction curves of the
studied systems. In all cases, the typical two distinct cathodic peaks are envisaged.
The first peak, observed around 2.5-2.3 V, corresponds to the reduction of solid Sg to
soluble long-chain LiPS (Li>S,; where 4 < n < 8). The second peak, situated around
2.1-2.0 V, is attributed to the successive conversion to insoluble short-chain LiPS
(Li2S2/ LiS) [34,35]. Additionally, in the anodic region, both ResFArGO and CAs-
containing cells displayed the typical two peaks associated with the multistage
oxidation from insoluble short-chain LiPS to Sg, with the intermediate formation of the
soluble species [36,37]. However, this characteristic anodic profile is not observed for
the reference KJ600-based system. In this system, the anodic region is characterized
by a more flattened and irregular profile with multiple small peaks and a broader
range of voltage. This different profile shape can be attributed to the sluggish redox
kinetics of the KI600 reference cell.

Notably, the CV curves reveal the positive impact resulting from the
incorporation of ResFArGO or CAs as additives in the sulfur cathode composition. The
KJ600 cathode presents broader and less intense peaks. Conversely, both additives
lead to sharper and more pronounced cathodic and anodic peaks, while
simultaneously reducing polarization, the voltage difference between the main
reduction and oxidation peaks, when compared to the reference KI600 cathode. In
particular, the ResFArGO-containing sulfur cathode stands out by exhibiting the
sharpest peaks in both cathodic and anodic regions. This distinctive CV profile
underscores a significant enhancement in reaction kinetics, attributable to the
enhanced electronic conductivity and improved contact with the active material at
the cathode, as a consequence of the inclusion of ResFArGO [38-40].

This finding aligns with the results obtained in the Tafel plots of the main
reduction and oxidation peaks (Figures 3.6b and c, respectively), derived from the CV
curves (Figure 3.6a). Both ResFArGO and CAs exhibit significantly lower Tafel slopes
(34.6 and 30.35 mV dec™* for ResFArGO, 39.7 and 34.1 mV dec™* for CAs) compared to
the reference cathode (57.8 and 55.7 mV dec™). These reduced slopes indicate
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improved Li-S redox reaction kinetics, ascribed to the enhanced electronic conductive
network provided by the additives [41,42]. Significantly, the ResFArGO-containing
cathode presents superior electrocatalytic behavior, which can be linked to the
combined effect of enhanced electronic conductivity and the LiPS anchoring capability
introduced by this additive.
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Figure 3.6. Sulfur redox kinetic study of the KJ600 reference, KI600 + CAs, and KJ600+
ResFArGO1y electrode-based cells: a) CV in a potential window from 1.7 to 2.8 V at a scan rate
of 0.2 mV s71. Tafel plots for the b) cathodic and ¢) anodic conversion reactions, respectively.

Complementary to the Taffel plot, the Li* diffusivity is another important
parameter for assessing redox kinetics within the sulfur cathode [43-45]. To evaluate
this parameter, CV measurements were conducted at different scan rates, ranging
from 0.1 to 0.4 mV s As displayed in Figures 3.7a-c, the CV curves present the three
characteristic peaks associated with the sulfur redox reactions occurring during the
LSB cycling, featuring two reduction peaks (labeled as peaks | and Il) and a main
oxidation peak (denoted as peak Ill). Notably, as the scan rate increases, there is a
corresponding rise in the intensity of these redox peaks, coupled with a shift in the
voltage at which these peaks occur. The fitting of each peak of the CV curves,
displayed in Figures 3.7d-f, unveils a clear linear correlation with the square root of
the scanning rates for all the electrodes, suggesting that the system is governed by a
diffusion process [46,47]. According to the classical Randles-Sevcik equation, the Li*
diffusivity is directly associated with the slope of the curves represented in
Figures 3.7d-f. Notably, the additive-containing cathodes present steeper slopes
compared to the reference KJ600 cathode, indicating an enhanced lithium-ion
diffusion [48,49]. Among these cathodes, the ResFArGO-based cathode once again
demonstrates the most substantial improvements, underscoring its potential for
improving the reaction kinetics even in small quantities.
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Figure 3.7. Li* diffusion coefficient analysis of the studied carbon mixtures: a-c) CV curves at
different scan rates from 0.1 to 0.4 mV s7*. d—f) Li* diffusion behavior analysis.

The deposition and nucleation processes of the Li,S compound from Li,S4 play
a crucial role during LSB operation, contributing up to 75% of its theoretical capacity
[50]. To gain deeper insights into the catalytic activities provided by the different
carbon mixtures, a detailed study into the nucleation and dissolution processes of Li,S
was conducted. The Li,S precipitation plot, as illustrated in Figures 3.8a-c, reveals an
initial monotonically decreasing current, which is correlated to the reduction process
from the remaining higher-order LiPSs to Li,S4. Subsequently, a sharp and well-defined
current peak is observed corresponding to the nucleation and growth of the solid Li,S
[51,52]. From these plots, two valuable conclusions can be drawn. Firstly, the
ResFArGO-based system exhibits shaper current peaks, appearing in a shorter time
than the other cathodes. This observation indicates a faster Li,S nucleation process in
the presence of the ResFArGO additive. Secondly, according to Faraday’s law, the Li,S
nucleation capacity values of KJ600 (132 mAh g?), KJ600 + CAs (128 mAh g?), and
KJ600 + ResFArGOip (142 mAh g?t) cathodes were calculated, with the ResFArGO
additive standing out by delivering the highest Li,S nucleation capacity.
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Figure 3.8. Potentiostatic charge curves of the Li,Sg solution to evaluate a-c) precipitation and
d-f) dissolution kinetics of Li,S for the three different carbon mixtures.

The LiS dissolution processes in the studied systems were performed by
potentiostatic charging at 2.4 V (shown in Figures 3.8d-f). The Li,S oxidation capacities
of additive-based cathodes exhibited significantly higher values, appearing at earlier
dissolution times compared to the reference cathode, validating the enhanced
dissolution process of solid Li,S [53,54]. Notably, despite the Li,S dissolution peak of
the KJ600 + CAs system appearing at shorter times compared to the ResFArGO-based
cell, both samples present the onset of dissolution at the same point in time. However,
the delay in achieving the peak aligns with the higher dissolution performance of the
cathode incorporating KJ600 + ResFArGO1o compared to KI600 + CAs. This is evidenced
by the respective capacities of 386 mAh g and 300 mAh g™, as observed in
Figure 3.8e and f.

In summary, the extensive electrochemical kinetic study conducted during
this work, as depicted in Figures 3.6, 3.7, and 3.8, unequivocally demonstrates the
advantages of incorporating conductive additives into the sulfur cathode formulation
to enhance the kinetics of conversion reactions. Among the two developed strategies,
the incorporation of ResFArGO in the sulfur cathode as additive stands out as it serves
as a catalyst, significantly accelerating the conversion reactions and enhancing both
the nucleation and dissolution processes of Li,S. This favorable performance can be
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solely attributed to the previously analyzed suitable physicochemical properties of the
carbon mixture incorporating the ResFArGO material.

3.2.4. Li-S battery performance of additive-based sulfur cathodes
3.2.4.1. Rate capability of additive-based sulfur cathodes

The favorable theoretical properties demonstrated by the proposed approach
must be validated in the cell performance to establish their significance. To this end,
the effectiveness of the ResFArGO additive in sulfur cathodes was assessed in Li-S
technology through power cells subjected to a C-rate test (Figure 3.9a). It is worth
noting that, in Li-S literature, C-rate capability tests are often conducted employing
low sulfur loadings, typically below 2 mg cm™ (equivalent to theoretical capacities
lower than 3.3 mAh cm™), to evaluate the response of the proposed strategy.
However, these conditions are far from practical application scenarios and can lead to
misleading expectations [55-58]. Therefore, to obtain meaningful and realistic
conclusions, sulfur loading of 3 mg cm? (equivalent to a theoretical capacity of
approximately 5 mAh cm) has been employed in this study to conduct the C-rate
characterization of the power cells closer to practical applications.

The electrochemical performance of the power cells confirms the kinetics
results previously reported. Both additive-containing sulfur cathodes delivered higher
specific and areal capacities across the entire range of C-rates compared to reference
KJ600 cells (Figure 3.9a). Moreover, remarkable capacity retention was observed
when increasing the cycling rate from C/10 to C/2 after additive incorporation, with
ResFArGO exhibiting 80% capacity retention and CAs 75%. This reduced capacity
difference between mild and high cycling rates (i.e., C/10 and C/2) further reinforced
the enhanced reaction kinetics provided by the well-selected additives, with the
ResFArGO proving particularly effective in this regard. Notably, even at the
challenging rate of 1C, the cells demonstrated outstanding high capacities, delivering
800 and 740 mAh g™ for ResFArGO and CAs, respectively. These values correspond to
areal capacities close to 2 mAh cm™2, four times higher compared to the reference cell.

Figure 3.9b displays the galvanostatic charge/discharge profiles of the
different power cell configurations, showing the two characteristic discharge plateaus
corresponding to the multi-step sulfur reaction mechanism. Remarkably, both
additive formulations contribute to the reduction in cell overpotential (139 mV and
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180 mV for ResFArGO and CAs additives, respectively) compared to the reference
KJ600 cathode (310 mV), with ResFArGO exhibiting the lowest cell polarization. This
enhanced behavior provided by ResFArGO material can be attributed to its effective
LiPS trapping ability and enhanced catalytic properties, aligning well with the previous
results obtained during the electroanalytical measurements.
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Figure 3.9. a) Rate capabilities of Li-S cells using KJ600 as the reference and CAs and ResFArGO
additive-based cathode formulations. b) Galvanostatic discharge/charge profiles of the studied
electrodes at C/5.

Nevertheless, despite achieving high capacity values at 1C, Figure 3.9a reveals
that the CE obtained at this high C-rate presents irregular behavior. These irregular CE
values can be attributed to instability issues on the lithium anode side, particularly
during the charging process when Li deposition on the lithium metal anode occurs. It
is important to highlight that, at a cycling rate of 1C, a current density of 5 mA cm™ is
applied to the cell with a sulfur loading of 3 mgs cm™. Under these demanding and
harsh cycling conditions, the lithium metal anode faces significant challenges in
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maintaining stable cycling. To verify this hypothesis, a Li stripping and plating test was
performed on Li/Li symmetric cells at different current densities. As shown in
Figure 3.10a, the results confirm that while lithium deposition occurs uniformly at low
current densities, when it exceeds 0.5 mA cm™, the deposition behavior starts to
exhibit a non-uniform deposition profile. This behavior is associated with the
development of inhomogeneous plating, which is exacerbated at 4 mA cm=.
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Figure 3.10. a) Galvanostatic cycling at different current densities of the employ. b) C-rate
response of the three systems containing additives using a constant charge rate of C/2.

To address the cycling stability issues associated with high charge currents, an
alternative C-rate cycling test was conducted maintaining a constant charge rate of
C/2 (equivalent to a current density of 2.5 mA cm™), aiming to ensure a smoother Li
deposition process. The results obtained with this approach, as displayed in
Figure 3.10b, showed a significant improvement in the stability of the power cells,
resulting in a high average CE of 99.2% and enabling battery operation at a high
discharge rate of 2C. Under these conditions, a remarkable capacity of 620 mAh g*
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(equivalent to 1.8 mAh cm™) was achieved with the ResFArGO-containing cathode.
These results are in alignment with those obtained in the kinetic study, highlighting
the favorable properties of ResFArGO as a promoter of the sulfur redox conversion
reaction, even when used in small quantities. However, in the case of CAs, due to their
lower catalytic properties (as demonstrated in Figures 3.6, 3.7, and 3.8), the
performance improvement is insufficient to sustain cycling at 2C with competitive
discharge capacities (200 mAh g / 1 mAh cm™).

limiting
charge

b)

w/o limiting
charge

Figure 3.11. SEM images of the post-mortem analysis of the lithium anode after cycling by a)
limiting the charge to C/2 and b) without limiting the charge at low and high magnifications.

To gain deeper insights into the stability issues identified during the C-rate
tests at high charging currents and to confirm their connection with the lithium metal
anode, a postmortem study was conducted. The anode surfaces were analyzed
through SEM after completing the C-rate at 1C or C/2 charging. Figure 3.11a reveals
that the lithium surface after charging at C/2 presents a flat and dense surface
appearance without the presence of fibrillar structures, suggesting a more uniform
and dense lithium deposition on the anode. In contrast, as depicted in Figure 3.11b,
after charging at 1C, the anode surface appears more porous, with the proliferation
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of whisker-like fibrillar structures. This finding proves the hypothesis that the irregular
CE values observed during the C-rate are directly associated with the lithium metal
anode. Therefore, to achieve the highly desired fast charging operation in this system
under realistic conditions, future studies should prioritize stabilizing the lithium metal
anode. This can be achieved either by electrolyte engineering to facilitate the
formation of a suitable and protective solid electrolyte interface, by implementing ex-
situ protection strategies, or by the combination of these approaches.

3.2.4.2. Long-term cycling of additive-based high sulfur loading cathodes

Once the feasibility of achieving high-power batteries through this
development approach was determined, the long cycling test of the energy cells was
tested. For this analysis, high sulfur loading cathodes were used to assemble the Li-S
cells, and they were cycled at a constant rate of C/10 (as depicted in Figure 3.12a).
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Figure 3.12. a) Battery performance of the three studied carbon mixtures and the reference
KJ600 in the long cycling test, and b-d) the corresponding charge-discharge profiles
corresponding to the studied carbon mixtures.

Consistent with previous results, the additive-containing cathodes
exhibited significantly improved cell performance, particularly in terms of sulfur
utilization, when compared to the reference KJ600-based cathode. Notably, the
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incorporation of ResFArGO additive in the sulfur cathode enabled the achievement of
superior utilization, resulting in high discharge capacities of 1070 mAh g™
(corresponding to 4.3 mAh cm™2). This achievement is of pivotal importance as it brings
Li-S technology closer to reaching the areal capacity targets required to compete with
conventional LIBs [57,59,60]. Conversely, although to a lesser extent than in the case
of ResFArGO, the inclusion of CAs yielded a substantial and stable capacity of
850 mAh g™ (around 3.6 mAh cm™2). This capacity nearly doubles that of the reference
cell relying solely on KJ600, which delivers a lower capacity of 480 mAh g™* (around
1.9 mAh cm™).

These results confirm the conclusions drawn throughout this chapter of the
thesis. The reference cathode lacks the essential porosity, electronic conductivity, and
surface polarity required to activate sulfur active material and/or retain the LiPS close
to the reaction places. As depicted in the charge and discharge profiles (Figure 3.12b),
this deficiency leads to a short second conversion plateau that decreases with cycling.
Additionally, the overvoltage in the reference system is notably high, which can be
ascribed to the significant presence of LiPS in the electrolyte, as the carbon is unable
to effectively trap them, thus reducing the electrolyte conductivity. On the other
hand, in the case of the CAs system, benefiting from the improved electronic
conductivity through the incorporation of additives into the slurry recipe results in an
increased sulfur utilization. This, in turn, enhances the second discharge plateau as
observed in Figure 3.12c. However, the limited presence of polar superficial groups,
coupled with the lower specific surface area of the carbon mixture, leads to
insufficient retention of LiPS on the cathode surface, as previously discussed. This
behavior is evidenced in the voltage profiles, manifesting a progressive reduction of
the second plateau and an increase in the overpotential of the system. Finally, the use
of ResFArGO as carbon additive in the cathode results in a dual and positive impact
on battery performance. It enhances the electronic conductivity within the sulfur
cathode, leading to high discharge capacities that are directly linked with the
extended second plateau. Additionally, it demonstrates the ability to effectively trap
LiPS. Thanks to this dual effect, the overpotential of the system is lower compared to
the rest of the systems and remains constant during cycling until the depletion of
LiNOs (Figure 3.12d)

These results evidence the effectiveness and applicability of the proposed
additive strategy for optimizing sulfur cathode composition to enhance the overall
performance of the LSBs. Additionally, it emphasized the importance of careful
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selection of additives for cathode integration. In this case, ResFArGO material has
proven to be an effective and potential candidate for this strategy due to its
combination of tailored particle morphology, favorable textural properties, and polar
surface chemistry that synergistically enhance its ability LiPS trapping while offering
improved electrocatalytic characteristics.

3.2.5. Increasing active material content for more practical LSBs

Inspired by the considerable potential demonstrated by the proposed
strategy of incorporating ResFArGO as an additive, it was decided to go a step further
in the exploitation of this approach. In the context of Li-ion batteries, active material
contents exceeding 90 wt.% are commonly employed, primarily due to their non-
insulating nature. This inherent feature not only simplifies the attainment of higher
active material loadings but also facilitates achieving increased areal capacities.
Nevertheless, the insulating properties of sulfur demand the incorporation of higher
amounts of porous carbon materials to enhance the electronic conductivity within the
positive electrode. Consequently, this leads to an increased cathode porosity, an
unfavorable feature that strongly penalizes the volumetric energy density, becoming
a notable Achilles’ heel of Li-S technology [61,62]. Additionally, the presence of larger
amounts of electrochemically inactive materials poses challenges in achieving high
sulfur loading values, thereby impacting the gravimetric energy density.

Therefore, to make LSBs more industrially attractive, it is necessary to
overcome this limitation [63,64]. In this context, a systematic approach that entails
the increase in the amount of active material while reducing the content of
carbonaceous materials was pursued, aiming to obtain higher sulfur loading cathodes
with lower electrode porosity (reduced sulfur cathode thickness). However, while this
strategy may initially appear rational and straightforward, it often results in unsuitable
LSB performance due to the low active material utilization caused by the loss of
electronic conductivity within the cathode. Motivated by this challenge and
encouraged by the outstanding performance achieved by ResFArGO as an additive,
the strategy of maximizing the sulfur content within the cathode was studied. For this
purpose, sulfur cathodes with a high sulfur content of 70 wt.%, a reduced amount of
5 wt.% of ResFArGO, and a final amount of 20 wt.% of carbon materials were
fabricated, using the same preparation process described earlier.
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3.2.5.1. Mechanical integrity and structural properties of the high sulfur content
cathode

Firstly, it is essential to highlight that the new cathode formulation,
comprising 70 wt.% of sulfur, requires a lower wet thickness during the electrode
slurry casting process to achieve the target high sulfur loading of 4 mgs cm™ compared
to the previous composition. This observation indicates the increased compactness of
the newly prepared cathode, aligning with one of the primary objectives of this
strategy. Subsequently, a comprehensive analysis of the mechanical and structural
properties of the new cathode was conducted.

KJ600 + ResFArGOg

Figure 3.13. The mechanical integrity of the 5 wt.% ResFArGO-based high sulfur loading
cathode by visual and SEM images.

The optical image of the sulfur cathode (Figure 3.13) demonstrates that
despite the significantly low amount of ResFArGO material, its incorporation
maintains the compactness and mechanical integrity of the cathode, without the
presence of visual surface cracks. This observation is further confirmed by the SEM
images at low magnifications (Figure 3.13), which reveal the excellent homogeneity
prevailing on the cathode surface, with only minimal superficial cracks discernible.
Moreover, higher magnification SEM images validate the good affinity between KJ600
and ResFArGO after the cathode preparation, a highly desirable behavior for boosting
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the beneficial properties provided by both materials. Consequently, even present in
very small quantities, ResFArGO plays a crucial role in achieving homogeneous and
compact high sulfur loading cathodes with minimal crack formation in the electrode.

3.2.5.2. Li-S battery performance of the high sulfur content cathode

After confirming the structural integrity of the high sulfur content cathode,
even with the incorporation of a minimal amount of ResFArGO, a comprehensive
electrochemical performance analysis of the cells was conducted to evaluate the
impact of this approach on cell behavior.
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Figure 3.14. a) Rate capability test of the 5 wt.% ResFArGO containing power cell and b) long-
term cyclability test of the energy cell compared to the reference KJ600 cell.

Firstly, the rate capability of the power cells was assessed through a
galvanostatic cycling test at different cycling rates (Figure 3.14a and Figure A.3.4a). In
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this case, the limitation of the charge rate to C/2 was directly employed for the C-rate
test evaluation to ensure system stability at high C-rates. Outstandingly, the cell with
high sulfur content and only 5 wt.% ResFArGO demonstrated remarkable
performance, delivering discharge capacities comparable to those achieved by the
CAs-based cathode but employing half the amount of additive and higher sulfur
content. Notably, the cell with just 5 wt.% ResFArGO exhibited suitable
electrochemical performance at different cycling rates, demonstrating a
commendable capacity of 700 mAh g (2.2 mAh cm?) at high 1C rates. As expected,
the high sulfur content cell exhibits slightly lower performance compared to the 10
wt.% ResFArGO system. However, these differences become more pronounced at
high discharge rates, particularly at 2C. This behavior can be attributed to the
reduction in electronic conductivity and catalytic capacity due to the lower additive
content and higher amount of the insulator active material. Nevertheless, the results
obtained are highly promising, highlighting the potential of ResFArGO as an effective
additive for enhancing the performance of the power cells even when employed in
minimal quantities.

To further explore the proposed approach, the long-term cycling of the
cathode was evaluated in energy cells under a cycling rate of C/10. As displayed in
Figure 3.14b and Figure A.3.4b, the cell with 5 wt.% ResFArGO exhibited impressive
performance, maintaining relatively high discharge capacity values of 900 mAh g*
(equivalent to 3.6 mAh cm) during the 50 analyzed cycles. While it may not deliver
the same capacity levels as the cell with higher ResFArGO content, these results are
highly encouraging and demonstrate the effectiveness of ResFArGO as a suitable
material for the additive approach even in small quantities to meet the target values
for commercialization under more practical conditions.

3.3. Summary and conclusions

The promising results achieved with the ResFArGO graphene-based material
as the main carbon prompted a step further toward practical application. This chapter
is centered on improving the reference cathode based on the low-cost KJ600 material
to ensure economic feasibility and streamline the manufacturing process of the sulfur
cathodes. To this end, two different carbonaceous materials selected for their unique
properties have been integrated into the reference cathode composition. By including
ResFArGO as an additive in a 10 wt.%, the carbon blend retained the inherent
properties of ResFArGO, such as high specific surface area, enhanced microporosity,
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and the presence of polar functional groups in the surface, which led to enhanced
interaction and trapping ability of LiPS. Consequently, compared to the CAs-based
approach, ResFArGO significantly improved both the electronic conductivity and
catalytic activity within the sulfur cathode. As a result, the ResFArGO-containing
cathode exhibited excellent power capability, delivering discharge capacities of
800 mAh g?! and 620 mAh g? at high discharge rates of 1C and 2C, respectively.
Furthermore, its performance in high sulfur loading cells was outstanding, delivering
a remarkable discharge capacity of 1070 mAh g! (equivalent to 4.3 mAh cm?),
demonstrating superior sulfur utilization compared to CAs. These results were
comparable to those achieved previously with ResFArGO as the main carbon, further
supporting the effectiveness of the proposed strategy. Encouraged by these
exceptional results, the practical application of this approach was further optimized
by tuning the composition of the sulfur cathode. The content of inactive materials was
reduced by decreasing the ResFArGO content to only 5 wt.% and the total carbon
content to 20 wt.% in the cathode formulation, aiming to maximize the active material
content. Under these realistic and challenging working conditions, the sulfur cathode
with the proposed new composition demonstrated favorable rate capability, even at
high cycling rates, and exhibited excellent performance in high sulfur loading cells,
meeting the targets set for LSBs to compete with Li-ion batteries. Therefore, the
approach of incorporating ResFArGO as an additive proved to be a successful and
effective strategy for developing high-performing and cost-effective sulfur cathodes.
However, as corroborated in Chapter Il and this chapter, the utilization of the
conventional Li-S electrolyte based on DME/DOL falls short of guaranteeing long-term
cycling. Therefore, addressing the challenge associated with electrolyte optimization
emerges as a fundamental requirement for the practical feasibility and commercial
viability of the LSBs based on the current cathode development.

3.4. Brief outlook and perspective

Chapter Il and Chapter Il have focused on optimizing the sulfur cathode to
mitigate the inherent challenges associated with the Li-S technology. This purpose has
been accomplished by a systematic evaluation of the carbonaceous material, either
employed individually or as a mixture of different compounds, serving as a sulfur host
within the cathode composition. Figure 3.14 provides a schematic summary of the
performances offered by each developed formulation, with the KJ600-based system
serving as a reference:

114



Bringing ResFArGO-Based Sulfur Cathodes toward Practical Application
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Figure 3.15. Radar chart of the different sulfur cathode formulations developed in Chapter Il
and Chapter lll reflecting their cathode and battery features.

ResFArGO;

The ResFArGO and rGOCaf materials, synthesized in Chapter Il for their use as
sulfur carbon host, have demonstrated significantly improved textural properties and
mechanical integrity of the electrodes compared to the reference material KI600. The
major difference shown between the two synthesized carbons is the improved affinity
for LiPS exhibited by ResFArGO. This characteristic proves to be of great importance
for cell performance. Benefiting from the high electronic conductivity derived from
the presence of rGO, coupled with the excellent affinity shown with LiPS, the
ResFArGO-based cell displayed exceptional rate capability and remarkable sulfur
utilization. These features allow it to meet the set cell targets to be competitive with
conventional LIBs. However, the current synthesis process of ResFArGO is expensive
and requires further optimization, thereby contributing to an increase in the final cost
of the battery that incorporates it. To overcome the cost challenges posed by this
synthesis process, Chapter Ill has introduced an improved iteration of the system,
from the applicability point of view. The incorporation of tailored conductive
additives, particularly ResFArGO material, was successful in preserving the mechanical
integrity of the electrodes. Furthermore, it reaffirmed the key role of combining
suitable textural properties and a good affinity with LiPS in determining the final
performance of the batteries. In the case of the CAs system, a substantial
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improvement in the LSB performance was observed compared to the KJ600 reference,
motivated by the improvement in their electronic conductivity. Nevertheless, the lack
of affinity of CAs with LiPS emphasizes the advantage of incorporating a tailored
additive material like ResFArGO. Notably, the ResFArGO;o system presented
comparable cell performances to those achieved by the ResFArGO employed as main
carbon, with the added benefit of cost reduction and enhanced practical viability for
the system. This approach of incorporating ResFArGO in small quantities was
strategically exploited to maximize the sulfur content of the cathodes, resulting in the
development of the ResFArGOs system. This system not only enables satisfactory cell
yields but also enhances the practical feasibility of the overall setup. However, the toll
for higher sulfur content together with a very small amount of ResFArGO resulted in
performance levels that were not up to ResFArGO as main carbon or ResFArGO;g
systems. Therefore, in pursuit of a balance between performance and practical
feasibility, the cathode composition based on ResFArGO;o has been selected for
further optimizations in subsequent chapters.

On the other hand, in Chapters Il and lll, a significant challenge of Li-S
technology has become apparent, which is the issue of short cell cycle life. Despite
optimizing the performance of sulfur cathodes through the introduced
advancements, high-loading energy cells could only undergo approximately 50 cycles
before reaching the end of their operating life. This limited cycle life is attributed to
the lack of long-term affinity between the conventional Li-S electrolyte used for cell
testing and the Li metal anode. Consequently, the imperative task of developing new
electrolytes to improve the long-term cycling of LSBs will be addressed in subsequent
chapters.
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4.1. Introduction

The research conducted in the preceding two chapters has resulted in the
development of a high-performing sulfur cathode by the integration of synthesized
graphene-based activated carbon with tailored properties into the electrode
formulation. However, concurrent research has revealed the challenge associated
with ensuring an extended operational lifespan when employing the conventional
electrolyte under realistic and demanding operating conditions. Consequently, there
is an imperative need to explore innovative electrolyte solutions explicitly tailored for
efficient LSBs. These advanced electrolytes should not only ensure superior sulfur
utilization but also guarantee the long-term cyclability of the batteries, thereby
aligning with the industry-established requirements for practical applications.

In the context of LSBs, the conventional approach has involved the use of
liquid electrolytes composed of organic solvents. These solvents predominantly
belong to the ether-type compound family, giving rise to the well-established liquid
electrolyte that comprises LiTFSI dissolved in the solvent combination of DOL/DME,
with LiNOs acting as the additive [1-4]. This electrolyte, employed in Chapters Il and
Il for cathode performance evaluation, has become the preferential electrolyte
choice due to its remarkable characteristics, particularly its high ionic conductivity,
ensuring efficient charge and discharge processes. As a result, it guarantees high sulfur
utilization values and, consequently, notable battery capacity values, even under
practical operating conditions [5,6]. Nonetheless, this electrolyte suffers from a
severe shuttle effect due to significant LiPS dissolution in the organic solvents (up to
6 M of Li,S¢) [7,8]. Additionally, its inherent stability with the LMA is compromised due
to the continuous consumption of the LiNOs; additive during cycling, significantly
limiting the cyclability of LSBs, especially under practical operating conditions [9,10].
Furthermore, using this type of liquid electrolyte introduces a range of safety
challenges attributed to the highly flammable nature of the solvents employed for its
formulation. These challenges encompass the risk of leakage, combustion, or
explosion [11,12]. These safety concerns are further exacerbated when combined
with LMA due to its intrinsic reactivity. Therefore, the imperative shift away from
conventional organic electrolytes towards safer and more stable alternatives has
become crucial to ensure the safety and long-term cycling performance of the battery
system [13-15].
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In response to these pressing concerns, all solid-state electrolytes have
garnered significant attention due to their potential to mitigate the safety issues
associated with liquid electrolytes [16—18]. These solid-state electrolytes, typically
constructed from polymer or ceramic materials, offer several advantages, including
reduced flammability risks, improved resistance to dendrite growth, and prevention
of LiPS dissolution and migration [19,20]. Despite the noteworthy benefits achieved
through extensive research efforts in recent years, solid electrolytes present several
challenges that need to be faced for their industrial implementation. These challenges
include i) poor interfacial contact, ii) low ionic conductivity at RT, and iii) difficulties in
scaling up manufacturing processes [21-23]. While there is optimism about
overcoming these challenges through future advances in the coming years, practical
implementation is not foreseen until the next decade. Hence, it is imperative to
explore new alternatives to bridge the gap in the short term and address the pressing
needs of the industry.

Within this context, gel polymer electrolytes (GPEs), also known as semi-solid
or quasi-solid electrolytes, emerge as a promising alternative to guide the transition
from liquid electrolytes to all solid-state counterparts [24—27]. These innovative
electrolytes seek to amalgamate the advantageous safety properties inherent in solid
electrolytes with the enhanced performance characteristics typically associated with
liquid electrolytes [28—30]. For this purpose, GPEs are designed with a solid polymeric
matrix that incorporates a liquid component, comprising a plasticizer and a lithium
salt.

Among the different polymer matrices under investigation,
poly(vinylidene fluoride) (PVdF)-based polymers stand out as one of the most widely
used materials. This prominence is attributed to their outstanding mechanical,
chemical, and electrochemical properties [31-33]. Particularly, the utilization of PVdF
copolymers, such as poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP),
presents a highly promising alternative. This is primarily due to their ability to
incorporate a larger proportion of liquid inside the polymer matrix, which is achieved
through the introduction of amorphous nature copolymers, such as the HFP
component [34-36]. In the context of plasticizers, conventional liquid electrolytes
have commonly been employed to enhance ionic conductivity values, closely
approaching those of their liquid counterparts. Regrettably, this practice comes at the
expense of compromising the safety of the GPEs, resulting in an increased risk of
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flammability. Therefore, in the search for new cost-effective, chemically stable, and
safe plasticizers, the glyme solvent family emerges as a potential alternative, thanks
to its favorable electrochemical and safety properties [37,38].

With the primary objective of improving the cyclability and safety of Li-S cells,
this chapter of the thesis focuses on the development of a GPE based on a PVdF-HFP
polymer matrix, plasticized with poly(ethylene glycol dimethyl ether) (PEGDME),
utilizing a straightforward and scalable one-pot manufacturing process. The selection
of PEGDME as the plasticizer is driven by its commendable safety properties, which
include a high boiling point (> 250 °C) and low vapor pressure (< 0.01 hPa at 20 °C),
along with its excellent electrochemical properties, such as high ionic conductivity and
lithium compatibility [39,40]. In this sense, the prepared GPEs will undergo
comprehensive characterization, encompassing both physicochemical and
electrochemical properties. Furthermore, an evaluation of the safety properties of the
GPE will be conducted, comparing them with the conventional DME/DOL-based
electrolyte. Finally, the suitability of these GPEs will be assessed by testing both their
compatibility with the LMA and their performance in LSBs.

4.2. GPE development for safe and high-performance LSBs
4.2.1. GPE preparation and composition screening

As previously mentioned, a straightforward and easily scalable one-pot
solvent-casting manufacturing method was employed for the preparation of the GPEs,
as schematically illustrated in Figure 4.1a. This method involves the combination of
all the components, dissolving them in acetone, and finally forming the GPE through
a drying process (see the Experimental Section for more details).

A systematic screening of GPE composition was carried out to identify the
optimal ratio that balances mechanical integrity, thermal resistance, and ionic
conductivity. This screening involved varying the ratio between the solid polymer
matrix and liquid electrolyte from 50-50 wt.% to 10-90 wt.%. The resulting GPEs were
labeled based on the percentage of the polymer host, including GPE_50, GPE_40,
GPE_30, GPE_20, and GPE_10. GPEs containing up to 20 wt.% PVdF-HFP content were
successfully developed, resulting in solid-like self-standing, transparent, and flexible
membranes. These membranes exhibited remarkable structural integrity, displaying
no signs of liquid leakage. These favorable structural properties serve as the initial
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indication of the suitability of the selected preparation method. Nevertheless, GPEs
with a polymer matrix content below 20 wt.% (e.g., 10 wt.%) were excluded from
subsequent analyses due to their inadequate mechanical integrity and inability to
form a firm structure, rendering them challenging their processability.

In the pursuit of identifying the optimal GPE composition, beyond the
mechanical integrity previously reported, two fundamental factors were considered:
thermal stability (to guarantee the safety of the battery system) and ionic conductivity
at RT. To evaluate the thermal properties, thermogravimetric analysis (TGA) was
conducted. For reference purposes, pure compounds of PVDF-HFP as the polymer
matrix and PEGDME as the plasticizer were included in the study. As displayed in
Figure 4.1b all the analyzed GPE compositions exhibited excellent thermal stability,
with decomposition temperatures exceeding 250 °C. This temperature threshold is
considerably higher than the typical operating temperatures of battery systems.
Furthermore, the developed GPEs demonstrated intermediate thermal properties
when compared to the PVdF-HFP and PEGDME references. This outcome underscores
the effectiveness of the polymer matrix in retaining the plasticizer, effectively serving
as a barrier to reduce its volatility. Interestingly, the effect of the liquid content in the
GPE composition on the thermal stability of the developed GPE was found to be
negligible. No significant differences in the thermal stability were discernible across
the analyzed GPE compositions, further highlighting the robustness of the developed
GPEs.

In the evaluation of individual electrochemical properties, Figure 4.1c
provides an overview of the ionic conductivities exhibited by the prepared GPEs in
comparison to the PEGDME liquid electrolyte used as a reference. All GPEs present
lower ionic conductivities than the reference PEGDME liquid electrolyte. Notably, an
increase in ionic conductivity was evidenced with a higher proportion of the liquid
component. Additionally, it is important to highlight that only GPE compositions with
a PVdAF-HFP content of less than 40 wt.% were able to surpass the targeted
conductivity threshold necessary for effective battery electrolyte operation at RT, set
at 1.0 x 10* S cm™ [41]. Among the different GPEs prepared, GPE_20 stood out
presenting notably high ionic conductivity at RT (3.4 x 10* S cm™). This, combined with
its favorable thermal and mechanical properties, positioned GPE_20 as the most
promising alternative, prompting its selection for further evaluation and analysis.
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Figure 4.1. a) Schematic illustration of the solvent casting preparation process, b) TGA results,
and c) ionic conductivities at RT of the different GPEs analyzed.

4.2.2. In-depth characterization of GPE_20
4.2.2.1. Electrochemical properties of GPE_20

After selecting the optimal GPE composition, further evaluation of GPE_20
was conducted. The electrolyte characterizations began with the ionic conductivity
analysis of the GPE_20 under different operating temperatures, ranging from 20 to
80 °C. The results, displayed in Figure 4.2a, reveal a non-linear relationship, diverging
from the typical Arrhenius plot and aligning more closely with Vogel-Tamman-Fulcher
behavior [42,43]. This deviation from linearity suggests that the ionic conductivity is
influenced by a combination of migration through the redistribution of free volume
and polymer segmental motion [44]. Furthermore, it indicates that the movement of
Li* primarily occurs with the amorphous phase of the PVDF-HFP matrix, where
plasticizer-rich zones are located.

133



Chapter IV

T 0,
a b
) 8.0 7'0 6.0 5P 4.0 3.0 ) 2400
= After DC polarization
_2 5 2000 * Before DC polarization
£ . 16901
? 30 = 1200
% N
o 800
2 ' d I .' .
-3.5- 4001 o "L,
— ) A | W
28 29 30 31 32 33 34 0 400 800 1200 1600 2000 2400
1000/T /K" 2/ Q
4
c) 7 d) 5 x 10
£ I Total conductivity
< 6- ; 44 7] Li* conductivity
2 inm = . 3.40
s ° 2
5 4pA S
O 4 i T 27 25°C 1.63
8 t,=0.48
o 11
3 L] L] L L] .E
0 500 1000 1500 2000 o 0

Time/s

Figure 4.2 a) Temperature dependence of ionic conductivity of the GPE_20 electrolyte. b)
Impedance spectra and c) time-dependence response of current to 10 mV polarization for
GPE_20 electrolyte at RT. d) Total and lithium ionic conductivity values at RT.

Furthermore, the lithium-ion transference number (ti.) was assessed using
the Bruce-Vincent method, as described in the experimental section. This parameter
plays a crucial role in the electrolyte characterization as it quantifies the fraction of
ionic conductivity attributed to the lithium ions compared to their counterions. As
calculated by the parameters obtained from the alternating current (AC) impedance
and direct current (DC) polarization measurements (Figures 4.2b and c, respectively),
GPE_20 exhibited a t;. value of 0.48, whereas the reference PEGDME liquid
electrolyte presented a value of 0.45. This slight difference can be attributed to the
highly polarized C-F bonds within the PVdF-HFP structure, which may facilitate the
role of the lithium salt as a cross-linker between the polymer matrix and the salt anion,
as exemplified by the interactions: C-F (from PVDF-HFP)-Li*-0=S (from TFSI anion),
C-F (from PVDF-HFP)-Li*-F-C (from TFSI anion)) [45]. This interaction leads to the
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retention of the salt anion within the polymer matrix while allowing the Li ions to
move freely through the plasticizer. This notable ti. value indicates a high contribution
of Li* to the overall ionic conductivity of GPE_20 and a reduced susceptibility of the
system to polarization due to salt concentration gradients [46,47]. This behavior
further contributes to the improved charge-discharge performance of a battery
system. Consequently, the combination of the obtained ionic conductivity and t..
values results in a notably high Li-ion conductivity for the GPE_20, particularly
1.6 x 10* S cm® (Figure 4.2d).

4.2.2.2. Safety properties of GPE_20

To evaluate the safety properties of GPE_20, a flammability test was
conducted, yielding interesting insights as depicted in Figure 4.3. In addition to the
developed electrolyte GPE_20, two reference cases were included for comparative
analysis: the conventional liquid electrolyte based on the DME/DOL mixture and the
GPE plasticized with this electrolyte. The conventional liquid electrolyte exhibited a
concerning propensity for combustion, igniting instantaneously and sustaining the
flame for more than 10 seconds until its complete combustion. This observation aligns
with the well-documented safety concerns associated with the use of volatile organic
solvent-based electrolytes. In contrast, the GPE incorporating DME/DOL showcased a
completely different behavior. Although it initially ignited, the duration of the
combustion was notably brief (less than 5 seconds), presenting a comparatively
smaller flame. This finding underscored two key observations. Firstly, it underscores
the remarkable ability of the polymer matrix to confine the liquid electrolyte,
consequently enhancing the safety of the system and demonstrating the effectiveness
of the proposed one-pot manufacturing approach. Secondly, it emphasizes the
persistent safety concerns associated with the utilization of such highly flammable
electrolytes. Regarding the proposed GPE_20 electrolyte, it exhibited exceptional
resistance to flammability, without any sign of ignition (Figure 4.3b). This behavior can
be attributed to the inherently low vapor pressure of the PEGDME plasticizer, in
combination with the additional protection afforded by the polymeric matrix. As a
result, GPE_20 demonstrates an exceptional safety profile. The insights derived from
the flammability and thermal stability characterization evidence that PEGDME
emerges as an exemplary plasticizer for the GPE composition, significantly enhancing
its safety attributes. Additionally, this also highlights the effectiveness of the selected
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GPE preparation method in bolstering safety standards, a paramount requirement for
LMB applications.
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Figure 4.3. a) Flammability test of reference DME/DOL liquid electrolyte, the DME/DOL-based
GPE, and GPE_20. b) Optical images of the Celgard® 2500 separator and GPE_20 after the
flammability test.

4.2.3. Compatibility of the GPE_20 against LMA

The electrochemical compatibility between the LMA and the GPE is of
paramount importance for ensuring optimal performance and long-term cyclability in
LMBs. To rigorously evaluate this compatibility, different galvanostatic cycling tests
were carried out on Li metal symmetric cells at RT. In the initial experiment, a current
test was performed on GPE_20 at different current densities, ranging from
0.05 mA cm™to 0.5 mA cm™, as shown in Figure 4.4a. Notably, GPE_20 exhibited low
overpotential and smooth performance when subjected to low current densities.
However, as the current density reaches the threshold of 0.5 mA cm?, the cycling
behavior becomes unstable, hindering long-term cyclability. Therefore, it becomes
evident that the maximum applicable current density for this electrolyte to ensure
stable long-term cycling in the Li metal symmetric cells should not exceed
0.33-0.5 mAcm?.

Consequently, to evaluate the performance within this established limit and
to analyze the long-term compatibility with the Li metal, constant galvanostatic
cycling was conducted at a current density of 0.1 mA cm™ (Figure 4.4b). Under these
conditions, the GPE_20 exhibits smooth and extended cycle profiles, with a
remarkable endurance surpassing 600 hours with a low overpotential of 70 mV.
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Furthermore, no signs of dendrite-induced short circuits or erratic cycling behavior
were observed. In contrast, for comparative purposes, Figure A.4.1 shows that the
PEGDME-based liquid electrolyte system presents a remarkably unstable, noisy, and
erratic cycling profile. This instability is likely attributed to the formation of an
unstable organic-based SEl over the Li metal surface, leading to continuous electrolyte
consumption and reduced stability. This performance contrast underscores the ability
of the polymer matrix to prevent unfavorable interactions between the PEGDME
liquid electrolyte and the LMA, thereby enhancing the overall stability of the system.
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Figure 4.4. a) Current test under different current densities and b) long-term galvanostatic
cycling at a current density of 0.1 mA cm™ of the GPE_20.

The favorable galvanostatic cycling performance observed in the Li metal
symmetric cell with the GPE_20 can be directly attributed to the suitable morphology
and quality of the SEl formed between the GPE electrolyte and the Li metal. To explore
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the interfacial properties, SEM and XPS measurements of the deposited Li metal were
conducted, as depicted in Figures 4.5a and 4.5b, respectively. To this end, a
galvanostatic deposition of lithium metal onto a copper current collector was
performed under a constant current of 0.1 mA cm™ for 20 h. SEM images reveal a
homogeneous lithium metal deposition on the Cu substrate, without evident dendritic
structures. However, it is important to note that the deposited layer falls short of
optimal density, exhibiting a porous nature. This characteristic may explain the
suboptimal performance observed at high current densities in Figure 4.4a.
Furthermore, the F 1s spectrum in Figure 4.5b underscores the presence of the LiF
compound in the composition of the SEl layer, a key component for ensuring the SEI’s

robust mechanical properties [48,49]. The presence of LiF can be associated with the
reduction of both LiTFSI salt and PVDF-HFP polymer matrix, contributing to the
stability of the SEl layer.
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Figure 4.5. a) Li metal deposition on the Cu substrate and b) the corresponding F 1s region XPS
spectra in the presence of GPE_20.

4.2.4. LSB performance of the GPE_20 at RT

Until now, GPE_20 has demonstrated exceptional intrinsic physicochemical,
safety, and electrochemical properties, positioning it as a promising electrolyte
candidate for LSBs at RT. To analyze the viability of GPE_20 in the Li-S technology, a
battery cycling test at RT was performed. In this test, the cathode developed in the
previous chapter, incorporating 10 wt.% of ResFArGO as additive in the formulation,
with a sulfur loading of 2-2.5 mgs cm was employed. The battery cycling protocol
comprised 5 preconditioning cycles at C/20, followed by subsequent cycling at C/10,
as shown in Figure 4.6a.
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Despite the promising initial discharge capacity, where GPE_20 exhibits an
impressive value of 1061 mAh g, the system shows a poor cycling performance
characterized by an abrupt and constant capacity decay throughout cycling. Within
just 20 cycles, GPE_20’s capacity sharply declines to a mere 250 mAh g, representing
a significant reduction of nearly 80% from its initial capacity. Intriguingly, during the
initial cycles, the CE exceeded 100%, an unexpected phenomenon that suggests the
occurrence of undesirable and irreversible reactions during the LSB cycling process.
This unsatisfactory performance of GPE_20 in Li-S technology was further supported
by the evolution of the charge and discharge profiles, depicted in Figure 4.6b. These
profiles represent the charge/discharge profiles at the C/20 and C/10 cycling rates of
the cell. Initially, the charge/discharge profiles of the GPE_20 cell displayed the two
distinctive plateaus associated with sulfur redox reactions characteristic of Li-S
technology, following the dissolution-precipitation operating mechanism. However,
as cycling progresses, these profiles change, and the first plateau nearly disappears
during cycling at C/10. Furthermore, there is a notable increase in the cell
overpotential, which becomes significantly higher with the increase in the cycling rate.
These findings evidence the poor LSB performance of the GPE_20, falling short in
ensuring both cyclability (unable to exceed 20 cycles with acceptable capacity values)
and sulfur utilization (offering a meager 15% sulfur utilization).

At this point, it is pertinent to pose the question of whether, despite the
exceptional individual properties shown by GPE_20, the main cause of the observed
suboptimal LSB performance can be solely attributable to the electrolyte or if it is a
consequence of the intricate operating conditions of the technology.
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Figure 4.6. a) LSB performance of the developed GPE_20 and b) its corresponding
charge/discharge profiles.
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4.3. The performance of the GPE_20 in LFP-based Lithium-Metal Batteries

However, despite the less-than-encouraging results observed in Li-S
technology, further battery cycling studies were conducted. This decision stemmed
from the excellent individual properties exhibited by GPE_20 during its
characterization. The main objective of this study was to determine whether the poor
performance of the GPE_20 in LSBs was intrinsic to the electrolyte itself or potentially
influenced by other factors associated with the challenging operating conditions of
the Li-S technology. Consequently, to reassess the applicability of GPE_20 in LMBs, a
new battery cycling was performed, involving the replacement of the sulfur cathode
with a well-established LFP cathode chemistry. This active material shares certain
attributes with sulfur, such as cost-effectiveness and environmental sustainability,
albeit it offers lower energy densities [50,51].

Given the exclusive focus of this thesis on the development of Li-S technology,
the findings concerning the performance of GPE_20 in LFP-based LMBs are
comprehensively detailed in Appendix 4. In the initial results obtained at the coin cell
level with high LFP loading (7 mg cm™, around 1.2 mAh cm), GPE_20 exhibited
exceptional performance (Figure A.4.2). Notably, it demonstrated outstanding rate
capability, displaying a low capacity drop from high (C/20) to low (C/5) rates.
Moreover, it displayed remarkable capacity recovery upon reverting to the C/10 rate.
The cell also presented excellent stability, retaining up to 98% of its capacity after 60
cycles and maintaining an impressive CE of 99.2%.

Encouraged by the promising results achieved with the GPE_20 electrolyte at
the coin cell level, a comprehensive evaluation of its scalability at the prototype level
was performed by assembling a 20 cm? pouch cell (Figure A.4.3). The potential
feasibility, flexibility, and safety of the GPE_20-based LFP pouch were successfully
demonstrated by powering a bank of 20 commercial light-emitting diode (LED) lamps
under different conditions. In addition, the developed pouch cell exhibited
outstanding performance, mirroring the rate capability observed in the coin cell and
delivering substantial capacity values. While the promising results achieved thus far
were indeed encouraging, the effort to scale up this system was advanced through
the integration of a thinner LMA of 50 um thickness (Figure A.4.4). The significant
reduction in the thickness of the LMA resulted in a proportional decrease in the N/P
ratio, from 85 (using 500 um) to 8.5 (using 50 um). This modification was aimed at
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aligning the system even more closely with practical operating conditions,
representing a significant milestone in the ongoing exploration and development of
the system. The prototype cell demonstrated successful cycling for up to 30 cycles,
consistently delivering remarkable capacity values. Moreover, the cell exhibited
relatively stable capacity values during its cycling at a C-rate of C/10, highlighting the
exceptional compatibility of the system even with this thinner anode configuration.

As a result, this investigation, involving the substitution of the battery’s active
material, unequivocally evidenced that the observed poor performance of the GPE_20
electrolyte in Li-S cells was attributed to factors beyond the characteristics of the
electrolyte. This underscores the imperative need for a detailed analysis of the
underlying causes behind the performance observed in the Li-S system.

4.4. Deeper analysis of the poor LSB performance causes

As demonstrated in the previous section, the developed GPE confirmed its
good properties by achieving stable cycling under practical conditions using LFP as
cathode active material, even at the prototype level. Given this successful
performance and the poor results obtained in the Li-S technology, as reported in
Section 4.2.4, an in-depth study of the Li-S system was required to ascertain the cause
behind this behavior.

4.4.1. Evaluation of GPE_20 compatibility with LMA

Fluorinated polymers are generally recognized for their notable resistance to
electrochemical degradation. However, it is noteworthy that certain studies have
indicated compromised stability of these polymers in alkaline environments, raising
concerns about potential reactivity with the LMA [33,52,53]. Unfortunately, there has
been limited investigation of this issue in the literature. To ascertain the chemical
compatibility of GPE_20 with the LMA, different Li metal symmetric cells with this
electrolyte were assembled and subjected to extended storage periods for
subsequent post-mortem analysis.
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Figure 4.7. Li metal stability test of a) GPE_20, b) PEGDME_LE soaked in Celgard®
separator, and ¢) PMMA-based GPE_20.

Figure 4.7a provides a graphical representation illustrating the compatibility
of the developed GPE with the lithium metal over the exposure time, unmistakably
revealing the degradation of the GPE_20 electrolyte. This observation is corroborated
by the discernible changes in coloration and the emergence of brownish regions over
exposure time. Significantly, the increasing extent of these colored regions over time
unequivocally suggested an ongoing chemical interaction between the LMA and the
GPE_20. With the confirmation of this chemical interaction, further experiments were
conducted to identify the origin of this phenomenon, whether it originated from the
liquid or the polymeric component of GPE_20. To this end, an identical stability study
was performed using a Celgard® 2500 separator impregnated with PEGDME-based
liquid electrolyte (PEGDME_LE). The results, depicted in Figure 4.7b, showcase the
unaltered conditions of both the LMA and the separator, conclusively demonstrating
the stability of the liquid component within the GPE_20. To further clarify the root
cause of the degradation, a parallel stability investigation was carried out by preparing
the GPE_20 electrolyte but replacing the PVdF-HFP polymer matrix with poly(methyl
methacrylate) (PMMA) polymer material. As illustrated in Figure 4.7c, in this case, no
discernible chemical reaction emerges, preserving the inherent transparency of the
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GPE throughout the test duration. These additional experiments decisively implicate
PVdF-HFP as the component responsible for the observed interaction with the LMA.

4.4.2. Chemical evaluation of the degradation reaction process

Subsequently, to gain further insights into the demonstrated degradation
process, comprehensive attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) and XPS measurements of the degraded GPE_20 were carried out.
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Figure 4.8. a) ATR-FTIR spectra of GPE_20 before and after being in contact with the Li anode
and b) F 1s and C 1s regions corresponding XPS spectra of the pristine and degraded GPE_20.

For the ATR-FTIR analysis (Figure 4.8a), the pristine GPE_20 was used as the
reference and compared with its counterpart after seven days of exposure to Li metal.
The ATR-FTIR results indicate that, while there are no substantial changes in the
spectra, a distinct peak emerges at 1600 cm™. This signal is assighed to the appearance
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of the C=C double bond, a group formed by exposure of the polymer to Li metal by
the release of HF from the polymer structure. This finding provides evidence of the
reactivity between these two components.

To further corroborate this affirmation, an XPS analysis was conducted.
Figure 4.8b illustrates the XPS spectra of both the pristine GPE and the GPE after seven
days of contact with the Li metal. In the F 1s spectrum of the pristine GPE_20, a broad
peak centered at 688.4 eV is evident, indicative of the CFx units. This broad peak
encompassed the CFs, CF,, and CF chemical environments of PVdF-HFP, as there is a
minimal chemical shift between these environments in the F 1s core level. However,
in the C 1s spectrum, a pronounced chemical shift between the various CFy
environments is evidenced, with distinct peaks at 293.7 eV, 290.8 eV, and 289.0 eV
for CFs, CF;, and CF units, respectively. This shift resulted from the reduction in the
electron density of carbon atoms as the number of highly electronegative fluorine
neighbors increased. Upon exposure to Li metal, notable changes in these spectra
became evident. The peak at 293.7 eV (CFs) vanished, and the one at 290.8 eV (CF,)
diminished, while the signal at 289.0 eV (CF) significantly increased.

These observations unequivocally pointed to the defluorination process of the
GPE_20 electrolyte when in contact with the Li metal. This is further supported by the
shift and narrowing of the CFx component in the F 1s spectrum, now centered at 687.7
eV. Moreover, a portion of the fluorine atoms of the GPE reacts with the Li metal,
leading to the formation of the LiF compound at the electrolyte interface, as
evidenced by the peak at 684.8 eV. Additionally, in the low binding energy region of
the C 1s spectrum, an increase in the signal is observed, and an additional component
at 284.5 eV is required for a proper fit. This finding further reinforced the formation
of the C=C bonds due to the defluorination process of the GPE, consistent with the
earlier suggestion from the ATR-FTIR analysis.

Hence, the findings presented in Figure 4.8 offer substantial confirmation that
the chemical instability experienced by the GPE_20 upon exposure to Li metal is
unequivocally linked to the defluorination reaction occurring within the PVdF-HFP
polymer matrix. This reaction resulted in the release of HF and the consequent
formation of C=C double bonds within the GPE. Importantly, this chemical
transformation is commonly facilitated by alkaline environments. In this case, this
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alkaline environment can be generated by the native SEI layer of Li metal, which is
highly rich in alkaline nature carbonate compounds.

4.4.3. Interfacial behavior analysis of the Li metal/GPE_20 system

To gain a better understanding of how this interfacial interaction influenced
cell performance, an electrochemical impedance spectroscopy (EIS) analysis on the
lithium symmetric cells was conducted. These analyses were performed during
constant galvanostatic cycling at a current density of 0.3 mA cm™, which is
representative of the current applied during LSB cycling at C/10.
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Figure 4.9. a) Li metal symmetric cell cycling comparison of the GPE_20 at different current
densities and b) electrochemical impedance spectroscopy analyses during Li metal cycling at

0.3 mA cm?.
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As displayed in Figure 4.9a, the GPE_20 system exhibits stable cycling with a 200 mV
overvoltage for over 90 hours. However, beyond this cycling time, its overpotential
fluctuates and gradually increases, ultimately leading to cell failure. By comparing
these results with those obtained at a current density of 0.1 mA cm?, a noticeable
difference in cell stability becomes evident with increasing current density.

The results from the EIS analysis conducted during Li metal symmetric cell
cycling, as displayed in Figure 4.9b, offer valuable insights into the behavior of the
high current cell. Remarkably, the bulk resistance of GPE_20 exhibited exceptional
stability throughout the experiment, aligning with the impedance results observed in
the LFP pouch cell during cycling. This observation confirms the preservation of an
effective Li* transport process of the GPE_20, despite the ongoing chemical
interaction with the LMA.

Shifting the focus to interfacial behavior, a significant evolution was observed.
Initially, it exhibits a steady decrease for up to 50 hours of cycling, consistent with the
reduction in the overvoltage shown in Figure A.4.4b. This phenomenon can be
attributed to the formation of a stable LiF passivating layer over the Li metal electrode,
a compound recognized for enhancing the cycling performance in LMBs. This decrease
in overpotential can be concurrently associated with the improved initial kinetics of
interfacial Li* transport. However, after the initial 72 hours of cycling, there is a sudden
increase in the interfacial resistance. This notable rise may primarily stem from the
dehydrofluorination degradation of the GPE, resulting in the formation of an
excessively thick and rough layer on the LMA surface. Interestingly, these impedance
results were consistent with the abrupt increase in cell overpotential observed at
approximately 100 hours of cycling, as displayed in Figure 4.9a, thereby explaining the
root causes of the cell failure. Therefore, the performance differences compared to
low current densities can be attributed to the accelerated degradation process due to
the increase in the current densities. This phenomenon leads to a more rapid
formation of a thick layer on the LMA, consequently translating into a substantial
increase in the interfacial resistance.

Following the EIS analysis, a post-mortem study of the cell components was
conducted. As depicted in Figure 4.10a, GPE_20 undergoes a transition from its initial
transparency to a brownish color, accompanied by the formation of a dark layer on
the surface of the LMA. This observation is in line with the results presented in
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Figure 4.7, where this behavior was evident only by exposing the electrolyte to fresh
lithium. Additionally, the XPS data of the LMA (Figure 4.10b) unequivocally confirmed
the occurrence of dehydrofluorination reaction within the polymer matrix. This
process leads to the generation of a LiF-rich SEI layer on the surface of the LMA. As
previously highlighted, the presence of this layer is of paramount importance, as it
contributes to a more uniform distribution of ions and stabilizes the Li deposition,
ultimately enhancing the stability of the LMA. However, it is noteworthy that the LiF
compound presents extremely low ionic conductivity, measured at 103 to 10*S cm’
Lin the anode surface [54,55]. Hence, an excessively thick LiF-rich layer may hinder
efficient Li* transport, leading to an increase in interfacial resistivity. With this in mind,
the formation of an excessively thick LiF-rich insulating layer due to the continuous
reaction between GPE and LMA is corroborated as the main factor of the sudden
overpotential increase observed in the symmetric cell cycling and its remarkable
increase in the interfacial resistance (Figures 4.9a and b, respectively).
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Figure 4.10. a) Post-mortem images of GPE_20 and LMA after the 0.3 mA cm? cycling test and
b) the corresponding F 1s region of the XPS spectra of the Li metal surface.

The PVdF-based GPE displays evident reactivity with the LMA, noticeable not
only upon contact but also significantly accentuated after galvanostatic cycling.
However, the evaluation of the LFP-based LMB cycling results reveals a remarkable
performance demonstrated by GPE_20. This observation is noteworthy, given that
GPE_20 shows a similar reactivity process with the LMA as in the case of Li-S cells.
Consequently, the dehydrofluorination reaction alone cannot be solely attributed as
the exclusive cause of the poor performance of GPE_20 in Li-S technology.
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Figure 4.11. Optical images comparison of GPE_20 and LMA before and after Li-S cycling.

Consequently, to thoroughly explore the underlying factors, a post-mortem
analysis of the Li-S cell after cycling was performed. As displayed in Figure 4.11, no
additional degradation was observed in the LMA when compared to its state after the
galvanostatic cycling. This observation suggested that the capacity drop was not
attributable to any additional anode-related issues. Conversely, the GPE_20
membrane presented a darker color, which was more intense than that observed in
the case of Li metal symmetric cells. The heightened level of degradation in the Li-S
cells raises questions regarding the stability of the GPE_20 in the presence of LiPS.

4.4.4. GPE_20 degradation mechanism in Li-S technology

In response to the emerging question, a complementary study was completed
to assess the compatibility of GPE_20 when exposed to the different elements of the
Li-S cell.

As depicted in Figure 4.12a, upon the introduction of LiPS dissolution, GPE_20
undergoes a change in coloration to a reddish hue, primarily due to the presence of
these compounds. Remarkably, there was no observable degradation within the
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electrolyte. Unfortunately, this experiment underscores that developed GPE does not
serve as an impermeable barrier to LiPS. Lastly, the interaction between the partially
dehydrofluorinated matrix and the LiPS solution was evaluated. Under these
conditions, GPE_20 experiences complete degradation, resulting in a dark blackish
coloration consistent with the observations in the post-mortem analysis. This
outcome strongly suggested a potential interaction between the dehydrofluorinated
GPE_20 and the LiPS compounds present during battery cycling.
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Figure 4.12. a) Schematic illustration of the behavior of the membrane towards the different
cell compounds. b) XPS of F 1s, C 1s, and S 2p of the GPE after the combination of the
dehydrofluorination process of the GPE and the presence of LIPS.

The XPS analysis of the sample (Figure 4.12b) subsequently confirmed the
covalent nature of the interaction between LiPS and the dehydrofluorinated
polymeric matrix, resulting in the formation of C—S bonds. This phenomenon was
evident from the emergence of the light blue S 2p doublet, essential for accurate
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spectrum fitting, along with the two green doublets representing the bridging and
terminal sulfurs within the LiPS chains.

Consequently, the poor performance of the GPE_20 in Li-S cells stemmed
from the undesirable interaction between the LiPS dissolved in the liquid component
of the GPE and the C=C bonds generated by the dehydrofluorination reaction of the
PVdF-HFP polymer matrix with the LMA. This interaction leads to the formation of C-
S bonds, resulting in the irreversible loss of active material. Notably, this reaction
exhibited similarities to the vulcanization process, where sulfur groups react with the
C=C carbon double bonds in the system. This provides a highly plausible explanation
for the observed capacity drop in the Li-S cells. Additionally, this hypothesis would
also explain the favorable performance of GPE_20 in LFP-based LMBs. In this case, the
absence of LiPS during its cycling, coupled with the suitable individual properties of
GPE_20, allows exceptional cycling in this technology.

4.4.5. Strategy for improving the performance of GPE_20 in LSBs

Upon the comprehensive analysis and profound understanding of the root
causes contributing to the poor performance of the GPE_20 in Li-S technology, an
effective approach was developed to improve the obtained cell performance. In
response to this challenge, the incorporation of LiNOs as electrolyte additive emerged
as a potential solution. The selection of LINO3; was motivated due to its potential to
address the underlying issues. Firstly, LINOs is renowned for its ability to form a
nitrogen-rich protective layer over the LMA, thus mitigating the issues associated with
the dehydrofluorination of the polymer matrix [56—58]. Secondly, it is documented
that LiNO; serves as an oxidative catalyst for LiPS, effectively binding them and
facilitating their redox reactions [59]. This property would alleviate the dissolution of
LiPS within the liquid component, thereby preventing the undesired vulcanization
process.

As a result of these considerations, 2 wt.% of LiINOs was introduced into the
GPE_20 formulation. As depicted in Figure 4.13a, a comparative analysis of the LSB
performance was conducted between two systems: one incorporating the LiNO;
additive and one without it. The obtained performance results reveal a clear
improvement in cell performance after the addition of LiNOs. The initial capacity in
the LiNOs-containing cell was slightly lower, potentially attributed to the additional
resistance introduced by the protective layer formed upon the reduction of the

150



GPE for Safe and High-Performing RT Li-S Batteries

additive on the LMA surface. However, a significant performance enhancement was
evidenced in terms of mitigating the persistent capacity drop observed in the absence
of LiNOs. Instead, the LiNOs-incorporated system exhibits stable cycling behavior, with
an acceptable discharge capacity of 760 mAh g?! after 15 cycles. This result
underscores a significant enhancement of the LSB performance, validating the
effectiveness of the proposed approach.

Nevertheless, it is important to note that the improvement observed upon
the addition of LiNO3 was sustained for a limited lifespan of 15 cycles, beyond which
a constant capacity decay became apparent. This decline in cell performance can be
ascribed to the complete consumption of the LiNOs; additive, surfacing again the
previously known issues (Figure 4.13b). This outcome highlights the critical
importance and necessity of protecting the LMA to overcome the challenges
encountered in PVdF-based GPEs within the context of Li-S technology. Such
protection can be realized through the introduction of additives as an in-situ approach
(as demonstrated in this case with LiNOs; additive), by implementing ex-situ
pretreatment of the LMA before cell assembly, or by employing a combination of both
strategies. Furthermore, it emphasizes the significance of retaining LiPS at the cathode
side to prevent their solubility into the electrolyte, thereby avoiding undesired
reactions of C=C bonds presented in the polymer host after the dehydrofluorination.
This holistic understanding of the interactions within the cell is essential for achieving
improved performance in LSBs.
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Figure 4.13. a) Comparison of the battery performance of GPE_20 with and without LiNO;
additive and b) their corresponding optical post-mortem analysis of the membranes and LMA.
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4.5. Summary and conclusions

In this chapter, the performance of gel polymer electrolytes in the context of
LSBs has been explored. To this end, a PVDF-HFP-based GPE incorporating PEGDME
as a plasticizer has been successfully prepared using a straightforward and readily
scalable one-pot solvent-casting production method. This GPE exhibited outstanding
individual properties, including notable mechanical properties, suitable RT ionic
conductivity of 3.4 x 10* S cm™, excellent thermal stability up to 250 °C, and, crucially,
non-flammable nature. Regarding the compatibility with the LMA, a notable
interaction between the PVdF-HFP polymeric matrix with the negative electrode was
observed, initiating the dehydrofluorination process of the GPE and the formation of
a robust LiF-containing SEl layer on the surface of the LMA. This interaction proved
highly favorable for the LFP-based LMB, yielding excellent performances at the coin
cell level, even with a high LFP content (6-7 mg cm™). Furthermore, due to the
substantial potential demonstrated by this system, the developed GPE was
successfully scaled up for prototype cells under practical operating conditions, setting
a significant milestone for such electrolytes in LMBs. However, despite the excellent
results obtained in LFP batteries, the interaction between the polymer matrix and the
LMA introduced an additional challenge in LSBs, resulting in poor performance for this
technology. As elucidated throughout the chapter, this underperformance stemmed
from the irreversible reaction between the LiPS dissolved during battery cycling in the
liquid component of the GPE and the C=C double bonds formed in the polymer matrix
due to the dehydrofluorination process. This reaction induced the irreversible loss of
active material, resulting in a continuous decrease in capacity. This problem was
partially mitigated by the incorporation of LiNOs salt as an additive in the GPE
formulation. LiNO; effectively addressed the root causes of the irreversible reaction
and temporally mitigated the capacity drop of the cell. Therefore, this chapter
evidences the critical necessity for the development of meticulously engineered
electrolytes that simultaneously prevent the LiPS dissolution in the media and
effectively enhance the compatibility with the LMA to ensure a favorable operation of
LSBs.
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5.1. Introduction

The insights extracted from Chapter IV evidenced the challenges of
developing an ideal electrolyte tailored for perfect integration in Li-S technology,
given the complex operating nature of this battery technology. Consequently, the
work to pursue an electrolyte capable of ensuring system safety and optimizing
battery performance remains an ongoing task, the key to achieving the objectives
outlined in this thesis.

The preceding chapters have brought to light the underlying factors
contributing to the suboptimal performances observed in the employed electrolytes.
Analogous to the conventional DME/DOL electrolyte, the PEGDME liquid electrolyte
used for GPE formulation in Chapter IV displayed a pronounced dissolution of LiPS
from the sulfur cathode. This phenomenon, coupled with the degradation of the
PVdF-based polymer matrix with the LMA, initiates intricate parasitic reactions,
thereby vyielding suboptimal performance in LSB. Therefore, both DME/DOL and
GPE_20 electrolytes exhibit LiPS dissolution as a shared feature, that directly
influences the long-term cycling. Furthermore, the uneven deposition of lithium
evidenced by the DME/DOL electrolyte, along with the undesired reactivity between
the GPE and the LMA, highlights the imperative to protect the anode surface for stable
cyclability. Hence, the limited solubility of LiPS and suitable compatibility with the LMA
are established as the fundamental properties that an ideal electrolyte must possess.

To this end, different electrolyte alternatives have been explored as
substitutes for conventional electrolytes to mitigate the challenge of LiPS dissolution.
These alternatives encompass ionic liquids, solid-state electrolytes, highly
concentrated electrolytes (HCEs), and localized high-concentration electrolytes
(LHCEs) [1-4]. Among these options, the development of LHCEs, commonly referred
to as sparingly solvating electrolytes (SSEs) in Li-S technology, has emerged as an
appealing approach for their implementation in LSBs [5—7]. The functionality of SSEs
lies in the formulation of an HCE, benefiting from the promising properties offered by
their unique solvation structure [8,9]. However, the widespread commercial adoption
of HCEs encounters several challenges, such as high viscosity, low ionic conductivity,
and high cost [10-12]. As a solution for these limitations, inert solvents, primarily from
the family of hydrofluoroethers (HFEs), have been incorporated as diluents to the HCE
composition leading to the emergence of SSEs [13,14]. These co-solvents,
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characterized by their low donor number and compatibility with the electrolyte
solvents, do not dissolve lithium salt nor disrupt the solvation structure of HCEs
[15,16].

The increase in the salt concentration of the electrolyte results in a reduction
or suppression of LiPS solubility. This behavior arises from the decreased availability
of free solvent molecules, thereby mitigating the operational issues associated with
LiPS dissolution [17,18]. Additionally, a higher salt content in the electrolyte fosters
stronger interaction between cations and anions. Consequently, the solvation
structure predominantly comprises contact ion pairs (CIPs, where an anion is
coordinated with a Li cation) and cation-anion aggregates (AGGs, where an anion is
coordinated with two or more Li cations) [19-21]. This behavior leads to a notably
increased migration rate of Li ions and exceptional compatibility with the LMA. This
improved affinity with LMA is grounded in the formation of an inorganic-nature
protective SEl layer that is primarily composed of the decomposition products of
lithium salt anions rather than from the organic solvent molecules, as occurs in the
conventional electrolyte [22,23]. Therefore, the adequate selection of the lithium salt
anion employed for the SSE composition assumes paramount importance [24-26].
However, in the case of LSBs, the potential impact of the lithium salt anion on the SEl
formation has not been fully exploited, being LiTFSI commonly employed as the sole
lithium salt. While LiTFSI exhibits favorable properties in terms of thermal and
chemical stability and high ionic conductivity, its highly stable anion molecule leads to
the formation of a weak protective layer on the LMA, insufficient to ensure long cycle
life [27].

Taking all these factors into consideration, the present study focuses on the
development of a tailored SSE as an alternative approach to the conventional
electrolyte for its application in Li-S technology. To this end, a thorough evaluation to
discern the impact of lithium salt anion selection on the LSB performance was carried
out. The investigation encompassed a comprehensive characterization of the intrinsic
properties of the developed SSEs and an extensive analysis of their compatibility with
the LMA as the cornerstone to evaluate its effectiveness, with the conventional
electrolyte serving as the reference. Finally, the potential feasibility of the newly
developed electrolytes was evaluated in Li-S cells, both using power and energy cells.
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5.2. Tailored sparingly solvating electrolytes as Li-S electrolytes
5.2.1. SSE composition and preparation

SSEs consist of three primary components: an ion-conducting salt, a solvating
solvent, and a non-solvating diluent. In this context, sulfolane was selected as the
electrolyte solvent for its exceptional capacity to dissolve lithium salts, owing to its
high dielectric constant, along with its low vapor pressure, which enhances the safety
of the battery system [28]. On the other hand, 1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropylether (TTE) was the choice for the inert co-solvent based on its
capacity to form a robust SEl on the LMA surface [29].

As described in the introduction section, the anion of the lithium salt
employed for SSE formulation plays a determinant role in the formation of the SEI
layer. However, this key aspect has received limited attention in the existing Li-S
literature. Hence, a comprehensive study was conducted, focusing on two different
SSE compositions to scrutinize the impact of the anion. The first electrolyte, referred
to as SSE_REF, was formulated with LiTFSI as the unique lithium salt. Regarding the
electrolyte preparation, after the dissolution of 2.5 M of LiTFSI in sulfolane, the TTE
co-solvent was added in a 1:1.5 volume ratio. In contrast, the second electrolyte was
developed through the combination of LiTFSI and lithium
bis(fluoromethanesulfonyl)imide (LiFSI), resulting in SSE_LiFSI. This choice was
motivated by the ability of LiFSI to act as a precursor for the formation of lithium
fluoride (LiF)-rich protective SEl layer. The preparation of the SSE_LiFSI followed the
same procedure as SSE_REF, except for incorporating LiFSI as an additive. In this case,
2 M LiTFSIl and 0.5 M LiFSI were dissolved in sulfolane, followed by the introduction of
TTE co-solvent in a 1:1.5 volume ratio.

5.2.2. Solvation structure analysis

As previously outlined, the distinctive feature of the SSEs falls in their
solvation structure. Consequently, molecular dynamics (MD) simulations were
performed to gain atomistic-level insights into the theoretical solvation structure of
the prepared electrolytes and to assess the impact of the co-solvent incorporation on
the microstructure of the Li salt/sulfolane mixtures.
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Distance / A

c)

Figure 5.1. a) MD simulation snapshots, b) radial distribution function, and c) lllustrative
examples of the Li* coordination environment of DME/DOL, SSE_REF, and SSE_LIFSI
electrolytes.

Figure 5.1a depicts snapshots of the chemical structure of the different
electrolytes after reaching thermodynamic equilibrium. For a comparative analysis of
the solvation structures, radial distribution functions (g(r), represented by solid lines)
and coordination numbers (n(r), denoted by dash-point lines) were computed, as
illustrated in Figure 5.1b. The DME/DOL electrolyte primarily displayed a higher
prevalence of solvent-separated ion pairs (SSIPs) structures, as evidenced by the low
coordination number value of Li-Ors;, with Li* coordination mainly governed by DME
and NOs". In the radial distribution function, a sharp peak is observed for NOs” and a
lower peak is associated with DME. The prominent peak of the NOs™ can be attributed
to its strong electrostatic interactions with Li* resulting from its small size and densely
charged anion. Figure 5.1c offers a visual representation of the Li* coordination,
emphasizing the role of NOs as a bridge connecting various Li* ions, resulting in
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aggregations. Meanwhile, in both SSEs, lithium salt anions are the predominant
components within the first coordination shell of Li-ion as indicated by the acute
Li-Otrst and Li-Ogs; (in the case of SSE_LiFSI) peaks at = 2 A, resulting in a key
characteristic for the formation of anion-derived SEI [30,31]. As in the case of NOs™ in
the DME_DOL electrolyte, TFSI" and FSI" play a similar role in connecting different Li*,
resulting in the formation of aggregates observed in Figures 5.1c. In contrast, the TTE
molecules show negligible coordination with Li*. These findings reveal that both
prepared SSEs feature localized concentrations of Li salt/sulfolane pairs, enveloped by
TTE co-solvent molecules primarily serving as diluents, without actively participating
in the solvation structures of Li* [32,33].

The solvation structures of the formulated SSE electrolytes were further
experimentally validated through Raman spectroscopy analysis. Figure 5.2a presents
the Raman spectra illustrating the SO, scissoring vibration of sulfolane within the
corresponding spectra range. In pure sulfolane, this peak occurs at 568 cm™ and shifts
towards a higher wavenumber upon complexation with Li*, a phenomenon that
becomes more pronounced with an increasing salt concentration in the electrolyte.
This shift reflects the decrease in the amount of free sulfolane solvent molecules.
Notably, this displacement remains consistent regardless of the lithium salt employed
in the electrolyte formulation.

Furthermore, it is important to focus on the spectral region spanning 740 to
750 cm™, which corresponds to the CF; bending coupled with the S-N stretching
vibration of the TFSI anions. In the same region, albeit with slightly lower Raman shifts
(730-740 cm'?), vibrations associated with the stretching of S-N moieties in the FSI
anions are also observed. These specific vibrational modes are recognized for their
sensitivity to variations in Li-ion coordination, as depicted in Figure 5.2b. When the
compound remains uncoordinated, as in the case of low-concentration electrolytes,
the Raman peak in this region exhibits a shift towards shorter wavelengths, especially
around 740 cm™. However, upon closer examination of the spectra, it becomes
apparent that an increase in the lithium salt concentration within the system leads to
the formation of CIPs or AGGs. This phenomenon is characterized by the emergence
of a new peak in the spectra, observed around 747 cm™ (refer to the deconvoluted
spectra of concentrated electrolytes in Figure A.5.1). Notably, this occurrence induces
a shift in the spectral band toward longer wavelengths. For instance, this shift from
740 cm™ to 742 cm™ in the main peak of LiTFSI suggests the potential occurrence of
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monodentate coordination between TFSI" and Li*. In the case of electrolytes
incorporating FSI anion in their composition, an additional peak appears at 734 cm™
[34]. The shift observed in the Raman spectra strongly indicates that the SSEs
developed in this study exhibit the formation of CIPs and AGGs involving the anions
of the salts.

a) b)
__A Bulfolans A LRSI
1 S
: : 0.6 LiTFSI in DME/DOL
" 2.5 M LiTFSI SL j
: /7 N\ 2.5 M LiTFSI in SL

1 M LIiTFSI SL H
_____-/\ - N\ 1MLITFSlin SL___

2 M LiTFSI + 0.5 M LiFSI SL

2MLIiTFSI + 0.5 M LiFSl in SL

0.8 M LiTFSI + 0.2 M LiFSI SL 0.8 M LITFSI + 0.2 M LiFSl in S

600 580 560 540 520 780 760 740 720 700
Raman Shift / cm™ Raman Shift / cm™

Figure 5.2. Raman spectra of different configurations of electrolytes for varied a) sulfolane and
b) LiTFSI salt ranges.

5.2.3. Physicochemical properties of the electrolytes

Upon thorough examination and confirmation of the solvation structure of
the different electrolytes, an evaluation of the physicochemical properties of the SSEs
was conducted, using the conventional DME/DOL electrolyte as the reference.
Figure 5.3 presents the ionic conductivities of the examined electrolytes at RT
(approximately 23 + 2 °C). It can be observed that the conventional DME/DOL
electrolyte exhibited the highest ionic conductivity, measuring 6.47 mS cm™, which is
approximately three times higher than that of the developed SSEs. This difference can
predominantly be attributed to the lower viscosity of the DME/DOL electrolyte and
the reduced concentration of solvated salt by the solvent molecules. Nevertheless, it
is important to emphasize that both SSEs demonstrated sufficiently high ionic
conductivities for ensuring suitable RT battery operation, with SSE_REF registering a
value of 1.21 mS cm, while SSE_LiFSI achieved a higher value of 2.08 mS cm™. The
slight ionic conductivity difference between SSE_LIiFSI and SSE_REF can be attributed
to the increased mobility of LiFSI molecules within the electrolyte.
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Figure 5.3. lonic conductivity of the studied liquid electrolytes at RT
(23+2°C).

To further corroborate the causes contributing to the diminished ionic
conductivity of SSEs, a viscosity comparison between the DME/DOL and SSE_LiFSI
electrolyte was carried out (Figure 5.5a). The results evidenced that the SSE possesses
a viscosity approximately an order of magnitude higher than that of the conventional
electrolyte. This increased viscosity can be ascribed to the inherently higher viscosity
of the sulfolane solvent employed in their formulation, which is further saturated with
a substantial amount of lithium salt [35]. Despite the inclusion of the diluent to

mitigate this viscosity, it remains significantly higher compared to conventional
electrolytes.
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Figure 5.4. a) Viscosities of the DME/DOL and SSE_LiFSI electrolytes. b) Wettability test on
Celgard® separator of DME/DOL, SSE_REF, and SSE_LiFSI electrolytes.

Considering the concerns of the increasing viscosity and its potential negative
impact on the electrolyte's application, a wettability study was conducted. In addition,

169



Chapter VvV

the wettability study of the different electrolytes was performed on the Celgard® 2500
separator. The conventional electrolyte, composed of low viscosity and highly volatile
solvents, demonstrates excellent wettability of the separator, as evidenced by a low
contact angle of 31° (Figure 5.4b). In contrast, both SSEs exhibit reduced wetting
characteristics, displaying contact angles of 67° and 54° for SSE_REF and SSE_LiFSl,
respectively. Consequently, the higher viscosity exhibited by SSEs contributes to
reduced ionic conductivity and poorer separator wettability when compared to the
reference DME/DOL electrolyte.

5.2.4. Safety evaluation

The safety of the conventionally employed liquid electrolytes has been under
intense examination, primarily stemming from their intrinsic high flammability, a
characteristic linked to well-documented safety incidents [36,37]. Furthermore, when
these liquid electrolytes are combined with the LMA, which is distinguished by its
substantial energy density and heightened reactivity, safety concerns are amplified,
posing the potential for more severe safety incidents than those reported previously
[38]. Hence, ensuring the fire safety of the developed liquid electrolytes is of
paramount importance in the implementation of safe battery systems. This
imperative is intricately linked to the flammability characteristics and thermal stability
of the employed electrolytes.

Consequently, to evaluate the safety properties, different flammability tests
were conducted. Figure 5.5 provides a visual record of the test, where the commercial
Celgard® separator was immersed in the respective electrolytes. The conventional
DME/DOL electrolyte exhibits highly flammable behavior, evident from its rapid
ignition and violent combustion, resulting in complete combustion of the separator
within a mere 1-second timeframe. Conversely, neither of the two SSEs displays any
signs of ignition, underscoring their exceptional resistance to combustion. In this
scenario, the separator experiences only minimal melting in specific areas, likely
attributed to the elevated temperature of the lighter flame exceeding the melting
point of the material. Additionally, as shown in Figure A.5.2, a complementary
flammability test was carried out on the electrolytes individually to quantitatively
assess their flame-retardant capabilities, characterized by the self-extinguishing time
(SET) values. Once again, the conventional DME/DOL electrolyte’s poor thermal
stability and susceptibility to combustion are evident from the intense and long-
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lasting flame, resulting in a SET value of 117 s g*. In contrast, both SSEs consistently
exhibit their non-flammable nature, yielding negligible SET values. This substantial
contrast highlights that replacing the conventional electrolyte with the developed
SSEs will significantly enhance the fire safety attributes of the battery system.

(a) Soaking Ignition 1s after 5 s after

DME/DOL |

Soaking 1st ignition After ignition 2nd jgnition After ignition

(b)

SSE_REF

()

SSE_LiFS| [

Figure 5.5. Flammability test of the Celgard® separator soaked in different electrolytes. The
digital photos of the burning process of a) DME/DOL, b) SSE_REF, and c) SSE_LiFSI.

5.2.5. Compatibility with the lithium metal anode

In addition to the intrinsic properties, it is imperative to consider the
electrolyte’s compatibility with the LMA. As underscored in the preceding chapters,
the correct interaction between the employed electrolyte and the LMA significantly
influences the cycle life of the battery system. To this end, an exhaustive evaluation
of the reversibility and stability of the Li metal during the plating and stripping process
in the developed electrolytes was assessed using a series of Li| | Cu and Li| | Li cell tests,
as illustrated in Figure 5.6, Figure 5.9, and Figure 5.10.

5.2.5.1. Li| | Cu cell characterization

First, to assess the CE exhibited by the analyzed electrolytes, a Li plating and
stripping cycling in Li||Cu cells at 0.5 mA cm? was performed (Figure A.5.3).
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Figure 5.6a underscores the remarkable stability of the SSE_LiFSI electrolyte, as
evidenced by an average CE value of 97% through the analyzed cycles. Significantly,
this stands in stark contrast to the stability offered by SSE_REF, which yields an
unsuitable CE value of < 80% due to the emergence of undesirable side reactions.
Furthermore, as illustrated in Figures A.5.4 and A.5.5a, SSE_LIiFSI exhibits a
substantially lower polarization voltage compared to SSE_REF, without manifesting
any signs of cycling failure. Therefore, the incorporation of LiFSI salt in the SSE
formulation demonstrates a significant enhancement in stability with the LMA.
Conversely, the conventional DME/DOL electrolyte demonstrates high CE values
during cycling and low polarization voltage (Figure A.5.5b). This behavior can be
primarily attributed to the effective protection and denser Li deposition properties
provided by the LiNOs additive.
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Figure 5.6. Electrochemical compatibility with Li° anode of the studied electrolytes. a)
Coulombic efficiency of the cycling performance of Li||Cu cells employing different
electrolytes. b) Polarization of SSE_LiFSI during the Li plating and stripping in Li| | Cu cells. c) Li
metal CE of the different electrolytes using the modified Aurbach method [39]. d) CE and
nucleation overpotential of the first Li deposition.

As a complementary study for assessing the CE of Li metal in Li| |Cu cells, the
modified Aurbach method was employed [39]. Distinguishing from the previous
approach, this method involves an initial preconditioning step of the Cu substrate (see
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Experimental section). Figure A.5.6 showcases the persistent incompatibility of
SSE_REF with lithium, exhibiting a low CE value of 58.1%. This incompatibility is again
successfully mitigated through the incorporation of LiFSI in the SSE composition.
Figure 5.6¢c presents the results of the DME/DOL and SSE_LiFSI electrolytes,
highlighting the commendable properties of LiFSI salt in establishing a robust SEl layer,
resulting in an impressive CE of 98.8%. Notably, this CE value even surpasses that
delivered by the conventional DME/DOL-based electrolyte, which achieves 95.2%.
Regarding the plating/stripping profiles, it is worth noting that the conventional
electrolyte, despite yielding a slightly lower CE, exhibits lower overpotential compared
to SSE_LIiFSI. This difference can be attributed to the higher ionic conductivity of the
electrolyte and the formation of a conductive N-rich SEl protective layer facilitated by
LiNOs in contrast to the insulator LiF-rich SEI layer formed in the SSE_LiFSI system
[40-42]. The validity of this explanation is substantiated by Figure 5.6d, which
reaffirms the robust compatibility of the SSE_LIiFSI electrolyte with the Li metal.
Remarkably, it is observed that despite the lower nucleation overpotential and higher
initial CE displayed by the DME/DOL electrolyte, its compatibility with the LMA tends
to slightly deteriorate after cycling. In contrast, the SSE_LiFSI maintains excellent
compatibility with the LMA, even improving the initial CE value after the cycling test.
Regardless, both electrolytes surpass the performance offered by the SSE_REF
electrolyte.

In the ongoing examination of electrolyte compatibility with LMA, SEM
analyses were conducted to investigate the surface and cross-sectional morphologies
of the initial deposition on copper substrates (Figure 5.7 and Figure A.5.7). This
analysis was executed by depositing a Li reservoir of 4 mAh cm™ under a constant
current of 0.4 mA cm™. In Figure A.5.7a the Li metal deposition potential curves for
examined electrolytes are presented. Notably, the conventional electrolyte exhibits
the lowest nucleation overpotential, which can be attributable to the presence of
LiNOs. As reported in different studies, the inclusion of nitrogen compounds enhances
the lithiophilicity of the Cu substrate and the charge transfer during the nucleation of
Li embryos, resulting in an improved Li metal nucleation behavior [43,44]. For
SSE_LiFSI, a higher nucleation overpotential is observed compared to DME/DOL,
possibly stemming from the slightly higher charge transfer due to the formation of the
inorganic anion-derived SEI. Nevertheless, SSE_LiFSI demonstrates an exceptional Li
nucleation growth process, comparable to or slightly better than the DME/DOL
electrolyte. This phenomenon underscores the formation of a highly ionically
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conductive SEI film, contributing to the reduction of the mass transfer resistance
[45,46]. Contrastingly, the SSE_REF electrolyte displays the poorest Li deposition

behavior, manifesting the highest nucleation and growth overpotential.

Figure 5.7. a) Surface and b) cross-section SEM images of the deposited Li on Cu substrate with
the three different electrolytes: DME/DOL, SSE_REF, and SSE_LiFSI.

After analyzing the behavior of Li metal depositions, the subsequent
necessary step involves investigating their impact on the morphology. The
conventional DME/DOL electrolyte reveals a compact Li deposition film with a
thickness of 50 um, accompanied by the presence of sizable Li particles (Figure 5.7a
and b). These observations evidence the good compatibility between lithium and the
conventional electrolyte during the initial Li deposition. In contrast, concerning the
SSE_REF electrolyte, the deposited Li film presents a porous and non-compact
morphology, characterized by a loosely packed structure with an average thickness of
approximately 80 um (Figure 5.7a and Figure 5.7b). This non-compact morphology
explains the unsuitable compatibility of this electrolyte with Li metal observed
previously. Notably, SSE_LIFSI yields larger particle size, along with a tightly packed
and smoother Li deposition, leading to a thin and compact film of about 27 um
(Figure 5.7a and Figure 5.7b). This compact Li deposition nature results in the
reduction of the available Li surface for interaction with the electrolyte, leading to
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higher CE values, as previously demonstrated [47,48]. These findings evidenced the
substantial positive impact of the addition of LiFSI to the SSE formulation, highlighting
the crucial importance of the lithium salt anion selection to enhance compatibility
with LMA.

Additionally, to assess the robustness and durability of the deposition
morphologies of the different electrolytes, a long-term cycling study was conducted
(Figure A.5.8a). In both the conventional electrolyte and SSE_REF (Figure A.5.8b and
c), there is a discernible emergence of porous, fibrillar, and whisker-like structures
upon cycling, aligning with the observed behavior in Figure 5.6¢c and d. The
pronounced deterioration in compatibility with the LMA of the DME/DOL during
cycling can be attributed to the depletion of the LiINOs; additive, which proves
insufficient to ensure compact Li deposition over long-term cycling periods [42,49]. In
contrast, it is noteworthy that even after 30 cycles, only a minor increase in surface
porosity is observed in the SSE_LiFSI electrolyte, effectively maintaining large and
densely packed Li deposition (Figure A.5.8d).

To gain further insights into the surface composition of the Lim deposition of
the different electrolytes, XPS analyses were conducted. Figure A.5.9 and Table A.5.1
present the comprehensive XPS full spectra of the Li deposition surface on the Cu
substrate with the different electrolytes, along with their respective atomic content
of different elements.

b) c)
F1s omemor| |F1s sse Rer| [F1s _ SSE_LiFSI

LiF

Intensity / arb. units £

692 690 683 686 684 682 692 690 688 686 684 682 692 690 688 686 684 682
Binding Energy / eV Binding Energy / eV Binding Energy / eV

Figure 5.8. High-resolution XPS spectra of F 1s core level of the Li deposition on Cu substrate
with a) DME/DOL, b) SSE_REF, and c) SSE_LiFSI electrolytes.

Interestingly, as evidenced in Figure 5.8, when SSE_LiFSI is employed, the
surface of Li metal deposition exhibits a higher proportion of LiF compound compared
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to SSE_REF and DME/DOL. This phenomenon can be ascribed to the enhanced
interaction of LiFSI with Li metal, stemming from its weakened S-F bond (Figure 5.8a).
The XPS results, in conjunction with the SEM images, provide compelling evidence
that the incorporation of LiFSI not only promotes the formation of a more densely
packed Li deposition but also leads to an interface rich in LiF (peak at 685 eV in F 1s
core level). The presence of LiF, as explained in the previous chapter, is particularly
desirable for ensuring the long-term stability of LMA.

Furthermore, there are qualitative and quantitative divergences in the O 1s
spectra between SSE_REF and the other two electrolytes. Particularly, SSE_REF yields
a SEl with lower O content, approximately 24%, in contrast to DME/DOL and SSE_LiFSI,
which exhibit O contents of approximately 29% and 31%, respectively (as evidenced
in Table A.5.1). Moreover, additional O content presented by the DME/DOL and
SSE_LiFSI electrolytes exhibits a distinct nature compared to SSE_REF, as indicated by
their different O 1s spectra shapes (Figure A.5.10a). When DME/DOL and, especially,
SSE_LiFSI electrolytes are used, a distinct peak at 528.6 eV emerges, suggesting the
presence of Li;O within the SEI composition. Additionally, in conjunction with the
increase in Li,0, the peak at around 531.5 eV, primarily consisting of carbonates and
hydroxides, becomes the predominant constituent within the SEI.

An analysis of the Li 1s core level reveals a further qualitative difference
between SSE_REF and the other two electrolytes. A detailed deconvolution of Li 1s
(Figure A.5.10b) spectra highlights that the formation of LiOH, observed at 54.7 eV,
contributes to the increase and shift of the peak at 531.5 eV when employing
DME/DOL and SSE_LiFSI electrolytes. Consequently, the coexistence of Li,O and LiOH
seems to play a role in the formation of a more favorable and stable interface, as
observed when employing SSE_LiFSI and DME/DOL electrolytes. Finally, the
emergence of a distinct peak corresponding to metallic Li (discerned at 51.8 eV in
Li 1s) when SSE_REF and DME/DOL electrolytes are used may suggest a non-compact,
inhomogeneous, or exceptionally thin SEI. This SEI might be sporadically thin enough
in certain regions to allow the collection of photoelectrons from the underlying Li
metal plating. In contrast, the dense and compact Li deposits associated with
SSE_LIFSI are covered by an equally compact and protective SEl layer, as revealed in
the analysis. This compact and chemically more benign interface could provide a
plausible explanation for the excellent compatibility demonstrated by SSE_LiFSI
electrolyte with Li metal, as previously elucidated.
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Figure 5.9. Schematic illustration of the electrolyte structure and the correspondingly formed
SEl in a) DME/DOL, b) SSE_REF, and c) SSE_LiFSI electrolytes.

Based on the findings from SEM and XPS analysis, schematic representations
illustrating the SEl layer formation for the different studied electrolytes are
represented in Figure 5.9. For the conventional electrolyte, it is observed that formed
SEl exhibits satisfactory quality, especially during the first Li deposition, primarily
ascribed to the presence of the LiNO; additive. However, as discussed earlier, the
ongoing consumption of LiNO3 during cycling leads to a degradation in the quality of
the SEI and compromises the morphology of Li deposition as cycling progresses. On
the other hand, the addition of LiFSI as additive in the SSE formulation enhances the
quality of the resultant SEI compared to the traditionally employed SSEs that solely
rely on LiTFSI. As thoroughly demonstrated, this improvement is attributed to the
increased decomposition of LiFSI, leading to a higher proportion of LiF within the SEI
layer. Additionally, the presence of LiFSI in the SSE also exerts a positive influence on
the morphology and compactness of the deposited Li.

5.2.5.2. Symmetric Li| | Li cell plating and stripping characterization

To complete the electrochemical characterization of the different
electrolytes, the plating and stripping performance of the symmetrical Li||Li was
evaluated across a range of current densities, ranging from 0.1 mA cm?to 1 mA cm™.
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Figure 5.10. Electrochemical performance of different electrolytes in Li| | Li cells. Current test
of Li| | Li cells using DME/DOL, SSE_REF, and SSE_LiFS| electrolytes at different current densities
from 0.1 mA cm™ to 1 mA cm? and the corresponding zoomed profiles of DME/DOL and
SSE_LiFSI.

The results displayed in Figure 5.10 align with previously observed results,
demonstrating the instability of the SSE_REF electrolyte when paired with the LMA.
This poor performance can be predominantly attributed to the irregular and fibrillar
Li deposition induced by this electrolyte, coupled with the poor chemical quality of
the formed SEI layer. In contrast, both the SSE_LiFSI and DME/DOL electrolytes
demonstrate stable cycling with minimal polarization across the entire range of
current densities. This further corroborates the favorable influence of the denser and
more uniform Li deposition behavior evident in these two electrolytes. However, it is
essential to note the presence of sporadic erratic cycles in the case of the DME/DOL
electrolyte, especially at high current densities. This behavior can be attributed to the
progressive deposition porosity exhibited by this electrolyte that becomes more
evident over cycling due to the continuous consumption of LiNOs. Significantly, upon
closer examination of the voltage profiles, SSE_LiFSI consistently exhibits lower
overpotential throughout all the analyzed current densities. This can be ascribed to its
consistent capacity to perform more compact and thinner Li deposition film behavior,
as previously evidenced.
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5.2.5.3. Symmetric Li| | Li cell critical current density characterization

In addition to the plating/stripping analysis, a complementary investigation
encompassed the evaluation of the critical current density (CCD) for the given
electrolytes. The CCD analysis provides valuable insights into the rate-limiting factors
governing the kinetics of Li metal, which directly influences the power density of
batteries [50]. Consequently, a thorough examination of the CCD is of paramount
significance to assess the implementation of these electrolytes in LSBs, serving as a
critical determinant of their suitability for high-power applications.
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Figure 5.11. The critical current density of Li||Li cells using the different electrolytes: a)
DME/DOL, b) SSE_REF, and c) SSE_LiFSI.

As depicted in Figures 5.11a-c, the previously observed trend remains
consistent. The SSE_LIiFSI electrolyte, characterized by its robust and compact Li
deposition behavior, demonstrates a heightened resistance to current density,
extending its superior performance even up to 4 mA c¢cm?, surpassing all other
analyzed electrolytes. However, beyond the current density of 4 mA cm™, some
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instances of inhomogeneous Li deposition become apparent, resulting in irregularities
in the current-voltage plateaus. Conversely, the DME/DOL electrolyte displays a
comparatively lower stability, reaching a critical point with a short-circuit of the cell
occurring at a current density of 3 mA cm™. Despite the initially uniform Li deposition
observed during the early cycles, the DME/DOL electrolyte exhibits a progressive
increase in deposition porosity, as previously corroborated. Furthermore, in contrast
to the robust LiF-rich SEI layer in the SSE_LIiFSI system, the SEI layer formed in the
DME/DOL electrolyte experiences the depletion of LiNOs; throughout cycling. This
consumption of LiNOs is particularly pronounced at high current densities, resulting in
a weaker SEl layer and eventual short-circuiting of the cell, attributed to the formation
of Li dendrites. Finally, the SSE_REF electrolyte shows the poorest performance,
consistent with earlier observations, exhibiting the lowest resistance to the current
flow. This unsuitable performance is attributed to the porous and fibrillar nature of its
Li depositions, which strongly impact its long-term compatibility with the LMA.

This comprehensive study of the electrolyte compatibility with the LMA has
yielded fruitful insights. Firstly, the pivotal role of the anion associated with the
lithium salt employed in SSE formulation has been underscored. The incorporation of
LiFSI as additive has been proven to significantly enhance the compatibility of the
electrolyte with the LMA. This enhancement is attributed to the compact and uniform
Li depositions obtained with the SSE_LiFSI electrolyte. Secondly, when compared to
the conventional electrolyte, SSE_LiFSI offers a similarly robust initial compatibility
with the LMA. Nevertheless, the novel electrolyte developed in this work distinguishes
itself by ensuring this exceptional affinity with the LMA over an extended cycling
period, a weak point of the conventional electrolyte due to LiNOs depletion.

5.2.6. Li-S battery performance

Following the significant enhancement in the LMA affinity provided by the
developed SSE_LiFSI electrolyte, its impact on the electrochemical performance in
LSBs was further evaluated. This evaluation was conducted using the sulfur cathode
developed in Chapter Ill, which incorporates ResFArGO 2D graphene-based activated
carbon as an additive in a 10 wt.%.
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5.2.6.1. Power capability of the SSE_LiFSI in LSBs

Consumers place significant importance on the battery’s capacity for both
charging and discharging across a wide range of rates, depending on the intended
applications. Particularly, discharging at high C-rates reflects the battery’s power
capability, which is particularly valuable during initial startup procedures. Meanwhile,
high C-rate charging represents a paramount factor in the evaluation of a battery’s
applicability, alongside its long-range cycling performance [51,52]. With these battery
requirements in mind, additional electrochemical characterization was conducted to
further study the potential applicability of the SSE_LiFSI electrolyte. This
characterization involved the rate capability analysis of power cells, using medium
sulfur loading cathodes of 3 mgs cm™. Due to the differences in ionic conductivity
observed at RT between the conventional electrolyte and SSE_LiFSI, the C-rate test
was adjusted compared to those performed in previous chapters. In this case, the
cycling protocol included 3 cycles of preconditioning at C/20, followed by 5 cycles at
C/5, C4, C/3, and C/2, with a subsequent return to constant cycling at C/5.

As displayed in Figure 5.12a, both SSE_LiFSI and conventional electrolyte
deliver comparable battery performance at low C-rates. However, at high C-rates, the
SSE_LiFSI electrolyte exhibits superior sulfur utilization, achieving high discharge
capacities of 829 mAh g?! at C/2, surpassing the performance offered by the
conventional electrolyte. It is noteworthy that the conventional electrolyte
demonstrates a reduced C-rate capability compared to that exhibited in Chapter lil.
This discrepancy can be ascribed to differences in the cycling protocol and its
connection to LiNOs consumption. In Chapter lll, the cycling process was carried out
at higher C-rates motivated by the favorable ionic conductivity of DME/DOL, resulting
in faster cycling where the complete consumption of LiINOs3 was not evident.
Conversely, the cycling process at lower C-rates in the present study entails a slower
and extended period of cycling, leading to increased LiNO3 consumption compared to
the previous protocol.

The improved Li plating/stripping kinetics, suitable ionic conductivity, reduced
LiPS solubility, and improved wettability by ResFArGO material can be envisaged as
the multiple factors that explain this remarkable cycling rate performance under high
C-rates. Furthermore, it is noteworthy that when SSE_LiFSI electrolyte is used, the
cell’s capacity is consistently recovered when returning to C/5, maintaining a stable
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and high CE during the entire test (Figure 5.12b). In contrast, the DME/DOL
electrolyte, while also able to recover capacity, presents a clear CE decay, probably

due to the consumption of LiNOs during cycling, as explained earlier. These findings
once again evidence the excellent affinity and the symbiotic effect exhibited by the
combination of graphene-based sulfur cathodes and the SSE_LiFSI electrolyte.
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Figure 5.12. a) Rate capabilities comparison of Li-S cells using DME/DOL and SSE_LiFSI
electrolytes. b) Voltage profiles of the LSB using SSE_LiFSI under different C-rates.

5.2.6.2. High sulfur loading LSB performance

The long-term cycling of the different electrolytes was evaluated using energy

cells, characterized by a high-sulfur loading of 4 mgs cm™. As described in previous
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chapters, the cycling protocol consists of 5 preconditioning cycles at a low C-rate of
C/20, followed by extended cycling at a moderate C-rate of C/10.

Figure 5.13 highlights that both SSE formulations exhibited remarkably high
capacities, even though their lower conductivity and poorer separator wettability
compared to the conventional electrolyte. Notably, the performance of the SSE_LiFSI
stands out, offering initial capacity values that closely approach the theoretical ones
and maintaining high capacity values throughout cycling. These exceptional results
suggest a potential synergistic effect between this family of electrolytes and
graphene-based cathodes. This effect can mainly be attributed to favorable
compatibility induced by the ideal textural properties and surface chemistry of the
ResFArGO material. Its textural properties are characterized by an open and 2D flat-
shaped structure, which is reflected in the high-loading cathode depicted in
Figure A.5.11. Additionally, the presence of O-rich polar functional groups on its
surface, as shown in Chapter lll, significantly enhances the wettability of the SSEs
despite their higher viscosity (as shown in Figure 5.3a). All these characteristics
contribute to maximizing sulfur utilization during cycling.
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Figure 5.13. Long-term Cycling performance of ResFArGO-based high sulfur loading LSBs using
different electrolytes.

The validation of this hypothesis was further substantiated through a parallel
LSB cycling experiment conducted without the incorporation of the ResFArGO
material, as illustrated in Figure 5.14a.
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In this case, employing the CAs formulation high sulfur loading cathode
(4 mgs cm?) developed in Chapter lll, the DME/DOL electrolyte, unaffected by
wettability issues, demonstrated higher capacity values compared to SSE_LiFSI. Under
these conditions, SSE_LiFSI, despite exhibiting exceptional battery stability capable of
sustaining 150 cycles with remarkable capacity retention, falls short in promoting
optimal sulfur utilization in the absence of the ResFArGO material.
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Figure 5.14. a) Long-term Cycling performance comparison of high sulfur loading LSBs
employing KJ600 + Add cathode using DME/DOL and SSE_LiFSI electrolytes. b) Wettability
study of the b) SSE_LiFSI and ¢) DME/DOL electrolytes over KJ600 + ResFArGO;o and KJ600 +
Add based sulfur cathodes.

To confirm the hypothesis regarding the capacity dependence on the
improvement of system wettability due to the presence of ResFArGO, a wettability
study was carried out, comparing it with the CAs cathode. It is worth recalling that, as
outlined in Chapter lll, this cathode featured a low presence of polar groups. As
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displayed in Figure 5.14b, a clear decrease in the affinity of the SSE_LiFSI electrolyte
with the CAs is evident when compared to the ResFArGO-based cathode. This
reduction is directly associated with the weak polarity and unsuitable morphology of
the carbon materials employed in the formulation of CAs. This poor electrolyte
wettability of the cathode leads to diminished sulfur utilization, as evidenced in
Figure 5.14a). In stark contrast, Figure 5.14c reveals that the wettability of the
DME/DOL electrolyte remains consistent regardless of the type of cathode used,
demonstrating excellent and comparable wettability properties in both cases.
Consequently, owing to this favorable wettability, the DME/DOL electrolyte does not
present sulfur utilization issues depending on the cathode employed. These findings
highlight the significant impact of the sulfur cathode type on the effective
performance promotion of SSEs.

On the other hand, cyclability represents another pivotal cell behavior that is
strongly impacted by electrolyte selection. As presented in Figure 5.13, the SSE_LiFSI
electrolyte demonstrates exceptional battery stability, maintaining an impressively
high and consistent CE value of 99.2% throughout the analyzed cycles. This
performance effectively addresses a well-known weakness of this Li-S technology. In
contrast, the DME/DOL electrolyte showed a continuous decay in the CE from cycle
30, and the cell can only endure 60 cycles due to the depletion of the LiNOs additive.
The effectiveness of the anion-selection strategy, exemplified by SSE_LiFSI, deserves
special recognition for its remarkable improvement in both the capacity and,
particularly, the stability of the Li-S cell. When compared to the SSE_REF electrolyte,
SSE_LiFSI exhibits a significantly extended cycle life and superior CE values (96.7% vs.
99.2%, respectively) that are consistent with the results obtained during the
compatibility studies with the LMA. Moreover, the excellent long-term compatibility
of the SSE_LIiFSI electrolyte is further substantiated by its ability to support high sulfur
loading long-term cycling at C/5 (Figure A.5.12). This electrolyte not only yields an
outstanding discharge capacity value of 1200 mAh g* but also maintains exceptional
cell stability up to 60 cycles. These results underscore the considerable potential of
the SSE_LIiFSI electrolyte, emphasizing the advantages of incorporating LiFSI in the
electrolyte formulation, while simultaneously discouraging the use of SSE_REF, based
on LiTFSI as the unique salt, due to its poor performance in both Li symmetric and
Li-S cells. Furthermore, the favorable properties of SSE_LiFSI, particularly the
compatibility with LMA, persist irrespective of the sulfur cathode employed, ensuring
long-term cycling in all cases.
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5.2.6.3. Optimizing the SSE_LIiFSI high sulfur loading LSB performance

Despite the promising results demonstrated by the SSE_LiFSI electrolyte in
high sulfur loading LSBs, a gradual capacity decay process has been observed during
the long cycling test. To address this challenge, the cut-off voltage impact on the
cycling performance was thoroughly analyzed. To this end, three different voltage
ranges were investigated: 1.2-3.0V, 1.4-2.7V, and 1.7-2.5 V.

Figure 5.15 reveals two divergent trends. On one hand, employing broader
voltage ranges enhances sulfur utilization, translating into higher discharge capacity
values. Particularly, the diminished sulfur activation observed during cycling at 1.7-2.5
V reveals that this narrower voltage range falls short of meeting the required
discharge capacity values (Figure A.5.13). This limitation can be attributed to the
transition from the dissolution-precipitation conversion process to a slower solid-to-
solid pathway. On the other hand, it is evident that the wider the voltage range used,
the more pronounced the capacity drop process becomes. The results reveal that a
voltage range of 1.7-2.5 V presents the highest capacity retention, maintaining 80%
of itsinitial capacity after 100 cycles. In comparison, the 1.4-2.7 V voltage range results
in 69% retention, while 1.2-3 V shows 61% retention. Consequently, the range of
1.4-2.7 V has been selected as the optimal working voltage range for this system
seeking a balance between sulfur utilization and capacity retention during battery
cycling.
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Figure 5.15. Cut-off voltage impact study on the cycling performance of high sulfur loading
LSBs using SSE_LIiFSI electrolyte.
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5.2.6.4. High-temperature LSB performance of SSE_LiFSI

The operation temperature window represents a key parameter that strongly
impacts battery health and its safe operation. Currently, to meet the requirement for
most portable electronic devices, it is imperative to guarantee a wide temperature
operating range [53]. To achieve this goal, the electrolyte, known as the “lifeblood” of
the battery, plays an important role in enabling suitable battery performance under
wide temperature conditions [15]. Encouraged by the excellent safety properties
demonstrated by the SSE_LiFSI electrolyte, the assessment of the energy cell
performance at high-temperature cycling conditions (60 °C) was carried out.
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Figure 5.16. a) Cycling behavior of LSBs with SSE_LiFSI electrolyte at high temperature (60 °C).
b) Discharge/charge profiles of the high sulfur loading LSB using SSE_LiFSI cycled at
60 °C. c) LiPS generation test in SSE_LIiFSI electrolyte at different temperatures taking SSE_LiFSI
as reference electrolyte.

Figure 5.16a evidences the exceptional cycling performance of the SSE_LiFSI
electrolyte at high temperatures. The cell exhibits remarkably high sulfur utilization,
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highlighting its capability to ensure safe battery cycling even under high-temperature
operating conditions. However, at 60 °C, the capacity decay process becomes more
exacerbated compared to RT cycling, resulting in a lower average CE. In Figure 5.16b,
the charge and discharge profiles at 60 °C are presented. A comparison with the
voltage profiles at RT reveals a distinct shift in the reaction mechanism towards the
dissolution-precipitation process characteristic of low-concentration electrolytes. This
behavior is manifested by the emergence of two clear plateaus in the voltage profile,
akin to the behavior observed with the DME/DOL electrolyte. This voltage profile
modification indicates the increased solubility of high-order LiPS in the electrolyte due
to the raised temperature.

To validate this hypothesis, a polysulfide generation and dissolution test was
performed in the SSE_LiFSI electrolyte. In this test, Ss and Li,S were stoichiometrically
mixed in the electrolyte and stirred at the two studied cycling temperatures,
particularly RT and 60 °C. As illustrated in Figure 5.16c, after several days of reaction,
minimal coloration is observed at 25 °C. However, at 60 °C, a noticeable color change
is evident, with the solution transitioning to an orange hue. These findings
corroborate the hypothesis regarding the modification of the charge and discharge
profiles, demonstrating that the increased temperature drives the solubility of LiPS in
the electrolyte. The heightened solubility, in turn, induces a shift in the LSB conversion
mechanism from quasi-solid at RT to precipitation-dissolution process at 60 °C and a
decrease in CE, due to the shuttle effect.

In any case, SSE_LIiFSI is considered a promising electrolyte alternative for
ensuring safe cycling even at high temperatures. However, potential strategies such
as adjusting the salt concentration within the electrolyte may be considered to
address the emerging challenge.

5.2.6.5. Evaluation of the impact of other lithium salt anions in LSB performance

Encouraged by the positive results achieved through the suitable selection of
the anion of the lithium salt incorporated in the formulation of the SSEs, the
applicability of other potential anion alternatives was evaluated. To this end, LiNO;
and lithium (difluoromethanesulfonyl)(trifluoromethanesulfonyl)imide (LiDFTFSI)
lithium salts were selected as appealing alternatives. As disclosed previously, LiNOs is
commonly used in low-concentration electrolytes due to its great ability to mitigate
the shuttle effect. The high ionic conductivity of the N-rich SEIl nature generated from
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the reduction of this salt on the LMA makes it an attractive alternative. On the other
hand, LiDFTFSI has previously demonstrated its applicability for Li-S technology,
ensuring extended cyclability when used in the composition of PEO-based all solid-
state polymer electrolytes [54,55]. The exceptional properties of the SEI formed by
this salt, characterized by the presence of LiF and LiH compounds, serve as its selling
point. For the formulation of SSEs, in the case of LiNOs, owing to its limited solubility
in the presence of fluorinated ethers, a reduced concentration of 0.05 M was
employed in combination with 1 M LiTFSI (named SSE_LiNOs). Conversely, for
LiDFTFSI, the same composition employed in the SSE_LIiFSI electrolyte was used,
consisting of 0.8 M LiTFSI and 0.2 M LiDFTFSI (referred to as SSE_LiDFTFSI).
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Figure 5.17. Long-term cycling performance comparison between LiFSI, LiNOs, and LiDFTFSI
additives in SSE formulation.

As observed in Figure 5.17, the incorporation of suitable SEl-forming additives
allows again for substantially improved cyclability of high sulfur loading cells,
effortlessly achieving 100 cycles without any signs of failure. In this way, these novel
electrolytes surpass the performance offered by the conventional DME/DOL
electrolyte and SSE_REF. It is noteworthy that, despite its reduced concentration in
the electrolyte composition, SSE_LiINOs; demonstrates superior cell performance
compared to SSE_LiDFTFSI. Of particular importance are the exceptional cell stability
and its affinity with the LMA, resulting in a high CE value of 98.5% (Figure A.5.14).
However, when compared to the SSE_LIiFSI electrolyte, none of them manages to
surpass its performance, neither in terms of sulfur utilization nor compatibility with
the LMA. Nevertheless, the promising results offered by LiNOs as an additive in SSEs,
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even at reduced concentration, open the door to further investigations aimed at
optimizing this system after increasing its limited solubility in this system.

5.3. Summary and conclusions

This chapter underscores the potential applicability of engineered sparingly
solvating electrolytes as promising alternatives for high-performing and safe RT LSBs.
It has been demonstrated that the suitable selection of the anion of the lithium salt
plays a key role in improving the LSB performance. In this sense, the transition from
the conventionally employed low-concentrated electrolytes based on organic
solvents to SSEs has greatly enhanced the safety of the system, primarily due to the
non-flammable nature of the developed electrolyte. Furthermore, the incorporation
of LiFSI in the SSE formulation, contrary to the widely employed SSE solely based on
LiTFSI, has demonstrated exceptional LMA compatibility, even surpassing the
performance offered by the DME/DOL electrolyte, particularly in long-term cyclability.
In Li/Cu cells, the SSE_LIiFSI electrolyte attains an impressive Coulombic efficiency of
98.8%, associated with compact, thin, and dense Li deposition promoted by this
electrolyte. Regarding the LSB performance, the synergy between the graphene-
based sulfur cathode, developed in previous chapters, and the SSE_LiFSI electrolyte
has showcased an unprecedented symbiotic effect. This combination has led to
substantial improvement in cell stability and sulfur utilization compared to the
conventional electrolyte and SSE_REF. Significantly, this engineered SSE has
successfully addressed one of the weaknesses commonly blamed on Li-S technology,
which is long-term cyclability. Additionally, SSE_LiFSI electrolyte has demonstrated an
exceptional rate capability delivering remarkable sulfur utilization even at high C-rate
and outstanding capacity recovery. Furthermore, the excellent thermal properties
shown by the SSE_LiFSI have enabled the successful cycling of over 50 cycles at a high
temperature of 60 °C, delivering remarkable discharge capacity values. Finally, other
potential lithium salts were studied as potential alternatives, showcasing improved
cell stability but without managing to outperform the SSE_LiFSI results. Consequently,
the implementation of a holistic LSB approach, with the combination of the strategies
developed in different thesis chapters, has proved to be a successful strategy for
improving the performance of this technology. This achievement paves the way for
further studies into upscaling this system for prototype cells, bringing it closer to
practical applications.
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5.4. Brief outlook and perspective

Chapters Il and lll, despite the integration of effective advancements in sulfur
cathodes, have provided detailed evidence of the conventional electrolyte’s
incapacity to ensure stable LSB cycling. This problem arises from its limited long-term
compatibility with the LMA, thereby jeopardizing the primary objective of upscaling
exploration established for this thesis. In light of this challenge, Chapters IV and V
have undertaken the pivotal task of formulating new electrolyte alternatives to
replace the conventional DME/DOL electrolyte and foster long-term cycling in LSBs.
To achieve this objective, two different strategies have been implemented.

In Chapter IV, the viability of integrating GPEs into Li-S technology has been
explored. Through the implementation of a readily scalable and effective one-pot
manufacturing process, the GPE_20 electrolyte was developed. Notably, this
electrolyte showcased exceptional individual properties, manifesting an outstanding
balance among structural integrity, electrochemical properties, thermal stability, and
safety characteristics. Nonetheless, the unmitigated dissolution of LiPS coupled with
the reactivity of the fluorinated polymer matrix with the LMA triggered a series of
parasitic reactions, leading to unsatisfactory LSB performance. Despite initial concerns
regarding GPE_20’s performance, sustained focus on its applicability resulted in
unexpectedly excellent cyclability when implemented in LFP-based LMBs. This
successful application provided the opportunity to explore its scalability process
under operating conditions more closely resembling practical scenarios, consistently
yielding highly promising results. Therefore, despite exemplifying a failed strategy to
enhance the performance of LSBs, this study has played a crucial role in highlighting
the significance and establishing the mitigation of LiPS dissolution and ensuring
compatibility with the LMA as indispensable characteristics for an electrolyte in Li-S
technology to guarantee optimal performance.

In response to these requirements, a strategic decision was made to revisit
the approach and focus on the development of liquid electrolytes with low or
negligible solubility of LiPS. For this purpose, Chapter V delved into the formulation of
a customized SSE as an appealing alternative for LSBs, resulting in the development of
the SSE_LIFSI electrolyte. Distinguishing itself from previously reported SSEs in the
literature, SSE_LiFSI has exploited the distinctive solvation structure of this electrolyte
family through the incorporation of LiFSI salt as additive. This strategic integration
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empowered SSE_LIFSI to exhibit excellent Li metal deposition and form an effective
LiF-rich protective SEIl layer. These pivotal attributes allowed for demonstrating its
exceptional long-term compatibility with the LMA. Furthermore, the unique solvation
structure of the SSEs, marked by a minimal presence of free solvent molecules,
resulted in a diminished dissolution of LiPS. Finally, SSE_LiFSI not only fulfilled the
criteria for an optimal LSB electrolyte but also established a synergistic relationship
with the graphene-based sulfur cathode developed in Chapter lll. This compendium
of properties translated into remarkable LSB performance, featuring an excellent
equilibrium between sulfur utilization and stable long-term cycling. Furthermore, the
versatility of the system was underscored by the successful incorporation of new
additives, paving the way for future works aimed at continued optimization.

These results substantiate the effectiveness of the proposed holistic
approach, as demonstrated by the SSE_LiFSI system, for the development of high-
performing, safe, and stable LSBs. Consequently, the encouraged results observed in
this system form a compelling foundation for exploring its scalability in prototype cells
closely aligned with practical applications.
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From Lab-Scale Coin Cell to Ah-Level Prototype Li-S Cell Performance

6.1. Introduction

In the preceding chapters, different approaches were designed to address the
intricate technological challenges associated with Li-S technology. Among them, the
holistic perspective adopted in Chapter V, combining an engineering electrolyte with
a high-performing cathode, both developed under the current thesis, has stood out
by demonstrating exceptional and auspicious results. The effectiveness of this
approach lies in confronting the multidisciplinary challenges of the technology by
implementing multiple strategies into a final device. However, it is crucial to
emphasize that all the advancements thus far have been conducted on lab-scale coin
cells, far from industrial needs. Therefore, these results serve as motivation to further
optimize the system by evaluating its scalability process for eventual practical
application.

To date, considerable research effort has been dedicated to solving the
inherent challenges within Li-S technology to enhance its electrochemical
performance. These efforts have yielded the development of innovative strategies
focusing on each component of the cell, including using new sulfur hosts to mitigate
LiPS dissolution, modifications of electrolytes and separators, and the design of
artificial solid electrolyte interphase. Nevertheless, it is noteworthy that most of the
reported studies use coin-cell configurations characterized by low sulfur mass
loadings (< 2 mgs cm™), excessive amounts of electrolyte (> 10 pL mgs?), and high
excess of LMA conditions (N/P > 25) [1-3]. The improvements obtained under these
operating conditions may potentially diverge the research direction and
underestimate the challenges associated with the upscaling process under more
realistic operating conditions. Additionally, utilizing these ideal operating conditions
would vyield very low and unfeasible cell energy densities, rendering their
commercialization impossible.

In recent years, the awareness of the operating conditions issue has catalyzed
a substantial paradigm shift in the Li-S research towards the incorporation of more
realistic operating conditions during cell testing. This adjustment enables a more
accurate selection of potential advancements. Despite the commendable
performance observed in coin cells, a notable gap persists in the scientific literature
concerning the evaluation of prototype pouch cell performance. Although there has
been a recent uptick in publications reporting pouch cell performances, as evidenced
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in Figure 6.1a, the overall contribution remains insufficient, representing a mere 4.4%
of total publications in the field of LSBs in the last 10 years (Figure 6.1b). This disparity
underscores the scarcity of insights into pouch cell behavior, raising questions
regarding the transferability of improvements achieved with developed materials to
practical Li-S cells, accentuating the gap between academic and industrial research
[4-7].
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Figure 6.1. Literature analysis of the Li—S pouch cell area. a) Publication number per year of Li—
S pouch cells and LSBs and b) the total percentage of Li—S pouch cell publications accounting
in the LSB field from 2013 to 2023.

The lack of insights transferability between these two entities is evidenced by
the considerable disparities in cell cyclability. While studies have asserted 1000 cycles
at coin cell level, the cyclability reported for Ah-level pouch cells is only several tens
of cycles [8—10]. This significant cyclability divergence is deeply rooted in the marked
differences in operating conditions between coin and pouch cells, an aspect
thoroughly detailed in Chapter I. Notably, the introduction of a substantial scalability
factor during the transition from coin to practical cells, coupled with the adjusted
operating conditions of prototype cells oriented towards high energy density values,
give rise to extremely harsh cycling environment. Under these conditions, new
operational challenges emerge compared to coin cells, particularly LMA degradation
and electrolyte depletion [11-13]. These emerging challenges collectively contribute
to rendering cyclability the Achilles heel of practical Li-S pouch cells. This unresolved
issue hampers the widespread commercialization of LSBs, a milestone yet to be
accomplished [14,15]. Therefore, validating the results obtained in coin cells for their
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applicability to pouch cells is a fundamental step in evaluating the practical potential
of the proposed advancements.

In the evaluation of prototype cells, the determination of cell energy density
emerges as a pivotal metric for analyzing their prospective applicability [16,17]. This
parameter is expressed either as gravimetric energy density, denoting energy storage
per unit cell mass, or volumetric energy density, representing energy storage per cell
volume. The significance of gravimetric energy density lies in its representation of the
battery’s capacity to store more energy within smaller device mass, rendering it
particularly critical for weight-sensitive applications such as drones, buses, or trucks.
Conversely, a higher volumetric energy density implies the storage of a greater
amount of energy within a diminished volume, a factor of paramount importance in
applications constrained by limited space, exemplified by electric cars. In this context,
LSBs stand out due to their high energy density compared to commercial LIBs. This
distinction would allow for a substantial reduction in the mass of current batteries,
positioning LSBs as particularly well-suited for weight-critical applications, thereby
constituting their main market niche [14,18-20].

This chapter presents a comprehensive study of the upscaling process of the
different strategies proposed in this thesis, aiming to evaluate their practical
applicability in cells closely aligned with industrial requirements. Firstly, given the
remarkable differences in operating conditions between coin and pouch cells, and
seeking to meet industrial requirements for its future commercialization, an in-depth
analysis of the key parameters that significantly impact the energy density of
prototype Li-S cells will be conducted. This analysis will be crucial to establishing the
necessary operating conditions for the development of high-energy-density Li-S cells.
Subsequently, as an intermediate step, the performance of each proposed strategy in
this thesis will be assessed in monolayer pouch cell design. This study will be
instrumental in evaluating the initial results in larger surface area pouch cells and
allowing for a meaningful comparison with the performances achieved previously in
small coin cells. Finally, an analysis of Ah-level pouch cells will be conducted to
ascertain the applicability in cells closely aligned to real-world applications.
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6.2. Formulating energy density model
6.2.1. Calculation of gravimetric energy density

As a key initial step, the transparent calculation of energy density at the cell
level is essential for the accurate analysis of the cell upscaling process [6,17,21]. In this
case, the evaluation of the gravimetric energy density is conducted, considering all
the active and inactive components of the cell. In this case, the calculation will be
centered at the cell level, thereby excluding cell packaging weight.

As outlined in Chapter I, the energy density of a Li-S cell (in Wh kg!) can be
defined as:
CoxU
Eg = S — “nom (6.1)
Meeqp
where Cs is the specific cell capacity (in Ah), Unom is the nominal voltage of the
(in V), and mcen is the overall weight of the cell (in kg).

The total weight of the cell is calculated as the sum of the weight of every
single component of the cell (in kg), including the mass of the Li anode (my), cathode
(meath), cathode current collector (Mcc_cath), Separator (meep), and electrolyte (me).

Meep = My + Meath + Mec cath T Mgep +myg (6.2)

In some scenarios, the mass corresponding to the anode current collector,
typically composed of copper, needs to be considered when calculating the total
mass. However, in this particular case, Li metal was used both as the anode and the
current collector, rendering the mass corresponding to the copper current collector
exempt from consideration.

Concerning the LMA, its mass is calculated by considering the ratio between
the anode capacity and the cathode capacity, denoted as the N/P ratio (rnp). This
parameter indicates the surplus of lithium present in the cell. In commercial LIBs, this
excess typically falls within the range of 5-10% at most. However, in the case of LMBs,
an additional excess is often introduced to mitigate potential parasitic reactions
associated with the high reactivity of the LMA. Therefore, the Li mass is calculated as
follows:
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Aanode

my; = Iyp X Lg X Cg theo X (6.3)

CLi_theo

where Ls is the sulfur loading of the cathode (in gs cm?), Cs theo is the
theoretical capacity of sulfur (in Ah g?, being 1.675 Ah g1), Aanode is the geometric
surface area of the anode (in cm?, equal to Acthode), and Cii weo is the theoretical
capacity of lithium (in Ah g, being 3.860 Ah g?).

The total weight of the cathode is calculated by:

Meath = caw (6.4)
s

where Acathode is the total area of the sulfur cathode (in cm?) and ws is the mass
content of sulfur in the cathode composition.

Considering the possible scenario of a multilayer cell with the slurry coated on
both sides of the current collector, the total area of the cathode is obtained by:

Acath = 2 X Aqcath X Neath (6.5)

where A is the surface area of one side of an electrode and nea is the
number of double-side coated cathodes in the cell.

The mass of the current collector of the cathode can be obtained from the
following equation:

Me¢e cath = Acc_cath X Neath X Pal X tal (6.6)

where A canis the total area of the aluminum current collector, (in cm?, being
equal to Acathode), Pal is the density of aluminum (in g cm™3), and ta is the thickness of
the aluminum current collector.

In each multilayer cell, the double-side coated sulfur cathodes are separated
from their respective LMAs by one sheet of separator. Thus, the total mass of the
separator inside the cell can be obtained by:

Mgep = Asep X 2 X Neaep X Lsep (6.7)
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where A, represents the area of each separator piece (in cm?) and Lsep is the
areal density of the separator (in g cm™), which is inherent to the type of separator
employed.

As the systems under study rely on liquid electrolytes, the energy density
calculation is determined based on the widely used ratio of electrolyte volume to
sulfur mass, E/S ratio. Therefore, the mass of the electrolyte is defined as:

mpg = Acath X Ls X I'g/s X pLE (6.8)
where pi; is the density of the employed electrolyte (in g cm™)

Finally, the specific capacity of the cell can be described as a function of the
sulfur utilization rate (us) as follows:

Cs = Cstheo X Ms X Lg X Acatn (6.9)

To perform energy density calculations, a set of necessary parameters related
to the systems developed in this thesis have been extracted and compiled in
Table A.6.1. Additionally, MATLAB codes can be found in the Appendix section of
Chapter VI.

6.2.2. Evaluation of key design parameters to achieve high-energy-density LSBs

The detailed calculations outlined above have identified five parameters with
the potential to impact the final energy density of Li-S cells. These parameters include
the E/S ratio, N/P ratio, sulfur utilization rate, sulfur loading, sulfur weight content in
the cathode formulation, and electrolyte density. Notably, particular attention was
placed on the E/S ratio and N/P ratio among these parameters. This focus arises from
the recognition that electrolyte and anode excess have been identified as primary
contributors to misinterpretations of lab-scale cell results, masking the fundamental
degradation mechanisms in LSBs.

At this point, building upon the results obtained in the preceding chapters, a
reference cell has been defined with specific features: a sulfur utilization rate of 75%,
sulfur content of 64 wt.%, sulfur loading of 4 mgs cm™, an electrolyte density of
1.1 g cm?3. Regarding the E/S ratio and N/P ratio parameters, aligned with the
established guidelines from the Li-S literature for achieving high energy density cells,
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they have been set at 3 pL mgs™ and 3, respectively. The correlations between the
energy density and the five parameters are represented in Figure 6.2, Figure 6.3, and
Figure 6.4. Each subfigure delineated the influence of two key parameters on energy
density while maintaining the remaining parameters constant, employing the values
disclosed above.

Sulfur utilization, indicative of the system's efficacy in promoting sulfur redox
reactions and directly linked to the practical specific capacity of the cell, has long held
a central focus in the Li-S research literature. As illustrated in Figure 6.2a, the energy
density exhibits a linear increase with maximizing sulfur utilization until reaching a
point where the improvement becomes less pronounced. These findings reveal that a
sulfur utilization exceeding 0.6 is pivotal for achieving high energy density values
surpassing 300 Wh kg. However, it is worth noting that the positive impact of
increased sulfur utilization on energy density can be significantly compromised when
sulfur loadings below 2 mgs cm™ are used.
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Figure 6.2. The projected gravimetric energy density of a multilayered Li-S pouch cell
evaluating the impact of different operating parameters: a) sulfur utilization rate and b) sulfur
content within the cathode composition by varying the sulfur loading.

As discussed in Chapter lll, the sulfur content in the cathode formulation is
another key parameter to consider. The motivation for increasing the sulfur content
lies in minimizing the mass attributed to inactive materials within the sulfur cathode,
such as carbonaceous materials and binders, which can negatively impact energy
density. Figure 6.2b reveals that sulfur content does not appreciably influence the
energy density of the cell until the sulfur loading exceeds 3 mgs cm™. Below this
threshold, the cathode’s contribution to the overall cell mass is minimal, rendering
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the effect of sulfur content practically negligible. Even at higher sulfur loadings, the
impact of sulfur remains of low significance, except for the cases where sulfur content
falls below 0.6. This phenomenon can be attributed to the minimal contribution of
inactive components to the overall weight of the whole cell.

Another parameter to consider in the study of energy density is the sulfur
loading of the cathode. This parameter is widely recognized in the literature as a
pivotal parameter for achieving high energy density values in Li-S cells. As depicted in
Figures 6.2a and b, there is a pronounced increase in energy density with a
corresponding rise in sulfur loading. However, the advantage of increasing sulfur
loading toward higher energy densities reaches a saturation point at 3.5-4 mgs cm?,
akin to the concept of diminishing marginal effect in the field of economics. This
suggests that the energetic density of the cell is not favorably inclined to further
increase by incorporating more sulfur into the system. The additional sulfur, coupled
with the concomitant increase in anode and electrolyte amounts, would result in a
higher cell mass without a proportionate increase in energy density. Nevertheless,
achieving energy density values exceeding 300 Wh kg requires the use of sulfur
loading exceeding 3.5 mgs cm™.
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Figure 6.3. Impact of the a) N/P ratio and b) E/S ratio in the projected gravimetric energy
density in Li-S cells.

Figures 6.3a and b illustrate the correlation between energy density and both
the N/P ratio and the E/S ratio, respectively. In both cases, a reduction in the N/P ratio
and the E/S ratio presents a favorable trend toward achieving higher energy densities.
Remarkably, the influence of the N/P ratio is comparatively less pronounced, primarily
due to the low mass density of lithium. In contrast, the E/S ratio demonstrates a
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substantial influence on energy density, emerging as the most critical parameter for
developing high energy density Li-S pouch cells. Therefore, these outcomes attest that
maintaining E/S ratio values below 5 pL mgs? is imperatively necessary to guarantee
high energy density LSBs exceeding 300 Wh kg™. On the other hand, while its impact
is relatively minor compared to the E/S ratio, it is crucial to keep N/P ratio values
below 4. This threshold not only ensures high energy density values but also secures
the cost-effectiveness of LSBs, given that lithium stands as its most expensive
component.

Emphasizing the importance of the E/S ratio, it is noteworthy that in Li-S cells,
due to the combination of sulfur's high inherent capacity as an active material and its
low density, the mass of the electrolyte appears as a significant contributing factor,
constituting approximately half of the total cell mass [22]. Even under strictly lean
electrolyte conditions (E/S = 2 puL mgs?), the mass fraction of the electrolyte is twice
as high as that in conventional LIBs. Given the critical role of the electrolyte, the
importance of considering the electrolyte density becomes necessary, a parameter
often overlooked in the literature when assessing the energy density of LSBs [23,24].
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Figure 6.4. Relationship between the electrolyte mass density and the projected gravimetric
energy density in Li—S cells.

Figure 6.4 shows the impact of the mass density of the electrolyte at different
sulfur loadings on the energy density of the cell. These results evidence the negative
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impact of the electrolyte density on energy density. Based on these findings, a
comparative analysis between an electrolyte with a density of 1.0 g cm™ and another
of 1.4 g cm?3, operating under identical cycling conditions (N/P = 3, E/S = 3 uL mgs?,
Ls = 4 mgs cm?, and ws = 64 wt.%) and exhibiting equivalent cell performance (us =
0.75), reveals that the lower-density electrolyte achieves an energy density of
380 Wh kg?, whereas the higher-density electrolyte is compromised to an energy
density of 325 Wh kg™. This comparison emphasizes that employing a low-density
electrolyte can significantly reduce the electrolyte weight contribution at the same
E/S ratio. Therefore, the adjustment of the electrolyte mass density is considered
crucial in the pursuit of high energy density values in Li-S cells.

This comprehensive evaluation of specific parameters has revealed that the
sulfur utilization rate, the N/P ratio, and the E/S ratio exert the most significant impact
on the final energy density of LSBs. Particularly, the E/S ratio stands out prominently
as the most influential parameter, underscoring the crucial importance of both
decreasing the amount and mass density of the electrolyte due to its large
contribution to the overall cell mass [6,7,17,25]. In general, based on the presented
results, it can be concluded that achieving a sulfur utilization rate > 0.7, maintaining
sulfur content in the cathode > 60%, ensuring sulfur loading > 3.5 mgs cm?, adhering
to an N/P ratio < 4, and keeping the E/S ratio < 5 pL mgstare essential conditions for
the successful development of high energy density LSBs. These parameters would not
only ensure to outperform commercial LIBs but also exceed the threshold of
300 Wh kg™.

6.2.3. Establishing the operating conditions for high-energy-density LSBs

The previous section provides a guideline for determining the necessary
operating conditions to achieve the desired high energy density LSBs. However, in this
specific context, certain parameters analyzed earlier are already constrained by the
characteristics of the developed strategies throughout this thesis. It is established that
the sulfur loading of the cathodes is 4 mgs cm™, the sulfur content is 64 wt.%, and the
sulfur utilization rate hovers around 0.75. Consequently, the N/P ratio and the E/S
ratio remain the sole parameters requiring specification. To this end, an analysis of
the impact of these two parameters within the developed system was conducted.
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Figure 6.5. Influence of the N/P ratio and E/S ratio on the energy density of the Li-S prototype
cell based on the already fixed operating parameters.

Figure 6.5 validates the consistent trend observed earlier, reaffirming that
increasing both the N/P ratio and the E/S ratio leads to a significant penalty on the
energy density of the proposed system. Therefore, it is evident that surpassing the
energy density offered by commercial LIBs requires using an N/P ratio of less than 5
and an E/S ratio of less than 6 uL mgs™.

However, given that the objective of LSBs is not only to match but to surpass
the values exhibited by commercial LIBs, two different scenarios were outlined for the
investigation of multilayer cells. The first scenario adopts an intermediate approach,
reducing the E/S ratio to 4.5 pL mgs?, yielding energy density values of 300 Wh kg™.
The second scenario pursues a more ambitious path, adjusting the amount of
electrolyte to a reduced E/S ratio of 3 uL mgs™. This adjustment is projected to deliver
remarkable energy density values of 370 Wh kg, potentially exerting a high impact
at the industrial level. Nevertheless, to realize these scenarios, these adjustments in
the E/S ratio must be coupled with a tight N/P ratio value of 3. Despite the relatively
minor influence of this parameter on energy density, this adjusted value was selected
not only to facilitate the evaluation of more realistic and higher energy density
prototype cells but also to control the cost associated with lithium, the most
expensive component of LSBs.
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6.3. Prototype Li-S cell performance evaluation

To evaluate the different strategies developed in the current thesis under
operating conditions closely aligned with practical applications, a detailed evaluation
of prototype cells was carried out.

6.3.1. Monolayer pouch cells performances evaluation

The results obtained at coin cell level provide the groundwork for evaluating
the performance of the prototype cells. Nevertheless, it is crucial to consider that the
upscaling process is not straightforward and demands optimization of the cell
assembly system and the preparation of materials in larger quantities. To underscore
the magnitude of the upscaling process challenge, Figure 6.6 provides an optical
image illustrating both the coin and the pouch cells, along with the different
electrodes that constitute them, accompanied by a scale for size comparison. This
image reveals that the upscaling process involves the preparation of electrodes with
surface and sulfur amounts 15 times larger than those employed in the coin cells.
Consequently, as an intermediate step towards multilayer cells, the performance of
the previously developed strategies was first assessed in monolayer pouch cells.

Figure 6.6. Optical images of the coin and pouch size sulfur cathodes, along with the
corresponding pouch cell.
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In contrast to multilayer design, assembling monolayer pouch cells is more
straightforward, facilitating the initial exploration of prototype cells. However, due to
the reduced number of layers inside the cell, the dead volume is significantly higher
compared to the multilayer configuration, posing a challenge to achieving uniform
adhesion between the separator and the two electrodes. Hence, establishing adjusted
operating parameters to achieve high energy densities, as analyzed above, becomes
a difficult task. Given these challenges, the evaluation of monolayer pouch cells
maintained the same operating conditions established for the coin cells, with an
electrolyte amount featuring an E/S ratio of 7 uL mgs™. For the anode, a 500 um thick
Li foil was employed, representing an N/P ratio of 20. The use of this thick LMA, while
deviating from real working conditions, serves to adjust the internal pressure of the
cell, promoting improved contact between its components. To conduct the study of
the monolayer pouch cells, a cycling protocol involving 5 cycles of preconditioning at
a low C-rate of C/20, followed by long cycling at a moderate rate of C/10 was
employed.

6.3.1.1. DME/DOL-based systems performance evaluation

Figure 6.7 and Figure A.6.1 show the performance of the monolayer pouch
cells corresponding to the different strategies developed in this thesis employing the
conventional DME/DOL electrolyte, along with their corresponding charge and
discharge profiles across different cycles. Notably, all strategies demonstrate
successful scalability, enabling the cycling of prototype cells with high-capacity values
closely resembling those obtained in lab-scale coin cells, despite the substantial
scalability factor introduced. These findings highlight the practical effectiveness of the
strategies developed in this thesis.

The results displayed in Figure 6.7 reveal that the capacity trends observed in
the coin cells are consistently maintained across the different cell configurations.
Notably, the cell incorporating ResFArGO as the main carbon material stands out,
yielding extraordinary capacity values at C/10 of 1230 mAh g* (equivalent to ps=0.75,
98.4 mAh, and 4.9 mAh cm™). Following closely are the cells comprising KJ600 +
ResFArGO1o, exhibiting commendable capacity values at C/10 of 1089 mAh g*
(equivalent to ps = 0.65, 87 mAh, and 4.4 mAh cm). Therefore, even at the prototype
scale, the highly favorable impact of incorporating ResFArGO as the component
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responsible for achieving high sulfur utilization values is corroborated. This
consolidates ResFArGO as a tangible and effective alternative as a sulfur carbon host.

C/20 Cc/I10 100
5120.‘70)::?-32. e..?............'...z'.'..'.QOOO:lSOI':'o.-ocoo.. °\\°
< < I E L80 >
5100- §1200_ \yi""\-‘-u..._____". §
2 804310001\ _ 60 2
o = =
3] © 600+ \‘*’*\ 40 -3
E 401 0 400 . 8= ResFArGO main g
o 8 5 —=—KJ600 + CAs 20 S
= 201 2 200. : KJ600 + ResFArGO,, o

0 »n 0 —=—KJ600 + ResFArGO, 0 o
0 10 20 30 40 50 60

Cycle number

Figure 6.7. Long-term cycling performance of the monolayer pouch cells with the different
strategies developed in this thesis employing the DME/DOL electrolyte.

Finally, the cells constructed from the cathodes composed of KJ600 + CAs and
KJ600 + ResFArGOs deliver slightly lower but still acceptable sulfur utilization,
achieving capacity values at C/10 of 842 mAh g (equivalent to ps = 0.51, 67 mAh, and
3.4 mAh cm™) and 889 mAh g (equivalent to ps = 0.53, 71 mAh, and 3.6 mAh cm™),
respectively. In alignment with observations in coin cells, the KJ600 + ResFArGOs cell,
with a higher proportion of insulating sulfur and a lower concentration of ResFArGO,
delivers reduced capacity values compared to the cells with higher ResFArGO content.
Nevertheless, considering the inherent challenges posed by this composition
modification of the sulfur cathode, the results attained by the KI600 + ResFArGOs cell
are noteworthy. Additionally, they underscore the exceptional performance offered
by ResFArGO, demonstrating its ability to outperform other additives, such as CAs,
even when present in lower quantities.

Despite the consistent capacity trends observed between small coin cells and
prototype monolayer pouch cells, there is a substantial divergence in the cyclability of
the systems. All cells based on DME/DOL, except for the K600 + ResFArGOs cell, show
a drastic reduction in cycling stability, not being able to reach 30 cycles. Furthermore,
the CE obtained in all systems is lower than that achieved at the laboratory level,
suggesting potential issues arising from the LMA. These results strongly underscore
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the incapacity of the DME/DOL electrolyte in ensuring stable cycling in LSBs due to the
limited long-term compatibility with the LMA, which is exacerbated at the prototype
level. These results yield two valuable insights. Firstly, the substantial challenges
associated with the upscaling process are evidenced, emphasizing that the results
obtained at lab-scale coin cells are not easily extrapolated to larger prototype cells.
Therefore, the practical evaluation of advances achieved in coin cells must be
demonstrated in prototype cells. Second, Figure 6.7 demonstrates the inability of the
conventional DME/DOL electrolyte to guarantee the long-term cycling performances
of LSBs, a limitation accentuated in the evaluation of the prototype cells with higher
LMA surface area.

Within the DME/DOL-based systems, the performance of the KJ600 +
ResFArGOs cell emerges as an exception to the stability issues. However, it is crucial
to recognize that this cell exhibits lower capacity compared to the other systems,
except for KJ600 + CAs, and this diminished capacity reduces the stress on the LMA,
thereby potentially enhancing its stability. Additionally, despite the stable capacity
delivered, the cell experiences a constant drop in CE from cycle 30 onwards. In this
case, the excess of lithium present in the anode masks the issues related to the
declining CE, enabling that the capacity of the cell is not adversely affected. However,
these considerations do not diminish the excellent and promising results shown by
this system despite its challenging cathode composition. The remarkable outcomes
become evident when compared to the KJI600 + CAs system. Despite initially exhibiting
comparable capacity values, the stability of the KI600 + CAs cell is compromised by a
constant capacity drop, potentially attributable to the high dissolution of LiPS due to
the weak affinity of its cathode carbon materials. In contrast, the KJ600 + ResFArGOs
benefits from the inherent properties of ResFArGO, extensively described in
Chapters Il and Ill, enabling stable cell capacities owing to its improved compatibility
with LiPS, even in small quantities.

To ascertain the causes contributing to the poor cycle life observed in systems
employing the conventional DME/DOL electrolyte, a post-mortem analysis was
carried out. For this investigation, the system incorporating ResFArGO as the main
carbon was selected due to its manifested poor cell cyclability.
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Figure 6.8. Post-mortem analysis images of the a) sulfur cathode, b) LMA, and c) separator
after monolayer pouch cell cycling in the full ResFArGO-based system with DME/DOL
electrolyte.

Figure 6.8 presents visual images of the sulfur cathode, LMA, and separator
after prototype cell cycling. Notably, the sulfur cathode preserves its structural
integrity after cycling, exhibiting only a slight yellow coloration on its surface,
indicative of the presence of residual LiPS (Figure 6.8a). However, Figure 6.8b
evidences a significant degradation of the LMA, emerging as the primary factor
contributing to the cell failure. A porous and powdery layer is visibly formed on the
surface of the LMA, mainly ascribed to the formation of mossy and dead lithium upon
cycling. This observation aligns with existing research, attributing the degradation of
the LMA to the higher current density applied in prototype cells compared to coin
cells, stemming from the increased amount of active material [26—28]. This increased
current density promotes the nucleation and growth of dendrites that subsequently
lead to the formation of dead and/or mossy Li. Consequently, the presence of this
porous layer amplifies the contact surface and reactivity between the Li metal and the
organic electrolyte, intensifying electrolyte consumption [8]. This phenomenon is
exacerbated by the poor long-term compatibility of the conventional electrolyte with
the LMA. Furthermore, due to the poor adhesion of this layer, a large amount of dead
Li is visible on the surface of the separator, as illustrated in Figure 6.8c.
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6.3.1.2 SSE_LiFSI-based systems performance evaluation

As corroborated in Chapter V, a tailored SSE, as exemplified by the SSE_LIiFSI
electrolyte, allows to substantially improve the compatibility of the electrolyte with
the LMA leading to a remarkable improvement in the cycling of the LSBs. Therefore,
to see if this favorable performance can be sustained at prototype scale, the
evaluation of the SSE_LIFSI electrolyte in monolayer pouch cells was carried out,
employing the KJ600 + ResFArGOs, as the sulfur cathode.
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Figure 6.9. Long-term cycling performance of the monolayer pouch cells based on the
combination of graphene-based sulfur cathode and the SSE_LiFSI electrolyte.

In Figure 6.9 and Figure A.6.2, the SSE_LIiFSI electrolyte demonstrates
outstanding cell performance in terms of sulfur utilization, exhibiting highly
comparable results to those obtained at coin cell level. Similar to the DME/DOL-based
systems, these results reaffirm the success of upscaling the different proposed
strategies. Particularly, the SSE_LiFSI cell showcases a discharge capacity of
1115 mAh g (equivalent to ps=0.67, 89.2 mAh, and 4.5 mAh cm™) at a C-rate of C/10,
with a remarkable capacity retention of 70% after 100 cycles.

Interestingly, in stark contrast to systems employing the DME/DOL
electrolyte, the KJ600 + ResFArGO;io cell coupled with the developed SSE_LIFSI
electrolyte demonstrates comparable cell stability to that observed at lab-scale coin
cells. This configuration enables stable cycling, showcasing an exceptionally high CE of
99% over the presented 100 cycles. These results serve to strengthen the
effectiveness of the SSE_LiFSI electrolyte in ensuring long-term compatibility with the
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LMA when compared to the conventional DME/DOL electrolyte. This is evidenced by
the stabilization of the anode side and the reduction of dendrite or mossy lithium
formation. Additionally, the notable synergy with graphene-based sulfur cathode is
manifested, further emphasizing the robustness of this cell configuration.

For comparative purposes, a post-mortem analysis of the cell using the
SSE_LiFSI electrolyte, capable of sustaining exceptional long-term cyclability even in
prototype cells, was conducted.

Figure 6.10. Post-mortem analysis images of the a) sulfur cathode and b) LMA after monolayer
pouch cell cycling in KJ600 + ResFArGO1o-based system with the SSE_LiFSI electrolyte.

Similar to the DME/DOL-based system, Figure 6.10a corroborates that the
sulfur cathode maintains its structural integrity after cycling, thereby validating the
scalability of the different strategies developed for sulfur cathode optimization.
Notably, the absence of yellow coloration on the surface of the sulfur cathode is
noteworthy, indicating the inhibition of LiPS dissolution due to the developed SSE.
Interestingly, the main divergence between the two electrolyte systems is observed
in the behavior of the LMA, which, despite undergoing more than 100 cycles, remains
in exceptionally good condition. As depicted in Figure 6.10b, the use of the SSE_LIiFSI
electrolyte results in the formation of a uniform and compact protective layer on the
surface of the LMA. As extensively discussed in Chapter V, the inherent solvation
structure of the developed SSE electrolyte leads to the formation of this uniform LiF-
rich protective layer, proving to be crucial to guarantee stable cycling for at least 100
cycles. Consequently, this finding underscores the effectiveness of this well-tailored
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SSE to stabilize the lithium anode interphase, thereby providing long-term cyclability
in LSBs, even at the prototype level.

In summary, the performance evaluation of the monolayer pouch cells has
yielded insightful and decisive conclusions. Firstly, all the strategies developed during
the current thesis have demonstrated remarkable performance in terms of capacity
values, mirroring those observed at the coin cell level. This underscores the successful
scalability of the different advancements made in optimizing the sulfur cathode.
Additionally, the inadequacy of the conventional DME/DOL electrolyte in ensuring
long-term cycling is corroborated, being accentuated at prototype level. These results
provide firsthand insights into the challenges associated with extrapolating results
from small coin cells to larger prototype cells when the system is not thoroughly
optimized. Lastly, it highlights the practical potential of the holistic system, combining
graphene-based sulfur cathode with the SSE_LiFSI electrolyte, emerging as the sole
configuration capable of transferring excellent results to prototype cells. These
promising outcomes reinforce the practical effectiveness of this system, paving the
way for further upscaling evaluation in industrially relevant Ah-level multilayer
prototype cells.

6.3.2. Multilayer pouch cell performances evaluation

To ensure the industrial relevance of this study, 1.1 Ah multilayer pouch cells
were assembled. At this point, it is crucial to emphasize the substantial leap in the
scalability factor associated with the fabrication of this cell type. As previously
highlighted, the transition from lab-scale coin cells to monolayer pouch cells entails a
scalability factor exceeding 15. Notably, this subsequent progression to multilayer
pouch cells represents a remarkable increase in the scalability factor, reaching 123
concerning coin cells and 8 about monolayer pouch cells, as schematically illustrated
in Figure 6.11. This challenging transition process, in addition to employing a larger
guantity of materials, requires a comprehensive optimization of both the preparation
process of the different cell components and the final assembly (see the Experimental
Section for further details).
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Figure 6.11. Schematic representation of the upscaling factor related to the transition from
coin cell to monolayer pouch cells and, finally, to multilayer pouch cells.

As mentioned earlier, two different scenarios were planned to evaluate the
performance of the multilayer pouch cells. Initially, the first scenario, which
establishes an N/P ratio of 2.3 and an E/S ratio of 4.5 puL mgs?, was carried out,
meeting all the criteria for high energy density Li-S pouch cell. In this case, the
multilayer pouch cell cycling protocol comprised constant cycling at a C-rate of C/20.
Encouraged by the promising results observed in monolayer pouch cells, the
performance of the SSE_LiFSI electrolyte was analyzed, with the conventional
electrolyte serving as a reference.

Figure 6.12 illustrates the comparative performance of the two electrolytes
under analysis within the Ah-level prototype cells. It is essential to highlight the
commendable scalability process of the system, demonstrating its efficacy in
operating within 1.1 Ah prototype cells. Delving into details of cell performance, the
system based on the SSE_LIiFSI electrolyte delivers a capacity value close to 0.4 Ah,
equivalent to a relatively modest sulfur utilization rate of 36% (Figure 6.12a). This
observed performance falls considerably short of the promising potential witnessed
in the monolayer pouch cell. In sharp contrast, the system employing the DME/DOL
electrolyte demonstrates outstanding cell performance, showcasing an impressive
cell capacity value of 0.76 Ah, equivalent to a remarkable sulfur utilization rate of 70%
(Figure 6.12b). Consequently, under the established operating conditions, this cell
achieves a notably high energy density of 310 Wh kg. Nevertheless, despite these
commendable results, this cell encounters some charging problems before reaching
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the 2.6 V cut-off. These issues can be attributed to the incompatibility between the
conventional electrolyte and LMA, as discussed in previous chapters, leading to
parasitic reactions between both components.
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Figure 6.12. Ah-level prototype cell performances of a) SSE_LiFSI system and b) DME/DOL
system.

The less favorable results observed with the SSE_LiFSI system can be
attributed to wettability issues arising from the high viscosity exhibited by this
electrolyte, as presented in Chapter V. The configuration of coin and monolayer pouch
cells, assembled by the stacking of individual cell components, facilitates the uniform
distribution of the electrolyte over the sulfur cathode surface. This feature enhances
the wetting properties of the electrolyte, resulting in the noteworthy capacity values
observed earlier. However, this does not apply to multilayer pouch cells, given their
stack-on-stack design, particularly when dealing with highly viscous electrolytes. It is
this viscosity contrast that enables the exceptional performance of the DME/DOL
system under the same operating conditions.

The electrolyte wetting represents a pivotal step in the realm of the battery
manufacturing process [29,30]. Achieving a uniform distribution of the electrolyte
within the cell, along with its thorough infiltration into the cell components
(particularly in the porous sulfur cathode in LSBs), is indispensable to ensure optimal
cell performance and to prevent failures arising from the “unwetting” process. The
efficacy of the electrolyte infiltration process is heavily dependent on the intrinsic
characteristics of the electrolyte, including viscosity, density, polarity, and affinity with
both the electrode and separator [31,32]. To enhance this challenging process,
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different strategies are employed, such as applying vacuum and/or temperature
during the electrolyte filling process. Therefore, considering the high viscosity
exhibited by the SSE_LiFSI electrolyte at room temperature, the impact of
temperature on this crucial parameter was investigated.
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Figure 6.13. a) Temperature dependence of the SSE_LiFSI electrolyte's viscosity (showing the
difference in viscosity from 20 to 40 °C) and b) performance comparison of the prototype cell
after 1 h of temperature-assisted wetting process.

In Figure 6.13a, the temperature-dependent evolution of the viscosity of the
SSE_LiFSI electrolyte is illustrated. A substantial decrease in viscosity is evident with
rising the temperature. For instance, the viscosity of the electrolyte decreases from
13.28 cP at 20 °C to 7.28 cP at 40 °C, representing a 50% reduction in viscosity with
just a 20 °C temperature increase. This substantial temperature sensitivity of the
electrolyte’s viscosity underlines the consideration of applying temperature during
the cell resting process. This strategy aims to enhance the wettability characteristics
of the system, thereby improving cell performance. Consequently, a temperature of
40 °C was selected for this study to strike a balance between viscosity reduction and
safety, as high temperatures have the potential to induce gas formation in the cell
and, consequently, introduce safety concerns.

Figure 6.13b shows the impact of applying a temperature of 40 °C for one
hour during the cell resting process on the capacity of multilayer cells. Notably, this
single-hour treatment at 40 °C enhances the capacity exhibited by the cell by almost
100 mAh g? (equivalent to 0.066 Ah), resulting in a non-negligible total cell capacity
approaching 0.45 Ah.

224



From Lab-Scale Coin Cell to Ah-Level Prototype Li-S Cell Performance

Although the SSE_LiFSI-based system did not attain the capacity values
exhibited by the DME/DOL-based system, the observed improvement motivated the
exploration of the long-term cycling cell performances of both systems.
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Figure 6.14. a) Long-term cycling performance of Ah-level prototype cells. The
discharge/charge profiles b) DME/DOL-based and c) SSE_LiFSI-based systems.

The differences in cell cycling, as shown in Figure 6.14a, unveil compelling
insights. Consistent with the results observed in Figure 6.12, the DME/DOL system
exhibits superior cell capacity when compared to the SSE_LiFSI system. However, this
higher capacity is only sustained for the initial 5 cycles, beyond which cell failure
emerges. Additionally, despite the impressive capacity values delivered in the first two
cycles, DME/DOL cell experiences a continuous drop in cell capacity and displays a
relatively low CE (< 90%), failing short of guaranteeing long-term cell stability. In stark
contrast, despite presenting a lower cell capacity, the SSE_LiFSI system demonstrates
outstanding cell stability, sustaining a consistent capacity of 0.42 Ah for up to 45
cycles. Furthermore, this exceptional long-term cycling is coupled with a stable and
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remarkably high CE of 95%. These findings reveal the potential of the SSE_LiFSI
electrolyte to guarantee stable cycling even in Ah-level prototype cells. The charge
and discharge profiles of both systems, as represented in Figures 6.16b and c, align
with the previously detailed behavior. As cycling progresses, the DME/DOL system
experiences a significant drop in capacity, as observed in Figure 6.16b. Conversely, the
profiles corresponding to the SSE_LiFSI system remain practically unchanged,
demonstrating its commendable cycling stability. Notably, the SSE_LiFSI system
manifests a consistent absence of fluctuations during the charging process, in stark
contrast to the observed behavior in the DME/DOL cell.

To shed light on the causes contributing to the divergent stabilities observed
in cell cycling, a post-mortem analysis was performed. Initially, as evident in
Figure 6.15a, the cell employing the DME/DOL electrolyte displays noticeable
swelling. This swelling phenomenon is attributed to the generation of gases, such as
C,He¢ and CH4 (among others), resulting from the high reactivity of the ether solvents
with the LMA [33,34]. Remarkably, the SSE_LiFSI system exhibits an absence of the
cell swelling process, thereby preserving the cell's uniformity and compact
appearance (Figure 6.15b). This observation highlights the exceptional compatibility
of the SSE_LiFSI electrolyte with the LMA, facilitating stable cell cycling without any
gas generation [35]. Such a feature is highly desirable, as it has the potential to
eliminate the necessity for formation and degassing steps in battery manufacturing.
This would not only streamline the manufacturing process but also lead to substantial
reductions in both time and cost.

Delving into the post-mortem analysis, Figure 6.15a and Figure A.6.3 show
the different components of the DME/DOL-based cell after cycling, providing
intriguing insights. Primarily, it is essential to highlight the significant degradation of
the LMA after cycling, evident in highly porous regions and an area where the anode
appears to have undergone complete consumption due to its reaction with the
electrolyte. Moreover, the presence of unreacted areas is apparent, possibly
indicating areas where gas generated from the LMA-electrolyte reaction has been
trapped. In addition, the separator, exhibiting a distinct yellowish-orange hue
attributed to the presence and dissolution of LiPS in the electrolyte, displays certain
areas where residual dead Li remains adhered. Consequently, electrolyte depletion,
leading to gas formation, and pronounced LMA degradation are the primary
contributors to the performance loss of DME/DOL-based pouch cells. On a positive
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note, it is worth noting the exceptional structural integrity presented by the sulfur
cathode.

a) | DME/DOL b) | SSE_LIFSI

Figure 6.15. Post-mortem analysis of the prototype cells. Optical images of a) DME/DOL-based
and b) SSE_LiFSI-based systems pouch cells and their corresponding cell components.

This behavior substantially contrasts with the observations in the SSE_LIFSI
system. In this electrolyte configuration, the LMA exhibits a uniform and smooth
surface, owing to the formation of a protective SEl layer, as evidenced in Figure 6.15b.
Furthermore, the absence of any discernible unreacted zones attests to the lack of gas
accumulation within the cell layers, providing further confirmation of SSE_LiFSI
electrolyte’s efficacy in suppressing gas formation during cell cycling (Figure A.6.4).
Therefore, the remarkable stability during the cycling of the prototype cell by this
system is attributed to its excellent compatibility with the LMA and the effective
suppression of gas generation. Another sign of this favorable compatibility is the
absence of any dead Li on the surface of the separator. Additionally, the absence of
observable coloration on the separator indicates the minimization or suppression of
LiPS dissolution and migration by the SSE_LiFSI during cell cycling. This observation
aligns with previous findings at the coin cell and monolayer scale. This finding likely
played a role in enhancing the observed stability of the system. Finally, akin to the
DME/DOL system, the outstanding structural integrity of the graphene-based sulfur
cathode confirms its success in upscaling to prototype scale.
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6.3.3. Multilayer pouch cell performance improvements

Considering the challenges encountered by both studied systems in their
operation within the Ah-level prototype cell, the implementation of tailored strategies
to enhance their respective performances was conducted.

6.3.3.1. Degassing strategy for DME/DOL system

As evidenced in Figure 6.15, the DME/DOL-based system underwent notable
cell swelling during the 5 cycles that the battery endured operative. The primary factor
contributing to this phenomenon is the generation of gas during the formation of the
SEl layer on the LMA surface, exacerbated by the considerable reactivity presented by
ether-based solvents with the anode. It is important to note that this gassing process
is not uncommon and is a prevalent issue faced by commercial LIBs. To address the
gas formation and its consequential adverse effects on both the performance and
safety of the cell, a degassing process, widely employed in the battery manufacturing
industry, was implemented [36—-38].

To this end, a formation step was introduced in the cell cycling protocol. In
this process, the cell was cycled at low rates (i.e., C/20) for 2 cycles to facilitate the
formation of the SEI layer. Subsequently, the gas accumulated inside the cell was
extracted. To achieve this, the pouch bag design was modified leaving an empty zone
to collect the generated gas. After the formation step, this gas accumulation zone was
punctured, and the gas was extracted. Finally, the emptied gas bag was removed, and
the cell was sealed again on the open side.

As plotted in Figure 6.16, the Ah-pouch cell demonstrates a capacity of
approximately 1200 mAh g during the formation step at C/20, representing a high
sulfur utilization rate of 70%. Consequently, this cell delivers an impressive energy
density of 325 Wh kg with a substantial cell capacity of 0.79 Ah. Additionally, the
implementation of the formation step contributes to enhanced, enabling the cell to
endure 15 cycles at C/10. Notably, while not achieving long-term cyclability, this
behavior is consistent with the outstanding stability observed in monolayer pouch cell
cycling. Furthermore, with the cycling rate increased to C/10, the cell continues to
offer commendable capacity values, achieving an energy density of around
270 Wh kg and a total cell capacity of 0.66 Ah. This improved and remarkably
respectable cell performance underscores the success of the implemented degassing
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strategy. The strategy not only improves the stability of the Ah-level but also yields
energy density values that surpass or align with those of commercial LIBs. However,
as evidenced throughout this thesis work, the DME/DOL-based electrolyte proves
unable to guarantee the long-term cycling of LSBs, particularly in prototype cells.
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Figure 6.16. DME/DOL-based Ah-level prototype cell performance after implementing the
degassing process.

6.3.3.2. Deepening in the temperature-assisted wetting for SSE_LiFSI system

Despite the promising cell stability shown by the SSE_LiFSI-based system in
the Ah prototype cell, the provided capacity falls below the targets set to surpass the
values offered by commercial LIBs. The root cause of this low capacity is attributed to
wettability issues with the electrolyte within the cell components. The electrolyte
exhibits high viscosity at RT, hindering its wetting in multilayer prototype cells, a
design that is not conducive to facilitating this process. A previous attempt was made
to address this issue by utilizing a temperature-assisted wetting process for 1 hour,
yielding notable but still insufficient improvements in the delivered capacity.
Therefore, to maximize the effectiveness of this strategy, an extended wetting process
time was implemented.

Figure 6.17 shows the discharge /charge profiles of the first cycle at different
temperature-assisted wetting times of the SSE_LiFSl-based system. Notably, an
increase in the wetting time at 40 °C manifests a positive effect on the capacity offered
by the cell. Particularly, a comparison between the values obtained without

229



Chapter VI

temperature application and those following a 24 hour wetting duration reveals a
substantial capacity increase of approximately 270 mAh g, equivalent to 0.18 Ah.
Although the implemented strategy results in a clear enhancement of the system, the
obtained capacities remain below the expected values. Additionally, the obtained
energy density values by the SSE_LiFSI system are substantially below those observed
with the DME/DOL system.

Total Capacity / Ah
0.00 0.15 0.30 0.45 0.60 0.75

2.6

2.4-
> 22 NoT
© —1h
2.0+
g 2h
S 1.8; ——24h
> 1.6
1.4 C/20

1.2

0 200 400 600 800 1000 1200
Spec. Capacity / mAh g’

0 40 80 120 160 200 240
Energy density Wh kg™

Figure 6.17. Discharge/charge profiles of the first cycle at different temperature-assisted
wetting times in the SSE_LiFSI system.

It is essential to highlight that, beyond exhibiting a diminished capacity, the
energy density achieved when aligning the capacity values is consistently lower for
the SSE_LIiFSI system. This divergence can be explained by the notable difference in
electrolyte density between the two systems. As displayed in Figure A.6.5, the RT
density of the DME/DOL electrolyte is 1.06 g cm?, while that of the SSE_LIFSI
electrolyte is 1.48 g cm™. Therefore, as detailed in Section 6.2.2., this substantial
density difference, attributed to the presence of the highly fluorinated TTE co-solvent,
significantly hampers the final energy density of the SSE_LiFSI-based system.
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6.4. Summary and conclusions

This chapter provided a detailed evaluation of the upscaling process of LSBs,
building upon the different strategies developed in preceding chapters. Initiating with
the energy density modeling, the operational parameters exerting the most
substantial influence on LSB energy density are elucidated. This investigation enables
the establishment and adjustment of these parameters to attain high energy density
values. Subsequently, as an intermediate step toward Ah-level cells, the performance
evaluation of the monolayer pouch cells highlights the results of the SSE_LiFSI-based
system, demonstrating a commendable compromise between high capacity and long-
term cyclability. In addition, the observed performance differences between
monolayer pouch cells and coin cells emphasize the challenge involved in transitioning
from lab-scale to prototype cell configurations. More importantly, the successful
upscaling to 1.1 Ah multilayer cells has been achieved for both the DME/DOL and
SSE_LiFSI-based systems. The DME/DOL system demonstrates outstanding sulfur
utilization, achieving a remarkable energy density of 320 Wh kg?. Moreover, the
implementation of the degassing process contributes to a partial improvement of cell
stability. However, it underscores once again the inability to ensure long-term cycling
with the DME/DOL system. In contrast, the SSE_LIiFSI system encounters wettability
issues due to its elevated viscosity, resulting in diminished capacity values compared
to monolayer pouch cell performance. However, the incorporation of the
temperature-assisted wetting strategy proves partially effective, culminating in a
remarkable total cell capacity of 0.5 Ah. Furthermore, the SSE_LiFSI system exhibits
exceptional cell stability even at the multilayer scale, attributed to its remarkable
excellent compatibility with LMA, underscoring its potential applicability.
Consequently, these findings establish a critical groundwork for the upscaling process
to prototype cells within this system, paving the way for future optimizations aimed
at enhancing overall system performance.
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6.5. Brief outlook and perspective

Chapter VI has exemplified the significant challenges associated with the
upscaling process from lab-scale coin cells to prototype cells. As detailed in the
introduction, this disparity primarily stems from the considerable reduction in stability
observed in larger cells. The combination of a substantial scalability factor and the
adjustment of operating parameters towards values closely aligned to practical
applications emerges as the main factor exacerbating this difference. In this context,
the stability of the LMA, evidently compromised by the described factors, stands out
as the key element to ensure long-term cycling in prototype cells. Consequently, its
effective protection, achieved through an ex-situ formation of an artificial protective
SEl layer, paired with a tailored electrolyte, such as SSE_LiFSI, proves to be a promising
strategy addressing anode-related concerns.

Furthermore, this chapter underscores the importance of other parameters
in the cycling of prototype cells, such as viscosity, particularly evident in the case of
the SSE_LIFSI. In this sense, aligning with the approach demonstrated by the SSE_LiFSI,
the exploration of novel solvent alternatives to mitigate electrolyte viscosity issues
becomes a key avenue to pursue. Addressing this wettability challenge holds the
promise of enhancing sulfur utilization, thereby resulting in an increased capacity.
Following this line, the detrimental impact of a high-density electrolyte on achieving
high energy density values in LSBs has been illustrated. Therefore, the pursuit of new
alternative co-solvents to alleviate the high density associated with highly fluorinated
HFEs becomes pivotal for future improvements. This modification is anticipated to
improve the energy density of the system for the same cell performance and will
enable the implementation of the most ambitious scenario in terms of operating
conditions (detailed in Section 6.2.3). Finally, after succinctly selecting appropriate
materials to address the outlined challenges, a primary objective should be the
reduction of electrolyte volume to enhance the energy density of the system owing
to its strong influence. As evidenced in the sensitivity map displayed in Figure 6.18,
the implementation of these adjustments on the base system developed in this thesis
will exert a considerable increase in its energy density. Combined with the enhanced
stability of the LMA, these improvements are anticipated to yield appealing LSBs
suitable for industrial applications.
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Figure 6.18. Sensitivity analysis map evidencing the impact of adjusting E/S ratio, sulfur
utilization, and electrolyte density to improve the energy density of the actual multilayer

pouch cell based on the SSE_LiFSI system.
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Conclusions

While a detailed discussion of results and main conclusions has been

presented in detail at the end of each chapter, the paramount findings are

summarized below, emphasizing their significance to the overall cell performance

improvement:

1.

The transference of knowledge from established technology electrochemical
capacitors to the development of carbonaceous materials for use as sulfur
host has proven to be highly effective, optimizing the composition of sulfur
cathodes.

The incorporation of the ResFArGO material has yielded a substantial
improvement in the Li-S cell performance compared to the reference
employing the commercial carbonaceous material KJ600. Notably, the
commendable textural properties, such as a 2D planar-shaped structure, high
surface area, and a narrower and smaller pore size distribution,
complemented by favorable surface chemistry, exhibiting polar
characteristics, exhibited by ResFArGO contributed to its excellent
compatibility with LiPS, effectively overcoming a key technological challenge.
Furthermore, the synergistic interplay between these distinctive
characteristics and the enhanced electronic conductivity provided by the
presence of graphene resulted in remarkable LSB performance, manifesting
high-capacity values in power conditions (e.g., 950 mAh g/ 2.5 mAh cm™ at
C/2) and high sulfur loading cells (e.g., 1100 mAh g/ 4.4 mAh cm™).

The strategic incorporation of ResFArGO as an additive has proven to be
effective in ensuring the practical viability of this material. Even at reduced
guantities, such as 5 wt.%, when combined with the low-cost commercial
KJ600, ResFArGO imparts its intrinsic properties to the mixture. This presence
accelerates sulfur redox reaction kinetics, thereby evidencing the role of
ResFArGO as an effective catalyst. The outstanding properties exhibited by
this blend enable cell performances comparable to those achieved when
ResFArGO is the sole carbonaceous material, validating the effectiveness of
the additive approach.
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Despite the improvements implemented in the sulfur cathode, the
conventional electrolyte demonstrated inadequate long-term compatibility
with the LMA, thus failing to guarantee the long-term cycling of LSBs, a key
feature established as part of the thesis objective.

Intending to improve the electrolyte, the developed GPE_20 exhibits
exceptional individual properties, demonstrating a remarkable balance
between structural integrity, electrochemical properties, thermal stability,
and safety characteristics. Regrettably, the unregulated dissolution of LiPS,
coupled with the uncontrolled reactivity of its fluorinated polymer matrix with
the LMA, gave rise to parasitic reactions, ultimately leading to poor LSB
performance.

While considered as a practical setback within the scope of this thesis, the
results associated with the GPE_20 have evidenced and established that
mitigating LiPS dissolution and ensuring compatibility with the LMA are
fundamental attributes for an electrolyte applied in Li-S technology to ensure
optimal performance. Moreover, the surprisingly impressive results obtained
in battery technology distinct from Li-S, even at the prototype scale, highlight
the potential of the developed electrolyte and unveil a new application niche
for its utilization.

The SSE developed has proven its efficacy as a Li-S electrolyte in meeting the
established targets. The strategic incorporation of the LiFSI salt in its
composition leverages the distinctive solvation structure characteristic of this
electrolyte family. This tailored composition results in exceptional Li metal
deposition and facilitates the formation of an effective LiF-rich protective SEI
layer. These fundamental attributes have proven essential in establishing
robust long-term compatibility with the LMA.

Moreover, the unique solvation structure of the SSEs, characterized by a
minimal presence of free solvent molecules, played a pivotal role in mitigating
the dissolution of LiPS. In this sense, this characteristic, together with the
tailored selection of its components, imparts a non-flammable nature to the
electrolyte, ensuring the safety of the system. These achievements align with
another essential attribute established for the final target cell.
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10.

11.

12.

SSE_LiFSI not only fulfilled the requirements for an optimal LSB electrolyte but
also forged a synergistic relationship with the graphene-based sulfur cathode.
Through the cycling of high sulfur cells, it attained high-capacity values (i.e.,
1280 mAh gt at C/10) and demonstrated stable cycling, completing 100 cycles
with a high CE of 99%. Additionally, this electrolyte exhibited outstanding rate
capability and enabled high-temperature cycling for 50 cycles, showcasing the
excellent versatility of the system.

The model for calculating the energy density of LSBs has been successfully
developed, enabling the identification of the most influential parameters and
the establishment of cycling conditions essential for the development of high
energy density Li-S prototype cells.

The monolayer pouch cells' performance has yielded valuable insights. On the
one hand, it demonstrated the excellent scalability properties of the
strategies implemented during the thesis, facilitating the development and
operation of prototype cells. On the other hand, it underscored the
substantial cycling differences between the results obtained at the laboratory
scale in coin cells and those at the prototype scale. This finding illustrated the
challenges associated with the upscaling process and the non-trivial
transferability of findings from small coin cells to prototype scale,
emphasizing the notable gap between these two domains. Within this gap,
the holistic system based on SSE_LiFSI and ResFArGO's sulfur cathode
demonstrated its effectiveness in ensuring high-performance and stable
prototype cell cycling, attaining 100 cycles with a high CE of 99.2% and a
capacity retention of 70%, thus reaffirming the efficacy of the overall strategy.

Successfully developed, 1.1 Ah prototype cells have reaffirmed the excellent
scalability behavior of the proposed strategies, even at conditions closely
aligned to practical applications. In this configuration, the ResFArGO-based
cathode with conventional electrolyte achieved excellent capacity values,
attaining high energy densities of 310 Wh kg?, surpassing those offered by
conventional LIBs. However, the electrolyte’s inability to ensure stable cycling
was evident from the observed cell swelling cell and substantial degradation
inthe LMA. The incorporation of the degassing process led to an improvement
in stability, reaching high energy density values of 270 Wh kg* at C/10 for 15
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cycles. Conversely, even at the prototype scale, the holistic system boasted
superior cell stability, achieving incredibly stable cycling for 45 cycles with
high CE values (> 95%). However, the upscaling process to cells close to
practical application introduced new challenges that need to be addressed to
enhance system prototype cell performance.

In conclusion, the holistic approach presented in this thesis represents an
effective and reliable solution for the scientific community focused on developing
high-performing, safe, and long-cycle-life prototype LSBs. The comprehensive
scalability study conducted in this study yields valuable insights for future
advancements, emphasizing the crucial need to intensify scientific efforts in
evaluating performances at the pouch cell level. This necessary step is essential for
propelling Li-S technology towards commercialization. Building on the findings of this
work, the refinement of the SSE formulation through the exploration of new solvents,
co-solvents, and lithium salts, along with the implementation of an effective ex-situ
LMA protection strategy, emerges as the focal point for future optimization within the
conceptual framework proposed in this thesis.
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A.1. List of variables

Aanode
Aclec
Ceell
Cen
Cais
CE
Cu*

l1h
iapplied
lp

Is

Mcath
Mcc_cath
Meell
mMee

My

Msep

Total area of LMA, cm?

Electrolyte area, cm?

Capacity of the cell, Ah g

Charge capacity, Ah g*

Discharge capacity, Ah g

Coulombic efficiency, %

Concentration of lithium ions in the electrolyte, mol L
Specific capacity of the cell, Ah g?
Theoretical capacity, Ah g*

Li* diffusion coefficient, cm? s

Electrolyte to sulfur, pL mgs?

Energy of a battery, Wh kg*

Gravimetric energy density Wh kg?
Faraday’s constant

Initial current, pA

The current density required to charge/discarge a cell 1 hour, pA
Current density applied to the battery, pA
Current peak, pA

Steady-state current, pA

Mass of the cathode, g

Mass of the cathode current collector, g
Overal mass of the cell, g

Mass of the liquid electrlolyte, g

Mass of lithium metal anode, g

Mass of the separator, g
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My Molecular weight, g mol?

n Charge transfer number

N/P Negative to positive

Ne Number of electrons involved in the redox reaction
Peell Power of the cell, W kg?

Qp Plated Li capacity, mAh cm?

Qs Stripped Li capacity, mAh cm™

Qr Plated Li reservoir capacity, mAh cm™

Ry° Initial bulk resistance, Q

Ry’ Steady-state bulk resistance, Q

R Initial interfacial resistance, Q

R? Steady-state interfacial resistance, Q

RT Room temperature, °C

S Geometric area of the active electrode, cm?
t The time for charge/discharge process to take place, h
telec Electrolyte thickness, cm

s Lithium-ion transference number

Unom Nomimal voltage, V

v Scan rate, mV s

Veell Voltage of the cell, V

o lonic conductivity, S cm™

Ms Sulfur utilization
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A.2. Experimental details

The subsequent section describes the experimental details employed in
materials, cell components preparation, cell fabrication, and characterization
techniques used during this thesis work.

A.2.1. Materials

Coffee waste, employed as raw material for synthesizing rGOCaf carbon
material, was collected from used capsules of a well-known coffee company.
Resorcinol (99 wt.%, Sigma-Aldrich), formaldehyde (37 wt.%, Sigma-Aldrich),
phosphoric acid catalyst (> 85 wt.%, Sigma-Aldrich), graphene oxide (4 mgmL™,
Graphenea), and potassium hydroxide (KOH, > 85wt.%, Sigma-Aldrich) were
employed as received without further treatment.

Sulfur (powder 99.98%, Sigma-Aldrich), Ketjenblack (EC-600JD, AkzoNobel),
multi-walled carbon nanotubes (MWCNTSs, Sigma-Aldrich), C-65 conductive carbon
black (Imerys), graphene nanoplatelets (Sigma-Aldrich), and sodium
carboxymethylcellulose (Sigma-Aldrich) were stored in close containers and employed
as received. To maintain their purity, all these materials underwent regular drying at
50 °C under vacuum. sodium carboxymethylcellulose (Sigma-Aldrich) and styrene
butadiene rubber (Jingrui) were stored in closed containers and employed as received.

1,2-dimethoxyethane (DME, Anhydrous, 99.5%, Sigma-Aldrich), 1,3-
dioxolane (DOL, 2 99.5%, Sigma-Aldrich), polyethylene glycol dimethyl ether (PEGDME
My 500 g mol?, Sigma-Aldrich 99%), and sulfolane (99%, Sigma-Aldrich) were
introduced to the glovebox as received. To avoid the presence of water traces, 1,1,2,2-
Tetrafluoroethyl-2,2,3,3-Tetrafluoropropyl Ether (TTE, >95.0%, Fluorochem) was
dried in preactivated 4 A molecular sieves for 48 hours before use. Poly-(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP, 2801 Kynar Flex, Arkema) was kindly
dried at 120 °C overnight under vacuum, to avoid the presence of moisture traces
before being introduced and stored inside an Ar filled glovebox. Lithium
bis(trifluomethanerosulfonyl)imide (LiTFSI 99.95%, Sigma-Aldrich), lithium nitrate
(LINOs, battery grade, anhydrous, = 99.9%, Sigma-Aldrich), lithium
bis(fluorosulfonyl)imide (LiFSI, battery grade, Nippon Shokubai), and lithium
(difluoromethanesulfonyl)-(trifluoromethanesulfonyl)imide (LiDFTFSI, homemade)
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were dried at 50 °C overnight under vacuum before being introduced into the glove
box.

A.2.2. Preparation of cell components
A.2.2.1. Preparation of positive electrodes

In Chapter Il, the three sulfur cathodes were prepared following the
experimental procedure. These cathodes shared a final composition consisting of 64
wt.% sulfur as active material, 26 wt.% carbon, and 10 wt.% CMC/SBR (in a 1:1 wt.%
ratio). The incorporation of sulfur into the three different carbon matrices was
conducted through a melt diffusion process at 155 °C for 12 h. The studied carbon
materials included KetjenBlack® as the benchmark, and the novel in-house materials
rGOCaf and ResFArGO. Concurrently, CMC was dissolved by magnetically stirring in
deionized water until complete dissolution. Subsequently, C@S composite powders,
previously made after the melt-diffusion process, were introduced and vigorously
stirred for 4 hours. Finally, SBR solution was added and magnetically stirred for 20 h.
The resulting slurries were coated on carbon-coated aluminum foil, fixing the sulfur
loading at 2.5-3 mgs cm™ for medium loading electrodes (denoted as power cells) and
4 mgscm™2 for high loading electrodes (denoted as energy cells). To prevent the
cracking process during slurry drying, the electrodes were gently dried at room
temperature for 4 hours and then vacuum-dried at 50 °C overnight. Finally, electrodes
of 13 mm diameter or 37.5 x 54 mm were punched for coin cell assembly or pouch
cell assembly, respectively.

The sulfur electrodes prepared in Chapter Ill, particularly KJ600 + CAs and
KJ600 + ResFArGO;o, maintained the same composition described above. In the case
of KI600 + ResFArGOio, the procedure closely mirrored the previously described
process, with the only distinction being the use of a mixture of KI600 (as main carbon)
and ResFArGO (as additive) in a ratio of 62:38 wt.% as the carbon-sulfur host. On the
contrary, for the KJ600 + CAs cathode, owing to the non-porous characteristics of the
carbonaceous materials constituting CAs and to ensure optimal contact between
sulfur and the carbonaceous material, the melt diffusion process was exclusively
conducted with the KJ600. Subsequently, the carbonaceous materials forming the
referred CAs additive were introduced. On the other hand, the KJ600 + ResFArGO5
sulfur cathode followed the same experimental procedure but underwent a

252



Appendix

modification in electrode composition. This composition modification consisted of
70 wt.% sulfur, 20 wt.% carbon, and 10 wt.% binder (CMC/SBR mixture).

A.2.2.2. Gel polymer electrolyte preparation

The different GPEs studied in Chapter IV were prepared by a solvent-casting
manufacturing method, resulting in membranes with an average thickness of
70-80 um. Initially, the battery-grade LiTFSI was dissolved in PEGDME with an EO:Li
molar ratio of 20:1, yielding the PEGDME liquid electrolyte. Subsequently, the
PVDF-HFP polymer host was dissolved in 4 mL of acetone, an optimized quantity for
ensuring the dissolution of all the components while maintaining an appropriate
viscosity for further manipulation. Following this, the liquid PEGDME electrolyte,
previously prepared, was incorporated and gently stirred for 4 hours at RT to achieve
a homogeneous solution. The resulting solution was then cast in a
polytetrafluoroethylene dish for solvent evaporation at RT under vacuum overnight.

Following the solvent-casting process, the membranes were punched into the
desired dimensions: a disk with 16 um diameter for coin cell evaluation and a
rectangle sheet with 30.1 cm? area for pouch cell analysis. Finally, a final drying step
at 50 °C under vacuum overnight was conducted to ensure the complete removal of
any residual acetone from the punched membranes.

A.2.2.3. Coin cell assembly

In this thesis, all the electrochemical measurements conducted at coin cell
level utilized the CR2032-type coin cell format, and the samples were assembled
inside an argon-filled glovebox. Various cell configurations were adopted based on the
different electrochemical measurements to be studied. For assessing the ionic
conductivity of the GPEs, symmetric stainless steel (SS) coin cells were prepared,
incorporating the GPEs between the two SS spacers. In this setup, the GPEs were
punched in 8 mm diameter discs and placed in the inner space of the same diameter
of a 50 um thickness Kapton film with an outer diameter of 16 mm. In the Li metal
symmetric coin cells, the electrolyte, along with the Celgard® 2500 for liquid systems,
was positioned between two Li metal discs. In the case of liquid electrolytes, a fixed
volume of 60 uL was employed for all test cycling. To maintain an adequate inert
pressure, one SS spacer was introduced in contact with the coin cell case. For the Li/Cu
cells, the electrolyte, together with Celgard® 2500 for liquid systems, was placed
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between the Cu substrate and Li metal discs. Similar to Li metal symmetric cells, tests
with liquid electrolytes were performed with a fixed volume of 60 uL, and two SS
spacers were added to ensure optimal pressure inside the cell. Finally, in the Li-S coin
cell configuration, the electrolyte, combined with the Celgard® 2500 separator for
liquid systems, was positioned between the sulfur cathode and the Li metal disc. In
this case, two spacers were added to ensure optimal pressure inside the cell.

A.2.2.4. Monolayer and multilayer pouch cell assembly

Li-S pouch cells were fabricated inside an argon-filled glovebox, using high
sulfur cathodes with dimensions of 37.5 x 54 mm and LMA measuring 39 x 55 mm.
For monolayer pouch cells, a single sheet of one-layer sulfur cathode and a 500 um
thick LMA were stacked with a Celgard® 2500 separator in between. In contrast, for
the multilayer pouch cells fabrication, double side-coated sulfur cathodes and 150 pum
thickness LMA (equivalent to 75 um for each cathode side) were stacked layer-by-
layer with Celgard® 2500 separator. In both cases, all the cell components were
packed within an aluminum-plastic pouch bag. Aluminum and nickel taps were welded
to positive and negative electrodes, respectively, using a welding machine.
Subsequently, all sides of the pouch bag were heat-sealed, leaving one side open for
the liquid electrolyte filling using a pipette. Finally, the last side was sealed, and the
pouch bag was closed under vacuum.

In the case of the SSE_LiFSI prototype cells, an external stacking pressure of
66 kPa was applied during the cell cycling through a two-plate design tool.

A.2.3. Characterization techniques

This section is divided into six parts: computational, thermal, morphological,
elemental, chemical, specific sulfur cathode and electrolyte, and electrochemical
characterization.

A.2.3.1. Theoretical methods and computational details

Classical Molecular Dynamics (MD) simulations were conducted to
theoretically evaluate the solvation structure of different electrolytes in Chapter V.
These simulations were carried out using Gromacs software [1-3]. The simulation
boxes were tailored to encompass an appropriate number of molecules to replicate
the experimental concentrations: DME/DOL electrolyte (60 LiTFSI + 60 LiNOs + 564
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DME + 828 DOL); SSE_REF electrolyte (120 LiTFSI + 510 sulfolane + 480 TTE); SSE_LiFSlI
electrolyte (96 LiTFSI + 24 LiFSI + 510 sulfolane + 480 TTE). The initial simulation boxes
were generated directly with Gromacs, with each molecule randomly placed in a
larger simulation box with a low density, for all cases. Subsequently, the structures
underwent compression at 10 K under a pressure of 10 bar, facilitating the attainment
of densities akin to experimental conditions. This compression process was performed
using the Berendsen thermostat and the Parrinello-Rahman barostat, with a
relaxation time of 1 ps in all cases. Following this, the systems were gradually heated
up to 600 K under 1 atm, followed by equilibration at this temperature within an NVT
ensemble to break possible metastable configurations. The systems were then cooled
to the simulation temperature of 298 K at 1 atm. The resultant configuration
underwent an additional equilibration phase for 1 ns at the same temperature and
pressure. The production simulation spanned 50 ns within the NVT ensemble to
ensure the attainment of a diffusive regime.

For the simulations, a cutoff of 10 A was applied for the van der Waals force,
and the real space of Ewald summation was considered. The fast smooth particle
mesh Ewald electrostatics was used to address Coulomb interactions within the
periodic system. The force field parameters (bond, angle, torsion angle, and Lennard-
Jones potential) for all the molecules were sourced from the OPLS-AA force field and
their structures were optimized at the density functional theory level with the
Gaussian 16 software [4—6]. Becke’s three parameters (B3) exchange functional
together with the Lee-Yang-Parr nonlocal correlation functional was adopted,
employing the 6-31G basis set and single first polarization functions [7-13]. The DFT
approach was further used to compute the partial atomic charges essential for the
MD simulations, using the restrain electrostatic potential method. To account for
polarizability effects, the calculated partial charges for all the molecules were scaled
by a factor of 0.8.

A.2.3.2. Thermal characterization
A.2.3.2.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was employed to evaluate the thermal
stability of the developed GPEs in Chapter IV. TGA measurements were performed on
a NETZSCH simultaneous thermal analyzer 209 F1 Libra. The samples underwent
heating from RT up to 800 °C at a heating rate of 10 °C min~t under an argon flow. The
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degradation temperature was determined when the mass loss reached 5 wt.% of the
total weight of the samples.

A.2.3.2.2. Flammability test

The flammability test was used to evaluate the safety properties and
flammable characteristics of different electrolytes in both Chapter IV and Chapter V.
In Chapter IV, for the liquid electrolytes, a controlled amount of electrolyte was
dropped onto a watch glass, and the combustion behavior was examined through
direct ignition using a lighter. For the GPEs flammability assessment, a 16 um disk was
ignited to ascertain their combustion characteristics.

In Chapter V, the Celgard® 2500 separator was soaked in the electrolyte
solution, and subsequent combustion behavior was tested by direct ignition using a
lighter. The self-extinguishing time (SET) was measured by measuring the duration it
took for the flame to naturally extinguish after ignition of a controlled amount of
electrolyte (approximately 500 pL) dropped over onto a watch glass. To ensure
robustness and reliability, the test was repeated a minimum of three times for each
electrolyte, and the resulting SET values were calculated as an average.

A.2.3.3. Morphological characterization
A.2.3.3.1. Scanning Electron Microscope

The Scanning Electron Microscope (SEM) is a technique employed to analyze
the morphology and chemical characteristics of a certain material surface. All the
surface and cross-section morphology analyses of the different samples were
evaluated using a field emission Gun Quanta 200 FEG (FEl) scanning electron
microscope, operated at voltages up to 30 kV. For the evaluation of air-sensitive
samples, a specialized air-tight holder was employed to facilitate the direct transfer
of these samples from the glovebox to the SEM equipment.

A.2.3.3.2. N; adsorption-desorption isotherms

Among the different gas adsorption methods, N, adsorption at -195.8 °C
(77 K) stands out as the most widely employed technique due to its capacity to cover
a broad pore range and its weak interaction with most solids. The evaluation of the
resulting adsorption-desorption isotherms from this technique provides valuable
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information, allowing for the determination of the specific surface area and pore size
distribution of the material. This is particularly useful in the context of analyzing the
different carbon sulfur hosts analyzed in this thesis.

Nitrogen adsorption-desorption isotherms were measured using ASAP2020
adsorption analyzer (Micrometrics) at —196 °C. Before the analysis, all the samples
underwent outgassing at 250 °C for 12 h under vacuum to remove any adsorbed
gasses or contaminants. The specific surface area was calculated using the Brunauer-
Emmet-Teller (BET) method, calculated from the nitrogen isotherms in the relative
pressure range of 0.05-0.25 [14]. Additionally, the pore size distribution (PSD) was
derived from the N, isotherm by the 2D-NLDFT heterogeneous surface method and
fitting with the SAIEUS software.

A.2.3.4. Elemental characterization
A.2.3.4.1. Energy dispersive X-ray spectroscopy

The Energy dispersive X-ray spectroscopy (EDX) technique provides insights
into the elemental chemical composition using the EDX spectrometer. This technique
proves particularly valuable for determining the distribution of sulfur active material
within the positive electrode, an important feature for achieving an optimal LSB
performance. The analysis involves detecting characteristic X-rays generated by the
interaction of the electron beam with the sample. The data acquisition for EDX
analysis was carried out using the same setting as employed in the SEM.

A.2.3.4.2. X-ray diffraction

X-ray diffraction (XRD) technique was employed to assess the degree of sulfur
infiltration within different porous carbonaceous materials. XRD patterns were
acquired using a Bruker D8 Discover X-ray diffractometer, utilizing Cu-Ka radiation
with a wavelength (A) of 1.54056 A. The diffraction measurements were performed in
the 20 range from 15° to 80°, with a step width of 0.0198° and a residence time of 5
seconds.
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A.2.3.5. Chemical characterization
A.2.3.5.1. Raman spectroscopy

The Raman spectroscopy technique was used for two main purposes in this
thesis. Firstly, it was employed to investigate the structural characteristics and quality
of the two graphene-based porous carbonaceous materials developed in Chapter II.
This involved evaluating features such as the D-band and G-band, providing insights
into the material’s disorder structure and the vibration of sp>-bound carbon atoms
[15,16]. Secondly, Raman spectroscopy was utilized to evaluate the interaction
between lithium salt molecules and solvents in the studied electrolytes in Chapter V.
This analysis provided valuable information about the experimental solvation
structure of the different electrolytes, with a focus on understanding how these
structures varied depending on the concentration of lithium salt.

Raman spectra were acquired using a Renishaw spectrometer (Nanonics
Multiview 2000) operating with an excitation wavelength of 532 nm. The spectra were
obtained with a 10-second exposure time of the laser beam to the samples. For
graphene-based materials analysis, the ratio between the integral of D and G peaks
was calculated using Origin software by fitting the experimental curve with Gaussian
and Lorentz equations. For electrolyte characterization, the laser with a wavelength
of 532 nm, exciting from 300-1200 nm, was employed.

A.2.3.5.2. X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) technique was employed to
analyze and characterize the chemical composition of different surfaces of
components. The measurements were conducted in a Phoibos 150 XPS spectrometer
(SPECS Surface Nano Analysis) operating in Fixed Analyzer Transmission (FAT) mode,
utilizing a non-monochromatic Mg source (K, line with h, = 1253.6 eV) at 100 W. To
ensure the integrity of surface composition, all samples were directly transferred from
the GB to the XPS equipment through a specially designed airtight setup. Additionally,
a Shirley function was employed to simulate the inelastically scattered electrons
background and Voigt functions (70% Gaussian and 30% Lorentzian) as line shapes for
fitting the different studied photoelectron peaks using the CasaXPS software.
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A.2.3.5.3. Attenuated total reflectance-Fourier transform infrared

To elucidate the degradation mechanism arising from the interaction
between LMA and GPE_20, as developed in Chapter IV, along with the resulting
structural modifications, attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectrophotometry was used. The ATR-FTIR spectra were collected using a
Spectrum 400 DTGS spectrometer (PerkinElmer, Waltham, MA, United States), with
infrared measurements spanning from the 400 to 4000 cm™ wavenumber range and
a resolution of 2 cm™.

A.2.3.6. Specific sulfur cathode and electrolyte characterization
A.2.3.6.1. LiPS dissolution adsorption test

The LiPS dissolution visual test was employed to qualitatively evaluate the
affinity between the analyzed carbonaceous materials and LiPS. To prepare the LiPS
dissolution, stoichiometric amounts of Sgand Li;S were mixed into 1,2-
dimethoxyethane (DME, anhydrous, Sigma-Aldrich) solvent to obtain a final
concentration of 3 mM Li,Se. For the LiPS adsorption test 10 mg of each carbonaceous
material was incorporated into 2 mL of the aforementioned LiPS dissolution. This
specific combination of LiPS concentration and carbonaceous material quantity was
determined to provide the most discernible results. Following a brief resting period,
the carbons settled at the bottom of the vials, facilitating easy observation of any color
changes within the solution.

A.2.3.6.2. UV-Vis spectroscopy of LiPS adsorption test

In conjunction with the qualitative LiPS adsorption test, the UV-Vis technique
enabled the quantitative assessment of the LiPS adsorption ability exhibited by the
different carbonaceous materials. Following the same procedure outlined earlier,
wherein the carbonaceous materials interact with the LiPS dissolution, the resulting
solutions were filtered to remove the presence of any solid residues. Subsequently,
the quantitative UV-Vis measurements of the filtered solutions were performed using
a Cary 5000 UV-vis spectrophotometer (Varian).
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A.2.3.6.3. LiPS formation test

The LiPS formation test was conducted to study the differences in the affinity
between SSEs and LiPS. This involved attempting to generate LiPS in situ within the
electrolyte at different temperatures. To this end, stoichiometric amounts of Sg and
Li,S were mixed in SSE_LIiFSI, to obtain a maximum concentration of 0.5M Li,Se¢. The
mixtures were left to react for 3 days at both 25 °C and 60 °C, followed by filtration to
obtain clear solutions.

A.2.3.6.4 Viscosity measurement

Viscosity measurements of different electrolytes in Chapter V (determined at
RT) and Chapter VI (determined from 10 °C to 80 °C at 10 °C intervals) were measured
using an Anton Paar DMA 4500 M density meter equipped with a Lovis 2000 M rolling
ball viscometer module. The equipment ensures precise temperature control with an
accuracy of £ 0.02 °C, and equilibrium is achieved after approximately 5 minutes. The
viscosity values presented are an average of at least 5 runs of the ball back and forth.
Before each set of measurements, the instrument was calibrated and verified with
standards to ensure accuracy and reliability.

A.2.3.6.5. Contact angle

The wettability between the developed positive electrodes and Celgard® 2500
separator with the electrolytes was evaluated through contact angle measurements.
These measurements were performed using the sessile drop method at room
temperature using an LSA100 surface analyzer (Lauda Scientific). A 3 uL electrolyte
drop was deposited on top of each electrode and separator, and the process was
recorded at a rate of 90 fps. The images used for analysis were captured during the
second frame after the drop deposition (at 0.011 seconds).

A.2.3.7. Electrochemical characterization
A.2.3.7.1. lonic conductivity

Depending on the electrolyte type under examination, whether it be a liquid
electrolyte or GPE in this case, two different setups were employed to determine
electrolyte conductivity. For GPEs, ionic conductivity was determined using
electrochemical impedance spectroscopy (EIS) analysis conducted on CR2032-type
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cells. These cells were assembled by sandwiching the GPE between two stainless steel
(SS) blocking electrodes (SS | GPE | SS) in an Ar-filled glove box. The measurements
were conducted using a VMP3 potentiostat (Biologic), with the frequency ranging
from 107! to 10° Hz and a signal amplitude of 10 mV. Subsequently, after fitting the
obtained EIS spectra to the corresponding circuit to determine the bulk resistance (Rp)
of the electrolyte, the ionic conductivity (o) was calculated as follows:
o = Ry —elec (A.2.1)
Aelec

where teiec and Aciec represent the electrolyte thickness and area, respectively.
The membrane thickness was determined after cell testing, by direct measurement
employing a micrometer (Digimatic Micrometer, Mitutoyo).

In the case of liquid electrolytes, ionic conductivity was measured by analyzing
the internal resistance of a 2-pole conductivity cell. This analysis followed the same
EIS protocol described earlier in a VMP3 potentiostat. The 2-pole conductivity cell
presents a cell characteristic constant, representing the ratio of electrode separation
to electrode area. Therefore, upon obtaining the R, through the fitting of the EIS
spectra, the ionic conductivity of the liquid electrolytes is calculated from
Equation A.2.1.

A.2.3.7.2. Lithium transference number

The Li-ion transference number (t;*) of GPE_20 at RT was determined by a
combined approach involving AC EIS and DC polarization methods in a symmetric Li
metal | GPE|Li metal cell, as proposed by Bruce et al. and Watanabe et al. [17,18].
Initially, a 10 mV DC voltage step was applied using a VMP3 potentiostat until a steady
current was achieved. The impedance spectra of the cell were recorded in the
frequency range from 1072 to 10° Hz with a voltage oscillation of 10 mV, both before
and after the DC polarization. The value of t;;* was calculated using Equation A.2.2:

o ISR} (AV — I°RY?)
L* T TORO(AV — I°RS)

(A.2.2)

where 1° and I represent the initial and steady-state currents, R, and R,® are
the initial and final resistances of the bulk electrolytes, R and R# are the initial and
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final interfacial resistances of the Li metal electrode/electrolyte, and AV is the applied
DC voltage.

A.2.3.7.3. Cyclic voltammetry and its associated characterizations

Cyclic voltammetry (CV) analysis emerged as an important characterization
technique for evaluating the kinetics of sulfur redox reactions in sulfur cathodes
employing different carbonaceous materials. The CV measurements were conducted
on a BiolLogic VMP3 electrochemical potentiostat, employing a three-electrode setup.
The Li metal disk served as both the counter and reference electrode.

In addition to the insights obtained from CV curves, further analysis of
individual peaks within these CV curves, which delineate the different redox reactions,
was conducted through Tafel plots. This analysis enables the determination of the
electrocatalytic effect introduced by the different carbonaceous materials under
investigation.

Furthermore, the investigation of CV curves of the cell at different scanning
rates, in this case ranging from 0.1 mV s to 0.4 mV s, facilitated the analysis of the
Li* diffusion coefficient (Dy*) for different sulfur cathodes. This analysis was made
possible by applying the Randles-Sevick equation based on the above CV results:

I, = 2.69 x 10°n5SDP:3 €+ vOS (A.2.3)

here, I, represents the current peak, n denotes the charge transfer number
(where n= 2 for LSBs), S is the geometric area of the active electrode, C,i* is the
concentration of lithium ions in the electrolyte, and v is the potential scan rate.
Therefore, by fitting the CV results to the 1,-v®® curve, the obtained slope can be
directly correlated to the Di*, as n, S, and C;* are constants.

A.2.3.7.4. Li,S nucleation and dissolution tests

To comprehensively characterize the kinetic properties of different carbon
mixtures analyzed in Chapter lll, Li,S nucleation and dissolution tests were conducted.
The Li,Sg solution (0.2 mol L™!) was prepared by stoichiometrically mixing Sg and Li,S
powder in tetraglyme under vigorous stirring for 3 days. Sulfur-free free-standing
cathodes were prepared, serving as working cathodes coupled with the Li metal as
the anode and Celgard 2500 as the separator. Subsequently, 20 pL of the Li,Ss solution

262



Appendix

was added into the cathode part as a catholyte, and 20 uL of control anolyte without
Li,Ss was dropped on the anode side, completing the assembly of the coin cell.

To carry out the nucleation test, the cells were discharged to 2.06 V under a
constant current of 0.112 mA to consume most of the high-order polysulfides and
were later maintained at 2.05 V until the current dropped below 107 A, inducing the
nucleation and growth of Li,S. This nucleation test provides valuable insights into the
dynamics of the liquid-solid conversion process.

In the dissolution test, using the same cell configuration described earlier, the
cells were initially discharged to 1.7 V using a constant current of 0.112 mA to produce
Li,S. Afterward, they were potentiostatically charged at 2.4 V until the current
dropped below 107 A, intending to observe the dissolution of Li,S into higher-order
LiPS. As opposed to the nucleation test, the dissolution test offers important
information into the dynamics of the solid-liquid conversion process.

In both tests, based on Faraday’s law, the whole displayed current was used
to determine the Li,S nucleation and dissolution process.

A.2.3.7.6. Electrochemical stability between electrolytes and LMA

The galvanostatic cycling experiments were performed using Li/Li symmetric
cells with a Maccor Battery Tester (Series 4000). In this thesis, two different
galvanostatic cycling protocols were employed. On one hand, long-term galvanostatic
cycling was implemented, applying a fixed current density of 0.1 and 0.3 mA cm?, and
a half-cycle duration of 2 hours. On the other hand, galvanostatic cycling tests at
different current densities, ranging from 0.1 mA cm™?to 0.5 or 2 mA cm? in this case,
with a half-cycle duration of 1 hour. During this test, the current was kept constant
for 10 hours before transitioning to the subsequent current density.

Based on the same cell configuration and principles applied in the latest
galvanostatic cycling test, the critical current density (CCD) evaluation was performed.
This assessment yielded key insights into the maximum current density that different
electrolytes could withstand without inducing cell failure. In this particular test, the Li
symmetric cells were kept at 25 °C for 6 hours of resting before undergoing
galvanostatic cycling at different current densities, ranging from 0.1 to 5.0 mA cm™,
keeping one cycle per studied current density.

263



Appendix

A.2.3.7.7. Determination of CE in LMAs

To evaluate the compatibility of different electrolytes developed with the
LMA, different electrochemical measurements in Li||Cu cells were conducted to
determine the Coulombic efficiency (CE). Different methods were employed to gain a
detailed understanding of the interaction between lithium anode and electrolyte.

In the initial procedure, a specific capacity of Li metal (Qp = 0.5 mAh cm™) was
electrodeposited onto the Cu substrate, followed by the galvanostatic cycling of Li
metal with a cut-off voltage of 1 V (to remove the available lithium from Cu, denoted
as Qs) for n cycles. The CE in this method was calculated using the following equation:

cE = B x 100 (A.2.4)

Qp

In the second test, the modified Aurbach method was employed,
incorporating a substrate preconditioning or stabilization step [19]. This step involved
the electrodeposition of a high capacity of Li metal onto Cu (5 mAh cm™) at a current
density of 0.5 mA cm for 10 hours, followed by stripping the Li up to 1 V. Afterward,
the Li reservoir capacity (Qr =5 mAh cm™) was again deposited on Cu at 0.5 mA cm™
for 10 hours and subjected to galvanostatic cycling with a capacity of
Qp = 0.5 mAh cm for a specific number of cycles at a current density of 0.5 mA cm™.
Finally, in the last cycle, the remaining Li was stripped at 0.5 mA cm?to 1V, and the
obtained capacity (Qs) was measured. In this case, the CE is determined by the
following equation:

_ (nQp +Qs)

CE= (nQp + Qr)

x 100 (A.2.5)
Finally, to evaluate the long-term endurance of the Li deposition morphology,
the Aurbach method was employed [20]. This test shares similarities with the previous
one, except for the prestabilization process applied to the Cu substrate. In this case,
the long-term galvanostatic cycling at 0.5 mA cm2 and 0.5 mAh cm™2 was initiated after
depositing a Li reservoir of 5 mAh cm™ at a current density of 0.5 mA cmfor 10 hours.
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A.2.3.7.8. Lithium sulfur cell cycling

The battery cycling performance of the approaches implemented in this
doctoral thesis was evaluated through galvanostatic cycling at different discharge and
charge rates, using a Maccor Series 4000 battery tester. Different cut-off voltages
were applied based on the electrolyte type employed. Specifically, when cycling with
the conventional DME/DOL electrolyte, the voltage range was set between 2.6-1.7 V.
For the GPE, the voltage range varied from 2.8 to 1.6 V, or 1.7 V in the case of GPE
with LiNOs in its composition. Finally, for the SSEs, various cut-off voltages were
examined, including 3.0-1.2 V, 2.7-1.4, and 2.5-1.7 V.

Within the galvanostatic cycling of Li-S cells, two different protocols were
applied. The first protocol utilized medium sulfur loading cells, also referred to as
power cells, evaluating their performance at various cycling rates ranging from
modest rates (e.g., C/20) to high rates (e.g., 2C). This test played a fundamental role
in understanding the behavior of the proposed strategies under different cycling
rates, with particular emphasis on the challenges associated with sluggish kinetics of
redox reactions at high C-rates in Li-S technology.

On the other hand, to assess the long-term cycling of high sulfur loading cells,
also denoted as energy cells, a cycling protocol incorporating moderate operating
rates was applied. This specific cycling protocol was designed to evaluate the
capability of the developed strategies in ensuring stable and long-term cycling under
sulfur loading conditions aligned with practical requirements.

A.2.3.7.9. LFP-based GPE cell cycling

While not the primary focus of this thesis, galvanostatic cycling of LFP-based
LMBs was carried out to examine the performance of the GPE_20 in a different
technology than Li-S. Two different cycling protocols were employed based on the
operating conditions. For both coin cells and the pouch cell with a thick LMA, a cycling
protocol between a voltage of 3.8-2.7 V at different operating rates, including C/20,
C/10, C/5, and return to C/10 for long-term, was executed. Conversely, due to the
more demanding operating conditions, a moderate rate cycling protocol at C/10,
preceded by 5 cycles at C/20 as preconditioning step, was employed for the pouch cell
using the thin LMA of 50 um. This galvanostatic cycling protocol took place within a
voltage range of 3.8-2.7 V.
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A.3.  Supplementary information Chapter Il

A.3.1 SEM images of KJ600-based high sulfur loading cathode

[ KJ600 |

Figure A.3.1. SEM images of the reference KJ600-based high sulfur loading cathode under
different magnifications: a) x 2000 and b) x 10000 magnifications.
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A.3.2 SEM images of KJ600 + CAs-based high sulfur loading cathode

KJ600 + CAs |

Figure A.3.2. SEM images of the reference KJ600 + CAs-based high sulfur loading cathode
under different magnifications: a) x 2000 and b) x 10000 magnifications.

A.3.3 SEM images of KJ600 + ResFArGO4o-based high sulfur loading cathode

KJ600 + ResFArGO,,

Figure A.3.3. SEM images of the reference KJ600 + ResFArGOp-based high sulfur loading
cathode under different magnifications: a) x 2000 and b) x 10000 magnifications.
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A.4.  Supplementary information Chapter IV
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Figure A.4.1. Galvanostatic cycling comparison of the Li metal symmetric cells using
PEGDME_LE and GPE_20 at a current density of 0.1 mA cm™.

A.4.2 LFP-based Lithium-Metal Batteries performance using GPE_20

The performance demonstrated in LSBs introduced significant concerns
regarding the applicability of the developed GPE. However, acknowledging the
favorable individual properties exhibited by the electrolyte and recognizing the
operational challenges associated with the cycling of LSBs, additional battery cycling
evaluations were conducted employing different cathode chemistry. In this case, the
new investigation employed LMBs based on lithium iron phosphate (LFP) cathode
chemistry. This replacement of the active material aims to evaluate the applicability
of GPE_20 under more benign operating conditions within an already commercially
deployed technology.

A.4.2.1 LFP-based LMB coin cell performance

In the evaluation of the LFP cell performance using the GPE_20 electrolyte, a
comprehensive analysis was undertaken employing a cycling protocol that involved
different C-rates. Specifically, this protocol encompassed 5 cycles at C/20, succeeded
by 5 cycles at C/10, followed by 5 cycles at C/5, ultimately culminating in extended
and stable cycling at C/10. As depicted in Figure A.4.2a, GPE_20 exhibited remarkable
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rate capability with almost no capacity drop from C/20 (156 mAh g?) to C/5
(140 mAh g?). Additionally, the cell demonstrated an exceptional capacity recovery
upon reverting to the C/10 rate, with an outstanding capacity retention, retaining 98%
of its initial capacity after 60 cycles, alongside an impressive Coulombic Efficiency
exceeding 99.2%. Importantly, this exceptional performance was achieved without
encountering any erratic cycling behavior, reaffirming the system’s robust stability.
These remarkable outcomes were substantiated by the charge/discharge profiles
(Figure A.4.2b), where minimal differences in polarization were observed across
different cycling C-rates. This observation indicates a low overpotential,
approximately 15 mV, attributed to the favorable Li+ conductivity of the prepared GPE
ascribed to its high ti..
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Figure A.4.2. a) Long-term cycling performance and b) charge/discharge profiles of the GPE_20
in LMBs at different C-rates (C/20, C/10, C/5, and back to C/10) with LFP as active materials at
RT.

4.5.2 LFP-based LMB pouch cell performance

Before delving into the analysis of the causes of Li-S cell failure with GPE_20,
it is worth noting that while the central focus of this thesis does not primarily center
on the development of LFP technology, the promising potential of the developed GPE
in this technology, coupled with the significant emphasis on battery scaling process
within the framework of this thesis, prompted to explore the scalability of this system.
As in the case of Li-S technology, extensively described in the introduction (Section
1.4.3.2), it isimportant to acknowledge that most of the research works related to the
development of GPEs for LMBs primarily involve testing at the coin cell level. This
approach poses challenges when attempting to directly translate research findings
into practical prototype cells, often overlooking critical aspects of GPE performance
under more realistic operating conditions. Consequently, encouraged by the
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promising results obtained with the GPE_20 electrolyte at the coin cell level, a
comprehensive evaluation of its scalability at the pouch cell was performed,
maintaining the same cell configuration, LFP cathode loading of 7 mg cm? 500 um
thick lithium foil. Indeed, 20 cm? pouch cells were effectively assembled with an
excellent degree of reproducibility, thereby highlighting the scalability, manufacturing
feasibility, and remarkable mechanical properties of the larger-sized GPE_20-based
electrolyte developed in this study.

To evaluate the potential feasibility, flexibility, and safety of the GPE_20-
based LFP pouch cell a comprehensive series of experiments were conducted. Firstly,
the performance of the assembled pouch cell was demonstrated by employing it to
power a bank of 20 commercial light-emitting diode (LED) lamps. As depicted in
Figures A.4.3a-d, the assembled pouch cell reliably illuminated the 20 LED lamps, even
when subjected to different degrees of bending, emphasizing the exceptional
flexibility of the system. Interestingly, even after the physical bisection of the, as
illustrated in Figure A.4.3d, the GPE_20-based pouch cell continued to power the LED
lamps without any observable liquid leakage, smoke generation, or combustion.
These rigorous tests unequivocally prove the exceptional safety behavior of this
system, aligning with findings from the flammability test outlined in Chapter IV. Such
results robustly reinforce the potential for the practical and safe application in
prototype scale LMBs. Analyzing the electrochemical performance of the pouch cell,
as shown in Figure A.4.3e, it exhibited capacity values closely mirroring that obtained
at the coin cell level, resulting in an impressive total cell capacity of approximately 19
mAh. Additionally, the cell provided several remarkable characteristics, including
exceptional rate capability, with capacity values approaching 140 mAh g even under
the demanding conditions of a high cycling rate of C/5. Furthermore, the cell
demonstrated outstanding capacity recovery when reverting to C/10. These
encouraging results were reinforced by stable and consistent charge and discharge
profiles, marked by a low cell polarization, albeit with a slight increment observed at
C/5 (Figure A.4.3f).
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Figure A.4.3. Evaluation of the flexibility and safety of the GPE_20-based LFP pouch cell by
lighting LEDs a) initial state, b) blended at 90°, c) folded at 180°, and d) after cutting. e) Battery
test performance and f) charge/discharge profiles of the pouch cell at different C-rates.

While the promising results achieved thus far are indeed encouraging, the
effort to scale up this system was pushed forward by the integration of a thinner
lithium metal anode. This practical adjustment involved reducing the anode thickness
from the previous 500 um to a slenderer 50 um. This subtle modification aimed to
bring the system even closer to practical operating conditions, representing a
significant milestone in the ongoing exploration and development of the system. As
displayed in Figure A.4.4a, the pouch cell employing the thin Li metal anode
demonstrated successful cycling for up to 30 cycles, consistently delivering
remarkable capacity values. Moreover, the cell exhibited relatively stable capacity
values during its cycling at a C-rate of C/10, underscoring the exceptional compatibility
of the system even with this thinner anode configuration. Indeed, to the best of the
authors’ knowledge, these results represented the first study in literature focusing on
a high LFP loading GPE-based Li metal cell in a prototype cell format using a thin Li
metal anode, underscoring the significance of the obtained findings. However, it is
worth noting that the obtained capacity was slightly lower than what was observed
with the thicker lithium cell. This difference can be attributed to the reduction of
internal cell pressure resulting from the reduced lithium thickness, which may
potentially affect the optimal contact between cell components.
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It is essential to highlight that both prototype cells exhibited a notable
reduction in cycle life compared to the performance observed during coin cell cycling,
with a noticeable drop in the capacity occurring after just 25 cycles in both cases. To
gain deeper insights into the factors contributing to this observed cell performance
degradation, impedance testing during cycling and a post-mortem at the end of the
pouch cell’s life were conducted.

Figure A.4.4b presents a Nyquist plot presenting the impedance of the pouch
cell at different stages of its battery life, including measurements taken after 24 h of
rest and after cycles 5, 10, and 25. The resistance of the bulk (Ry), representing the
resistance associated with Li* mobility through the GPE_20 electrolyte, remained
consistently stable throughout the pouch cell cycling, indicating the enduring ionic
conductivity properties of the electrolyte. However, a significant increase in the
overall resistance of the cell became evident after 25 cycles, mainly attributed to a
sharp increase in interfacial resistance. This observation was interpreted as a
manifestation of reduced Li* diffusion through the Li metal electrode/GPE_20
electrolyte interface, leading to increased resistance and, consequently, directly
linked to the observed capacity drop.

The post-mortem analysis conducted after 30 cycles provided additional
support for this hypothesis. In Figure A.4.4c, an irregular surface and the presence of
a thick layer on the surface of the Li metal anode were observed. This finding can be
attributed to two different factors. First, the degradation of Li metal anode, which is
notably more severe in pouch batteries compared to coin batteries, as established by
previous research work focused on the scalability of LMBs. This exacerbated
degradation of pouch cells can be ascribed to the considerably higher total current
density applied in this cell configuration during cycling, directly resulting in the
formation of mossy or dead lithium on the anode surface. Second, this phenomenon
may also be related to the potential interaction between the Li metal anode and the
GPE_20 electrolyte developed in this chapter. It is worth the ongoing debate
concerning the anodic stability of PVdF-based polymers in LMBs. While there is a
consensus in the literature regarding the reactivity of these polymers with the Li metal
anode, the potential advantages or detriments this interaction may introduce to cell
stability have not been comprehensively addressed.
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Figure A.4.4. a) Thin lithium-based GPE_20 pouch cell cycling performance, b) electrochemical
impedance spectroscopy of LFP pouch cell over consecutive cycling, and c) optical images of
the Li metal anode after 25 cycles.

To contextualize the outstanding results achieved by the GPE developed in
this chapter, an extensive review of the current state of research in this field was
conducted. The landscape of GPEs for LMBs has experienced significant growth in
recent years, as evident from the prolific number of recent publications in this field.
However, it is noteworthy that a considerable number of these reported studies
remain in the proof-of-concept phase, characterized by low active material loadings
in the cathode, typically less than 4 mg cm™, rendering them far from practical
application. Notably, the study performed with the GPE_20 achieves an areal capacity
of approximately 1 mAh cm?, with an LFP loading of around 7 mg cm?. This
achievement surpasses many previously reported works in this domain, as illustrated
in Figure A.4.5. These findings underscore the potential of the developed GPE in this
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study, demonstrating exceptional performance in LFP-based LMBs under practical
operating conditions [21]. Consequently, this investigation, which entailed
substituting the battery’s active material, unequivocally demonstrates that the
observed poor performance in Li-S cells of the GPE_20 was attributable to other
factors rather than the behavior of the electrolyte. This underscores the imperative
need for a comprehensive analysis of the underlying causes behind the lackluster
performance observed in the Li-S system.
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Figure A.4.5. Comparison of GPE_20 performance in LFP-based LMBs with recent relevant
publications (until 2021) [22—-35] in areal capacity vs LFP loading at RT.
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A.5.

Figure A.5.1. Cumulative and individual fits of the Raman spectra in the region between 700-
780 cm! of the different analyzed electrolytes.
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Figure A.5.2. Digital photos of the flammability test carried out to determine the SET value of
the a) DME/DOL, b) SSE_REF, and c) SSE_LiFSI electrolytes.
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Figure A.5.3. Cycling performance profiles of the Li| |Cu cells using a) DME/DOL, b) SSE_REF,
and c) SSE_LIiFSI electrolytes.
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Figure A.5.4. Zoomed polarization of SSE_LiFSI during the Li plating and stripping in Li| |Cu
cells.
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Figure A.5.5. Polarization of Li metal during plating and stripping in a) SSE_REF and b)
DME/DOL electrolytes.
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Figure A.5.6. Cycling performance and the obtained CE of the SSE_REF using the
Aurbach modified method.
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Figure A.5.7. a) Voltage-capacity curves of the first lithium deposition using the studied
electrolytes. SEM images under lower magnifications of b) DME/DOL, c¢) SSE_REF, and d)
SSE_LiFSI electrolytes.
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Figure A.5.8. a) Long cycling Li plating and stripping in Li| |Cu cells at 0.5 mA cm™ using the

prepared electrolytes. SEM images of the lithium deposition after 30 cycles (depicted within
the dashed blue square) of b) DME/DOL, c) SSE_REF, and d) SSE_LiFSI electrolytes.
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Figure A.5.9. The full XPS spectra of the different lithium deposition on Cu substrates in
different electrolytes.
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Figure A.5.10. High-resolution XPS spectra of a) O 1s and b) Li 1s on the lithium
deposition on Cu substrate with different electrolytes.
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Figure A.5.11. The structural and morphological structure of the a) ResFArGO 2D graphene-

based carbon material and b) its corresponding sulfur cathode.
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Figure A.5.12. Long cycling performance of high sulfur loading LSB using SSE_LiFSI electrolyte
at C/5.

283



Appendix

QD
~

Voltage / V

Areal Capacity / mAh cm2 Areal Capacity / mAh cm2
0 1 2 4 5 b) o 1 2 3 4 5
3.0
iy y JJJ
2.6 24
24 Cycle 7 2 2.2 Cycle 7
2.2 Cycle 25 g Cycle 25
2.0 Cycle 50 8 2.0 Cycle 50
. Cycle 75 ° Cycle 75
1.8 Cycle 100 > 1.8 Cycle 100
1.6
14 16
1.2 1.4
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Capacity / mAh g Capacity / mAh g
Areal Capacity / mAh cm?
c) o 1 2 3 4 5
24

>

-~ 22 ——Cycle 7

3 Cycle 25

£ ——Cycle 50

° Cycle 75

> 20 Cycle 100

1.8
0 200 400 600 800 1000 1200 1400

Capacity / mAh g~
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Figure A.5.14. CE comparison between SSE_LiFSI, SSE_LiNOs, and SSE_LiDFTFSI electrolytes.
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Table A.5.1. The atomic contents of the different elements present on the surface of
the lithium depositions on the Cu substrate using different electrolytes.

Elements Li 0] C F N S

DME/DOL  33.2% 29.0% 20.6% 11.4% 2.7% 3.1%
SSE_REF 22.3% 23.8% 28.7% 16.3% 2.0% 6.9%
SSE_LiFSI 31.4% 31.2% 19.8% 10.4% 3.4% 3.8%
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A.6.  Supplementary information Chapter VI

MATLAB code for gravimetric energy density calculations of liquid electrolyte-based
LSBs

% This function houses the calculations for estimating the energy
density of liquid electrolyte Li-S batteries

Function
Eg=GravimetricEnergy(rNP,Ls,Cg,Aanode,Csp_Li,Acathode,ws,Acc_cath,nca
th,tAl,dAl,Asep,nds,Lsep,rES,dE,Unom)

mLi= rNP*(Ls*107-3)*Cg*(Aanode/Csp_Li); % Total mass of the lithium
metal anode in the cell (g)

mcath=(Acathode*Ls*10”-3)/ws; % Total mass of the cathode (g)

mcc_cath=Acc_cath*ncath*tAl*dAl; % Total mass of the cathode current
collector (g)

msep=Asep*nds*ncath*Lsep; % Total mass of the separator (g)
mLE=Acathode*(Ls*10"-3)*rES*dLE; % Total mass of the electrolyte (g)
mtot=mLi+mcath+mcc_cath+msep+mLE; % Total mass of the overall cell(g)
Cnom=Cg*(Ls*10"-3)*Acathode; % Nominal capacity of the cell (Ah)
Eg=Cnom*Unom/ (mtot*10~-3); % Gravimetric energy density (Wh kg~-1)
end

% Evaluation of the impact of the N/P ratio and the E/S ratio on the
energy density of Li-S cell

function
varargout=Energy Density_ Estimation_Liq_IWS_analisisparameters_rNP_vs
_rES(varargin)

if nargin==0
clc,close;
% General parameters

Cs_theo=1675*10"-3; % Theoretical capacity of sulfur as active material
(in Ah g-1)

uS=0.75; % Sulfur utilization rate (adimensional)
Unom=2.133; % Nominal voltage of the cell (V)

ncath=4; % Number of double-side coated cathodes
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Alcath=20.25; % Surface of one cathode side (cm”2)

Acc_cath=20.7; % Total surface of one cathode current collector side
(cm™2)

tAl=18*10"-4; % thickness of the aluminum current collector (um)
dAl=2.7; % Density of the aluminum cathode current collector (g
cm~-3)

Ls=4; % Loading of sulfur of the cathode (gs cm™-2),

ws=0.64; % Sulfur content in the cathode (adimensional)

wc=0.26; % Carbon content in the cathode (adimensional)

wb=0.1; % Binder (CMC + SBR) content in the cathode

ds=2; % Density of sulfur (g cm”-3)

dc=0.12; % Density of the carbon material (represented by KJ600,

in this case)(g cm”-3)

db=1.5; % Density of the binder (g cm™-3)

dLi=0.534; % Density of lithium (g cm”-3)

Csp_Li=3860*107-3; % Theoretical capacity of lithium (Ah g-1)

rNP_vec=0:1:10; % N/P ratio // In this case, a vector is created to
analyze the effect of the N/P ratio on the energy density

reES_vec=0.5:0.1:10; % E/S ratio, (ml gs~-1)// As in the case of
N/P ratio, a vector is created to analyze the effect of E/S ratio in
the energy density

dLE=1.1; % Electrolyte density (g cm”-3)

Asep=30.08; % Celgard separator sheet surface (cm"2)
Lsep=1.48*10"-3; % Areal density of separator material (g cm™-2)
tsep=25*10~-4; % Thickness of the separator (cm)

nds=2; % This parameter was created to indicate whether the
analyzed cell is monolayer or multilayer, being 1 for the first case
and 2 for the second.

nanode=5; % Number of lithium metal anodes

else

Unom=varargin{1};ncath=varargin{2};Alcath=varargin{3};Acc_cath=vararg
in{4};tAl=varargin{5};dAl=varargin{6};ws=varargin{7};wc=varargin{8};w

287



Appendix

b=varargin{9};ds=varargin{10};dc=varargin{11};db=varargin{12};dLi=var
argin{13};Csp_Li=varargin{14};rNP_vec=varargin{15};rES_vec=varargin{l
6};dLE=varargin{17};Asep=varargin{18};Lsep=varargin{19};tsep=varargin
{20};esep=varargin{21};nds=varargin{22};nanode=varargin{23};Ls=vararg
in{24};

end
Acathode=nds*Alcath*ncath; % Total surface of the cathode (cm”2)

Aanode=Acathode; % Total surface of the anode is equal to the total
surface of the cathode (cm™2)

Cg=Cs_theo*uS; % The specific capacity of the cell linked to the sulfur
utilization parameter

Eg=ones(length(reES_vec),length(rNP_vec));

LIBg=ones(length(rES_vec),1)*250; % Gravimetrix Energy density of
commercial LIBs

for i=1:1length(rES_vec)
rES=rES_vec(i); % E/S ratio of the cell (ml gs~-1)
for j=1:length(rNP_vec)
rNP=rNP_vec(j); % N/P ratio of the cell

Eg(i,j)=GravimetricEnergy(rNP,Ls,Cg,Aanode,Csp_Li,Acathode,ws,Acc_cat
h,ncath,tAl,dAl,Asep,nds,Lsep,rES,dLE,Unom); %Gravimetric energy
density (Wh kg~-1)

end

end
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A.6.1 Charge/discharge profiles of the DME/DOL-based monolayer pouch cells
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Figure A.6.1. Charge/discharge profiles of the monolayer pouch cells based on the different
strategies developed in previous chapters: a) ResFArGO as main carbon, b) KI600 + CAs, c)
KJ600 + ResFArGO;o, and d) KJ600 + ResFArGO:s.
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A.6.2 Charge/discharge profiles of the SSE_LiFSI-based monolayer pouch cell
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Figure A.6.2. Charge/discharge profiles of the SSE_LiFSI-based monolayer pouch cell.

A.6.3 Post-mortem analysis of disassembled DME/DOL employing prototype cell

Figure A.6.3. Complete DME/DOL prototype cell status after being disassembled.
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A.6.4 Post-mortem analysis of disassembled SSE_LiFSI employing prototype cell

<

Figure A.6.4. a) Cross-section optical image of the SSE_LiFSI-based prototype cell after cycling
and b) its corresponding cell thickness, corroborating the absence of gas generation.
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Figure A.6.5. Density comparison between DME/DOL and SSE_LiFSI electrolytes.
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Table A.6.1. Definition of working parameters for the calculations of gravimetric energy density

Parameter Value Unit
Theoretical capacity of sulfur (Cs_theo) 1.675 Ahg?
Sulfur loading (Ls) 4x1073 gs cm?
Sulfur utilization rate (us) 0.75 -
Nominal voltage of the cell (Unom) 2.10 \Y
Number of double-side cathodes (ncath) 4 -
Area of one cathode coating (Aicath) 20.25 cm?
Positive
electrode Area of one cathode current collector (Acc_cath) | 20.70 cm?
Thickness of the cathode current collector (ta) | 18x10% cm
Density of the aluminum current collector (pa) | 2.7 gem?
Sulfur content in the cathode (ws) 0.64 -
Carbon content in the cathode (wc) 0.26 -
Binder content in the cathode (wy) 0.1 -
Density of sulfur (ps) 2.0 gcm
Density of the carbon material (pc) 0.12 gem?
Density of the binder (pb) 1.5 gem?
. L
E/S ratio (res) 3 igs'l
Density of the liquid electrolyte (pie) 1.1 gcm?3
Electrolyte Area of 1 sheet of separator (Asep) 30.1 cm?
Areal density of separator material (Lsep) 1.48x103 | gcm™
Thickness of the separator (tsep) 25x10* cm
) Theoretical capacity of lithium (Cyi_theo) 3.860 Ahg?
;\:sffr?éi N/P ratio (rnp) 3 -
Density of lithium (pv) 0.534 gcm
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