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Preface

The endless pursuit for efficient and reliable energy sources has been amongst
the main drivers of human progress. Indeed, energy underpins every aspect of
modern society, from industrial production and transportation to communication
technologies and digital infrastructures. Over the centuries, the way humanity has
produced, stored, and used energy has shaped economic development, social
organization, and technological innovation. The Industrial Revolution marked a
major turning point when the large-scale exploitation of coal and the development
of the steam engine, drastically transformed manufacturing and urban everyday life.
Later, the discovery of electricity and the invention of electrochemical energy-
storage enabled electrification on a global scale, opening the way to new industrial
processes, communication systems, and consumer technologies. In the late 19th and
early 20th centuries, the rise of internal combustion engines established petroleum
as a strategic resource, deeply influencing both industrial growth and global
geopolitics.

Today, society is facing a new energy transition, driven by the urgent need to
reduce greenhouse-gas emissions, limit dependence on fossil fuels, and promote a
more sustainable and resilient energy system. In this scenario, renewable energy
sources such as solar, wind, and hydroelectric power are playing an increasingly
pivotal role. However, their intrinsic intermittent nature makes efficient energy-
storage technologies indispensable for balancing supply and demand, stabilizing
electrical grids, and enabling the widespread electrification of transport and other
sectors.

Among the available storage technologies, electrochemical energy-storage
systems, particularly secondary batteries, have emerged as key enablers of this
transition. At present, their relevance extends from portable electronics to electric
vehicles and stationary grid storage. In this context, the development of safer,

higher-energy, and longer-lasting batteries is one of the central challenges of



contemporary materials science and electrochemistry. Lithium-metal batteries,
especially in all-solid-state configurations, are widely regarded as promising next-
generation systems because of their potential to deliver high energy density while
improving safety compared with conventional liquid electrolyte-based systems.

A key, critical component in these devices is the electrolyte. Solid polymer
electrolytes (SPEs) are particularly attractive because they combine the advantages
of solid-state operation with the processability, flexibility, and tunability typical of
polymeric materials. Nevertheless, their practical implementation still requires
significant advances in ionic conductivity, lithium-ion transport, interfacial
compatibility with lithium metal, mechanical stability, and resistance to anodic
oxidation, especially for operation in high-energy devices where compatibility with
high-voltage cathodes is required.

Within this scenario, the aim of the work carried out during the three years of
PhD and presented in this thesis was devoted to the development of novel SPEs for
next-generation, advanced lithium-metal batteries. The research followed a
progressive and rational optimization pathway, moving from the formulation of
physically blended polymer electrolytes processed through scalable and industrially
relevant solvent-free approaches, to the refinement of their properties by
crosslinking strategies, plasticizing additives, and, finally, the molecular design of
new lithium salts and single-ion conducting polymer architectures. At each stage,
the materials were developed with the dual objective of improving the key
performance indicators required for practical application, namely ionic
conductivity, lithium-ion transport, interfacial compatibility with lithium metal,
mechanical and thermal stability, and resistance to anodic oxidation, while also
preserving processability and favouring manufacturing routes compatible with
large-scale production. As a result, the thesis describes not only the development of
increasingly optimized SPE formulations, but also the construction of a coherent
materials-design strategy in which each successive step builds on the limitations

and insights emerging from the previous one, ultimately contributing to the
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advancement of safer, higher-energy, and more industrially viable solid-state
battery technologies, including operation with high-energy 4V-class cathodes.

The outcome of the manuscript is organized into 8 chapters, with the
introductory chapters 1-3 providing the general background, scientific context, and
experimental framework, while the following chapters 4-8 present and discuss the
main original results of the three years’ work; concluding remarks at the end of the
manuscript summarise the most impactful results, emphasizing the key takeaway
messages while also reinforcing their importance in the broader context. ;

Chapter 1 introduces the basic concepts for electrochemical energy storage
systems, describing their main characteristics and working principles. It also
includes a brief overview of the most common electrochemical characterization
techniques, along with a concise discussion of the evolution of secondary batteries
and electrochemical double-layer capacitors (EDLCs).

In Chapter 2 focuses on solid polymer electrolytes, highlighting their key
features and discussing the main strategies currently adopted to achieve enhanced
performances in all-solid-state lithium metal batteries (ASSLMBs).

Chapter 3 provides an overview of the materials used and details the
experimental methods used for the preparation and characterization of SPEs, as well
as the protocols followed for cathode fabrication and laboratory-scale
electrochemical battery cell assembly.

Chapter 4 presents the preparation and comprehensive characterization of
blend poly(ethylene oxide) (PEO) - polycarbonates (PCs) SPEs, produced through
a sustainable, solvent-free, and readily scalable extrusion process. Effects of the
nature of the PC component and of the PEO/PC ratio on the mechanical,
morphological, and electrochemical properties of the resulting SPEs are
systematically investigated with a view toward their application in ASSLMBs.

Chapter 5 builds upon the SPE systems developed in the previous chapter, and
investigates the optimization of the most promising PEO/PEC formulation through
a UV-induced crosslinking approach. The resulting electrolytes are flexible and

self-standing, and display remarkable thermal and mechanical stabilities, non-
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flammability, and structural integrity. Lithium-metal polymer cells assembled with
a LiFePOs-based composite catholyte (using the same SPE formulation as active
binder) provide near-theoretical specific capacity up to medium current regimes and
excellent rate capability at 70 °C.

In order to achieve enhanced cycling performance at lower temperatures,
Chapter 6 presents a novel SPE obtained by the same process used for developing
the optimized electrolyte in Chapter 5, combined with the addition of a solid plastic
crystal, namely succinonitrile (SN). Plasticization aims at concurrently enhancing
bulk ion transport and electrochemical stability. Variation of the PEO/PEC ratio
reveals that a PEO-rich composition (PEO-PEC 7:3) provides the optimal balance
between plasticization and interfacial stability. Symmetrical Li||Li cells employing
this electrolyte exhibit stable and reversible lithium plating/stripping over 1400
hours, with moderate and stable overpotentials. In addition, laboratory-scale truly
solid-state Li-metal cells both with LFP and NMC show remarkable galvanostatic
charge/discharge performance, delivering nearly full practical specific capacity
even at 40 °C.

Chapter 7 addresses another key aspect in SPE development, namely the
design of novel, stable, and high-performing lithium salts. To the purpose, two
asymmetric, low-melting thioether-TFSI lithium salts were synthesized via a
modular thiolene strategy and incorporated into PEO-based SPEs. Their
pronounced plasticizing effect efficiently suppresses PEO crystallinity while
preserving ionic conductivity, Li" ion transference number, and electrochemical
stability. In addition, both systems mitigate aluminum current-collector corrosion
through the formation of a stable passivation layer, thus overcoming a major
limitation of conventional LiTFSI-based electrolytes. As a result, the corresponding
SPEs show improved compatibility with lithium metal and enable stable cycling in
laboratory-scale Li||LiFePO4 battery cells.

The experimental work concludes with Chapter 8, which explores a new
family of single-ion conducting polymers (SICPs), developed through the design

and synthesis of advanced ionic-liquid-like monomers (ILMs) featuring a thioether

v



bridge between the methacrylic group and the (trifluoromethane)sulfonylimide
(TFSI) anion. Their random copolymers with poly(ethylene glycol)methyl
ethermethacrylate (PEGM) combine practically relevant ionic conductivity with
markedly high transference number. When assembled in lab-scale, truly solid-state
LilILFP battery cells, these advanced SICP electrolytes enable highly reversible
cycling with high specific discharge capacity up to C/5. Rate-dependent voltage
profiles reveal limited polarization even at higher current regimes, confirming
effective Li* transport within the solid electrolyte architecture. Long-term cycling
at C/15 demonstrates outstanding stability, upon long-term, reversible galvanostatic
cycling with nearly overlapping voltage curves throughout whole operation.
Overall, this PhD thesis contributes to the development of advanced polymer-
electrolyte materials for next-generation, solid-state electrochemical energy-
storage systems. By combining materials design, scalable processing, and
electrochemical validation, the work provides new insights into the relationships
between composition, structure, and performance in solid polymer electrolytes.
These findings contribute to the broader effort toward safer, higher-energy, and

more sustainable battery technologies for an increasingly electrified society.
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Chapter 1

Introduction

1.1 Energy Storage Systems

The availability of reliable and sustainable energy is one of the central
challenges of modern society. Since the XIX century, the rapid increase of energy
demand has been mainly covered through the use of fossil fuels. However, our
dependence on these fuels is associated with some major issues such as their limited
availability, their uneven geographical distribution, and the environmental concerns
derived from the pollutants evolved by their combustion. According to recent
international sources, global energy demand continues to rise, with growth in 2024
reaching 2.2%, almost twice the average rate observed over the previous decade.
This increase has been accompanied by a marked acceleration in electricity
demand, which rose by 4.3% in 2024, driven by electrification, digitalization,
industrial growth, and the increasing energy requirements associated with cooling
and data-intensive technologies [1]. Fossil fuels still play a dominant role in the
global energy system (Figure 1.1), and energy-related CO> emissions reached a
new record of 38.6 Gt CO; in 2024 [2]. These trends clearly illustrate the dual
challenge faced by contemporary energy systems: meeting rising demand while

drastically reducing greenhouse gas emissions.
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Figure 1.1 The breakdown of the World primary energy consumption in 2023. Source: data downloaded

from IEA World Energy Statistics. Website visited on 2/4/26.

The transition toward a low-carbon, highly electrified society is critically
dependent on the development of efficient, safe, and sustainable energy storage
systems. Among the broad family of energy storage technologies, electrochemical
energy storage (EES) systems, and particularly Lithium-ion batteries (LIBs), have
assumed a central role because of their high energy density/efficiency, modularity,
scalability, and compatibility with both portable (e.g., smartphone and laptop), and
large-scale applications like electric vehicles (EVs). In this scenario, the
development of efficient materials for EESs plays a crucial role on the replacement
of conventional internal combustion engine (ICE) vehicles by electric vehicles,
contributing to the reduction of greenhouse gases (GHG) emission and the pollution
levels in big cities.

In such context, this chapter discusses how ESSs are classified and includes

some basic concepts and details on general definitions.
1.1.1 Classification and Basic Concepts

EES devices involve the reversible transformation from electrical to chemical
energy and viceversa. Systems storing and converting energy electrochemically

chiefly include electrochemical capacitors (EC), batteries, and fuel cells.



Batteries are the most established and widely employed EES systems. The term
battery commonly refers to a device where the energy is stored in the form of
chemical energy, and it is released in the form of electric power upon a spontaneous
faradaic (redox) process called discharge. Each electrochemical cell is formed by
two electrodes, a cathode and an anode, and an electrolyte in between to physically
separate them. During operation, oxidation takes place at the anode, generating
electrons that flow through the external circuit, while reduction occurs at the
cathode, where electrons are consumed. Simultaneously, ions migrate through the
electrolyte to maintain charge neutrality within the cell. The electrical energy
delivered by the battery is therefore the result of the difference in chemical potential
between the two electrodes [3].

Generally, batteries can be divided into primary and secondary systems. A
primary battery is a cell where the electrochemical reactions proceed irreversibly
under normal operating conditions. Reactions proceed until the active materials are
consumed, when the battery can no longer deliver energy and must be discarded.
Primary batteries are assembled in the charged state and are discharged upon use.
A galvanic cell is an example of a primary battery. In this type of cell, the anode is
the negative electrode associated with oxidation reactions through which electrons
are released into the external circuit and form positive ions in the electrolyte
medium. The cathode is the positive electrode associated with reduction reactions
induced by electrons flow from the external circuit. In a galvanic cell, the
spontaneous process (discharge) is the migration of ions and electrons from the
anode to the cathode (Figure 1.2a) and its driving force is the difference in
electrochemical potential between the two electrodes at the open circuit potential
(i.e. when no external current flows in the system), called electromotive force
(e.m.f.) [4]. Secondary batteries, also referred to as rechargeable batteries, are based
on electrochemical reactions that can be reversed by applying an external potential.
This means that after the spontaneous discharge process , the cell may be recharged
by using an external energy source that imposes a voltage greater than the cell
voltage registered at open circuit potential (OCV) conditions, enabling the electrons
to flow in the opposite direction and promoting the non-spontaneous process
(charge) of the electrochemical system. During charge, the battery works as an
electrolytic cell (Figure 1.2b). This reversibility makes secondary batteries

particularly attractive for applications requiring repeated energy storage and



release, such as consumer electronics, electric mobility, and renewable energy

storage.
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Figure 1.2. Schematic representation of a secondary battery working as a) a galvanic cell (discharge) and

as b) an electrolytic cell (charge).

1.1.2 Electrochemical parameters and performance metrics

Capacity (Q)

The total amount of electric charge that can be supplied or accumulated by the
system is defined as capacity and it is usually expressed in Coulomb (C) or Ampere-
hour (Ah), where 1 Ah =3600 Coulombs. In general, capacity is defined as the time
integral of the current; under constant-current conditions, it can be calculated as the

product of current and charge/discharge time as in Equation 1.

Equation 1

Q =i-t
When the capacity delivered by a given active material is normalized per its

mass (m) it is called (gravimetric) specific capacity (Qsp) and expressed in Ah g

Equation 2

Q
Qsp = E
Theoretical Specific Capacity
The theoretical (gravimetric) specific capacity (Ah g™!) of an active electrode

material can be estimated from Equation 3:



Equation 3

_ nkF
"~ 3600 MM

Qun
where n is the number of exchanged electrons, F is the Faraday’s constant (96485
C mol™), and MM is the molar mass of the active material (g mol™).
Coulombic Efficiency (CE)
Coulombic efficiency (CE) is the ratio of the discharge capacity (Qq) to the

capacity stored during the preceding charge step (Qc), expressed as a percentage:

Equation 4

CE=%-10O

Q.
C-rate

The C-rate indicates how fast a battery is charged or discharged relative to its
nominal capacity. It is expressed in fractions or multiples of C. A C-rate of 1C
corresponds to the current required to fully discharge a battery in 1 hour, 0.5C or
C/2 refers to the current to discharge in two hours and 2C to discharge in half an
hour.

The rate capability describes the ability of a battery to retain its capacity when
operated at increasingly higher current densities or C-rates. It is generally evaluated
by comparing the discharge capacity measured at different rates with the value
obtained at low current.

Energy (E)

The energy (E) supplied by an electrochemical power source is expressed in
Joule (J) or more commonly in Watt hour (Wh), and it is related to the capacity as
in Equation , where V is the cell voltage delivered by the system and I(t) the current

as function of time:

Equation 5§

E=[V®It)dt

Following the concept of specific capacity, defined as capacity per unit mass,

we can also define specific energy, which is thus defined as the energy output from



a battery per unit mass (Wh g ). On the other hand, considering energy per unit
volume, energy density is defined (Wh L ™).

Power (P)

The energy delivered by a material, or a power source, in a specific time. The

instantaneous power is given by:

Equation 6

[1()-V(t)dt

PO = [ dt

Whereas the average power over a discharge process can be expressed as:

Equation 7

"V
P=i-V=QT=

~ | Iy

The concepts of specific energy and specific power are essential to understand

and compare the performances of different energy power sources.
1.2 Electrochemical methods of analysis

1.2.1 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a non-destructive
electrochemical technique used to investigate the response of a system over a wide
frequency range, providing information on charge transport and interfacial
processes. The measured impedance describes the opposition to an alternating
current (AC) and is expressed as a complex quantity with a real part, resistance, and
an imaginary part, reactance [5].

In EIS, a small-amplitude AC voltage is applied to the electrochemical cell and
the resulting current is recorded, generating spectra commonly represented by
Nyquist or Bode plots. EIS is particularly useful for secondary Li-based batteries,
where multiple resistive, capacitive, solid-liquid, and solid-solid interfacial

contributions are present. Since these processes are characterized by different time



constants, EIS allows their separation over different frequency ranges and their

interpretation through Nyquist plots and equivalent circuit models [6].
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Figure 1.3 Each element in the Li battery half-cell equivalent circuit (top) corresponds to a section of the
resulting EIS Nyquist plot (bottom).

As illustrated in Figure 1.3, for polymer electrolytes, the main impedance
contributions are:

» Series resistance (Re), or internal resistance, includes the electronic resistance
of electrode materials, current collectors, and internal cell connections.

* Bulk resistance (Ryp) reflects ionic conduction through the polymer matrix and
depends on ionic conductivity, electrolyte composition, temperature, and polymer
morphology. Its intercept with the real axis is commonly used to calculate
electrolyte ionic conductivity.

* The intermediate-frequency semicircle is associated with electrode-
electrolyte interfacial processes, including SEI resistance (Rsgi), related to ion
transport through the passivation layer, and charge-transfer resistance (Rct), which
represents the kinetic barrier for electrochemical reactions. Rcr and the double-
layer constant phase element are influenced by surface coating, phase transitions,
electronic structure, and particle size.

* Warburg impedance (Wwarburg) 1S related to ion diffusion within electrode
materials and appears as an inclined line in the low-frequency region of the Nyquist

plot.



1.2.2 Galvanostatic measurements

Galvanostatic measurements involve applying a constant current to an
electrochemical cell and monitoring the resulting voltage response over time.
Indeed, it is possible to evaluate a device's ability to store and deliver energy [7].
Depending on the sign of the current, the battery can be charged or discharged. Each
current step can be held for a given time, or until the voltage reaches a cut-off limit.
From this test, fundamental battery performance data can be extracted, which
include Coulombic efficiency, specific capacity, energy and power densities, given
the geometry and weight involved. Moreover, the effect of varying the current or
perform prolonged cycling allows to evaluate key parameters, such as rate
capability, and cycling life, which are essential for practical battery applications.

Galvanostatic charge and discharge involve electrochemical reactions at the
electrodes. The voltage response reflects the energy stored in the chemical bonds
during charging and the release of this energy during discharge. As shown in Figure
1.4, voltage profiles of battery systems display a curve which can possess different

shapes depending on the phenomena, and thus materials involved in the process.
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Figure 1.4 Typical galvanostatic charge/discharge profiles for an electrochemical cell and related

characteristics of the different most common profiles depending on the electrochemical process.

Voltage profiles of battery systems display a curve which can possess different
shapes depending on the electrochemical reaction(s) and, thus, corresponding
materials involved in the process (Figure 1.4). A plateau is generally observed in
the voltage curve when there is a two-phase reaction in the active material. A multi-
step curve, showing more than one plateau region, is characteristic of
electrochemical systems in which multiple two-phase reactions occur. A sloping
profile is typical of a one-phase reaction.

Nevertheless, in a real system, the voltage measured during discharge is always

lower than the open circuit voltage (Voc) due to internal resistance of the cell and
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polarization effects at both electrodes. Different types of polarizations can cause
these losses and are generally described to be of activation, ohmic and concentration

(Figure 1.5) [4].
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Figure 1.5 Characteristic discharge curves of a battery, showing various types of polarization(s).

Reproduced and readapted with permission from ref. [4,10].
The voltage of the cell can be approximated by:

Equation 7

V :VOC_IR

where Voc is the potential recorded when no current is flowing. The discharge
curve initially deviates from the Voc through an instantaneous IR drop, which arises
from the internal ohmic resistance of the cell, including the electrolyte, electrodes,
separator, and electrical contacts. Following this initial step, the voltage is further
lowered by activation polarization, related to the finite kinetics of the charge-
transfer reactions at the -electrode/electrolyte interfaces. During continued
discharge, ohmic polarization and mass transport limitations contribute to a gradual
voltage decrease. At high states of discharge, the development of concentration
gradients within the electrolyte and electrode phases gives rise to concentration
polarization, which becomes predominant near the end of discharge and leads to the
abrupt voltage fall observed before the cut-off potential. This polarization
contributions become increasingly pronounced as increasingly higher applied
current(s). The most common tests conducted in galvanostatic set-up are long-term
cycling, rate capability test, and plating deposition test (also called plating-stripping
test). A representative example is provided by the LiFePOs charge/discharge

profiles shown in Figure 1.5. Owing to the two-phase transition between LiFePO4



and FePOs, this material exhibits a characteristic flat plateau centered at
approximately 3.45 V vs. Li*/Li [8].

In addition to galvanostatic cycling in full cells, the interfacial stability and
lithium-ion transport properties of a new electrolyte can be evaluated through
lithium plating/stripping experiments performed in symmetric Li|electrolyte|Li
cells. The plating deposition test is an important protocol used in the study of new
electrolytes, salts or separators. This analysis implies the use of metal electrodes
(i.e. lithium) on both sides, thus assembling a symmetric cell. Through the analysis
of the cell overpotential, this technique allows to investigate the compatibility of
the electrolyte/membrane/separator with the metal and its behavior upon reversible
cations transfer and plating. Under galvanostatic conditions, the voltage profile
obtained during repeated plating/stripping cycles provides direct information on the
stability of lithium deposition, the interfacial resistance, and the ability of the
electrolyte to sustain reversible lithium-ion transport. Ideally, the cell exhibits a low
and stable polarization voltage over extended cycling, indicating homogeneous
lithium deposition, efficient stripping, and the formation of a stable SEI. In contrast,
a progressive increase in overpotential, large voltage fluctuations, or the sudden
appearance of short-circuit behavior may indicate interfacial degradation, non-

uniform lithium growth, or dendritic lithium penetration through the electrolyte [9].

1.3 Lithium-ion batteries: historical development and

working principles

The development of lithium-ion batteries (LIBs) marks a turning point in the
history of EES and represents one of the most important technological
breakthroughs of the late twentieth century. Thanks to their high energy density,
versatility, and light weight, LIBs currently lead the market, and their adoption and
advancement are expected to increase rapidly to meet the demands of the
sustainable transition towards a “green” or carbon-neutral society. The motivation
for developing lithium-based rechargeable batteries lies in the intrinsic
physicochemical properties of lithium. Lithium is the lightest metal in the periodic
table and it exhibits the most negative standard reduction potential among all
elements (—3.04 V vs. SHE). Owing to these characteristics, lithium is particularly

attractive for the development of high-energy EES systems, as it enables realization
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of batteries with both high specific capacity and high operating voltage. In
particular, lithium metal provides a theoretical specific capacity of 3860 mAh g—1,
making it the most desirable anode material from purely thermodynamic and
gravimetric viewpoints [10]. Thus, earliest efforts toward developing rechargeable
lithium-based batteries focused on the direct use of lithium metal as the negative
electrode. During the ‘60s and ‘70s extensive research was devoted to non-aqueous
electrolytes, since the high reactivity of lithium precluded the use of water-based
systems. Several solvent—salt combinations were investigated to improve ionic
conductivity and electrochemical stability, including combinations of cyclic and
linear carbonates. A major conceptual breakthrough occurred in the 1970s with the
development of intercalation cathodes. Rather than relying on conversion or
dissolution reactions, these materials can reversibly host lithium ions within an
open crystal structure, while preserving both structural integrity and redox
reversibility. As a results, during the 1970s and 1980s Exxon and Moli, based on
the invention by Whittingham, launched the first rechargeable lithium-metal
batteries (LMB) [11]. However, their commercial deployment was limited by a
series of safety-related incidents, including fires and explosions, which ultimately
prevented the market-scale diffusion of these devices [12]. These issues were
associated with the use of lithium metal at the anode: due to its extremely high
chemical reactivity, lithium readily reacts with the electrolyte [13]. Following the
safety problems associated with rechargeable LMBs, the central challenge became
how to preserve the high energy of lithium-based systems while eliminating
metallic lithium from the cell.

In 1980, when Goodenough introduced layered LiCoO: as a high-voltage (~4—
5 V vs. Li"/Li) intercalation cathode, significantly increasing the energy density of
the system. [14]. LiCoO; possesses a layered structure in which lithium ions can be
reversibly de-intercalated and intercalated while the cobalt redox couple
compensates the charge. Compared with TiS>, LiCoO, offered a much higher
operating voltage, close to 4 V vs. Li*/Li, enabling a substantial increase in energy
density [15]. The decisive step toward modern LIBs was then taken by Akira
Yoshino, who replaced lithium metal with a carbonaceous anode capable of
reversibly hosting lithium 1ons. [16]. Yoshino focused on carbon-based materials
and demonstrated that, when combined with an optimized electrolyte and a LiCoO>

cathode, they could provide reversible lithium insertion without the severe
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degradation problems associated with lithium metal. In this new configuration,
lithium is stored in both electrodes and the cell operates through the shuttling of Li*
ions between two intercalation hosts, giving rise to the so-called rocking-chair
concept that underlies present-day LIBs (Figure 1.6). After further optimization of
electrode shaping and engineering, current collectors, separator materials, and
electrolyte composition, the first commercial LIB was finally introduced in the

market by Sony in 1991, followed by A&T Battery Corp. in 1992.
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Figure 1.6 Schematic illustration of the first Li-ion battery (LiCoQO2/Liquid electrolyte/graphite).
Reproduced and readapted with permission from ref. [17].

1.4 Materials in Li-based batteries

The performance of a secondary lithium-based battery is largely determined by
the nature of its active and inactive materials, chiefly cathode, anode and
electrolyte, which govern the energy density, operating voltage, rate capability,
cycle life, safety, and long-term stability of the electrochemical cell. Since the
earliest stages of their development, major research efforts have been directed

toward the identification of new materials with enhanced performance.
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1.4.1 Cathodes

The active materials used in commercial LIB cathodes generally belong to a
few main families, including layered oxides, spinel oxides, and polyanionic
compounds. These cathode materials can be broadly classified according to their
crystal structure into layered oxides, spinels, and polyanionic compounds, the latter
often adopting an olivine-type framework [18]. Figure 1.7, provides a qualitative

comparison of the main characteristics of some of the most common cathode
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Figure 1.7 Comparison between different types of cathode materials for LIBs. Reproduced and

readapted with permission from ref. [18].

The first commercially successful cathode material was lithium cobalt oxide
(LiCoO,, LCO), introduced in the early 1980s and later employed in the first
commercial LIBs [19]. LCO is a single-phase intercalation material, which gives
rise to a characteristic sloping voltage profile and a relatively high operating voltage
of approximately 4.2 V vs. Li*/Li. Although its theoretical capacity reaches 274
mAh g! under complete lithium extraction, full delithiation induces phase
transitions accompanied by significant mechanical strain, hence the practical
capacity is limited to about 150 mAh g '. To date, LCO is the most successful
cathode material in LIBs for portable devices due to the high theoretical specific

discharge capacity, good cycling and rate performances.
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Although LCO dominated the early rechargeable LIB market, the limited
availability and high cost of cobalt, together with concerns related to its toxicity and
supply chain, rapidly highlighted the need for alternative cathode chemistries,
particularly for heavy, large-scale applications such as hybrid electric vehicles
(HEVs) and stationary energy storage [20]. To reduce or eliminate the use of costly
and toxic cobalt, research efforts shifted toward lithium metal phosphates and
LiNixMnyCo,0>-based cathodes. These materials are now widely regarded as a new
generation of cathode materials, offering the combination of safety, high power
capability, and energy density required to meet the rapidly increasing demands of
large-scale energy storage and transportation applications.

Among polyanionic materials, LiFePO4 (LFP, lithium iron phosphate) stands
because of its prominent advantages, including low cost, great thermal stability,
negligible toxicity and enhanced safety [21,22]. These characteristics make it
particularly attractive for applications where safety, reliability, and durability are
prioritized over maximum energy density. LFP crystallizes in an olivine structure,
in which lithium ions diffuse through one-dimensional channels, consisting of
corner-shared FeO6 octahedra and edge-shared LiOg octahedra, linked together by
PO octahedra (Figure 1.8a). Its electrochemical reaction involves the Fe*'/Fe**
redox couple and produces a characteristic flat voltage plateau at approximately
3.4-3.5 V vs. Li"/Li. The material shows a theoretical specific capacity of 170 mAh
g ! and its lithiation and delithiation proceed through a two-phase mechanism
between LiFePO4 and FePO4, which share the same olivine framework. This feature
assures its excellent reversibility and long cycle life [23]. However, this material
has shown difficulties to reach the theoretical capacity under operation at room
temperature, in addition the current densities to approach theoretical capacities need
to be rather low, suggesting transport limitations of both ions and electrons. These
limitations have been effectively mitigated through particle downsizing, carbon

coating, and electrode architecture optimization [24].

In this context, layered transition metal oxides based on the structure of LiCoO>
were developed. These layered oxides are often referred to as the ‘LiMO»’ structure,
where a single transition metal or a mixture of several transition metals is employed
(M = 3d transition metal, such as Ni, Co, Mn, Fe). Substitution of Co with the more

abundant manganese led to preparation of LiMnO> (LMO). Despite a good

14



theoretical capacity of 285 mAh g ' and a voltage range of 2.5 to 4.3 V, LMO
showed rapid capacity fading, as the material transforms into a spinel structure upon
cycling [25]. Due to the drawbacks of the individual layered materials (e.g., LCO,
LMO), mixing of different transition metals has been proposed as a way to improve
their performance as cathode materials. Reports on different binary layered oxide
materials have shown that TM mixing is beneficial, and ternary oxides have shown
further promise [26,27]. Ternary oxides combining Ni, Co, and Mn are usually
commonly known as NMC (LiNixMnyCo,0>) (Figure 1.8b). Layered NMC oxide
materials can provide gravimetric capacities in the range 200—210 mAh g! in the
voltage range of 3.0—4.3 V vs. Li*/Li.
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Figure 1.8 a) Crystal structures of LiFePOsand FePOu. Reproduced and readapted with permission from
ref. [28] b) Sketched illustration of the crystal structures of NMC811. Reproduced and readapted with
permission from ref. [29].

The rationale behind combining Ni, Co, and Mn lies in the distinct and
complementary properties contributed by each element: Ni mainly provides high
capacity/energy through redox activity, Co improves electronic/ionic transport and
suppresses Li/Ni cation mixing, and Mn provides structural and thermal stabilities
during cycling, particularly by reducing reactivity with the electrophilic electrolyte
solutions based on alkyl carbonate solvents. Nickel-rich NMC compositions, such
as NMC622 or NMCB811, offer improved capacity and are therefore particularly
attractive at present for high-energy applications, especially electric vehicles.
However, increasing the nickel content also tends to reduce thermal stability and

can intensify surface degradation, transition metal dissolution, and interfacial
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reactivity with the electrolyte [30]. As a consequence, the optimization of nickel-

rich layered oxides requires careful control.
1.4.2 Anodes

The properties of the anode strongly affect battery capacity, coulombic
efficiency, charge rate capability, and the overall stability of the cell. In LIBs, the
anode is the electrode that hosts Li" ions during charging and releases them during
discharge. Graphite is the most widely used anode material because of its low
working potential, good reversibility, and long cycle life. Alternative carbonaceous
materials are also explored, as well as composites with low percentages of alloying
metals. However, alternative anodes such as silicon, tin, titanates, and conversion
materials are also being investigated, as they can provide higher specific capacity
or improved safety [31].

As previously mentioned, the most attractive anode remains lithium metall
itself. Lithium metal does not require a host structure and therefore offers the
highest possible specific capacity (3860 mAh™! vs. ~372 mAh g ! of the fully
lithiated graphite) and the lowest possible anode potential [32]. For this reason,
LMBs are often considered as the ultimate configuration for high-energy
rechargeable lithium-based systems.

Before LMB becomes a viable technology, some challenges need to be
overcome, the greatest of which are safety and cyclability. During charge, Li" ions
are reduced and deposited on the lithium metal surface (plating), while during
discharge lithium is removed (stripping). Repeated cycling often causes non-
uniform deposition, leading to mossy or dendritic lithium growth. (Figure 1.9) [33].
These structures may form dead lithium or penetrate the separator, causing internal
short circuits. Moreover, volume changes during plating can fracture the fragile

SEI, exposing fresh lithium and promoting further uneven deposition.
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Figure 1.9 Schematics of the Li stripping/plating process with dendrite growth and related issues.

Reproduced and readapted with permission from ref. [41].
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These unwanted phenomena drastically decrease the performance of LMB,
namely, the charge efficiency by which electrons are transferred in batteries
decrease resulting in low Coulombic efficiency. For these reasons, although lithium
metal is the most desirable anode from a theoretical standpoint, its safe and durable
implementation requires the development of advanced electrolytes and interfaces
capable of regulating lithium deposition and stabilizing the electrode/electrolyte
contact [34]. This challenge has become one of the central research directions in
modern battery science and has strongly contributed to the renewed interest in solid-

state.
1.5 Electrolytes: is Solid the Key?

The remarkable progress achieved by LIBs over the last decades has been
enabled not only by the development of high-performance electrode materials, but
also by the optimization of the electrolyte. In commercial cells, the electrolyte is
typically a liquid solution of a lithium salt dissolved in a mixture of aprotic organic
solvents, such as carbonates, ethers, or esters, impregnated into a porous separator,
offering excellent ionic conductivity at room temperature (RT). Although this
configuration provides high ionic conductivity and good wetting of the electrodes,
it also represents one of the most critical components from the perspectives of
safety, durability, and cost. Indeed, after the cathode, the electrolyte is currently
among the most expensive components of a LIB, and its composition strongly
influences the electrochemical stability and long-term reliability of the cell. In
addition, their high toxicity, flammability, and volatility pose safety hazards related
to risk of leakage, high potential for gas production, in particular in combination
with high energy density Li-metal negative electrodes [35,36]. These issues become
even more critical in large-format batteries intended for electric vehicles and
stationary storage, where the consequences of thermal failure can be tremendous.

The replacement of liquid electrolytes with solid-state electrolytes (SSEs) has
emerged as one of the most promising strategies to address the safety and stability
challenges of current lithium battery technology. In a solid-state battery, the
electrolyte is no longer a flammable liquid but a solid ion-conducting medium,
which can simultaneously act as ionic conductor and physical separator between
the electrodes. This shift in electrolyte architecture is expected to provide several

advantages, including enhanced safety, suppression of leakage, reduced
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flammability, and the possibility of enabling lithium metal anodes, which are

otherwise difficult to stabilize in conventional liquid systems..
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Figure 1.10 The performance comparisons of liquid electrolytes with SSEs, in particular solid polymer

electrolytes and inorganic ceramic ones. Reproduced and readapted with permission from ref. [47]

Solid electrolytes can be broadly divided into two main classes: inorganic
ceramic electrolytes (ICEs) and solid polymer electrolytes (SPEs) (Figure 1.10)
[37,38].

In ICEs, lithium ions migrate by hopping between crystallographic sites within
a rigid anionic or polyanionic framework. The accessible sites for lithium transport
are typically vacancies or metastable interstitial positions, and the overall ionic
conductivity depends on the energy required both to create these defects and to
move lithium ions between them. In this case, the crystal structure plays a decisive
role in defining the transport pathways and the associated activation barriers.

The most widely studied ceramic solid electrolytes include oxide-based and

sulfide-based ion conductors. Oxide families comprise materials with perovskite,
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NASICON, LISICON, and garnet-type structures, while sulfide-based conductors
include thio-LISICON, LGPS, and argyrodite-type materials [39]. Many of the
most conductive ceramic electrolytes are characterized by highly interconnected
three-dimensional diffusion networks, often associated with body-centered cubic
anionic frameworks, which facilitate rapid lithium transport. In these systems, the
conductivity can be further tuned by elemental substitution, which affects the
concentration of defects, the size and connectivity of migration channels, and the
energy barrier for lithium hopping. These materials also present several important
limitations. Their synthesis typically yields polycrystalline materials, in which
individual crystallites are separated by grain boundaries. These interfaces can
significantly hinder lithium transport, especially in oxide ceramics, where grain
boundary resistance is often substantial. Furthermore, the dimensionality of the
diffusion pathways is also crucial: three-dimensional conduction networks are
generally preferred over one-dimensional pathways, which are more easily blocked
by defects or impurities. Even when excellent conductivity is achieved in the bulk
material, the practical implementation of ceramic electrolytes in practical battery
cells remains challenging because of difficulties in electrode/electrolyte interfacial
contact, mechanical brittleness, and the need for dense, defect-free processing.

A fundamentally different approach is represented by solid polymer
electrolytes (SPEs), in which lithium-ion transport occurs through the dynamic
coordination of cations with polar functional groups along the polymer backbone.
In these materials, the dissolution of the lithium salt is driven by attractive ion—
dipole interactions between the ions and the polymer host, which compete with the
electrostatic attraction between cations and anions. The discovery of the first ion-
conducting polymer systems in 1973 by Wright and co-workers marked the
beginning of a major research field aimed at developing polymer electrolytes with
1onic conductivity approaching that of liquid or aqueous systems [40].

The technological relevance of solid electrolytes is also reflected by their
progressive translation from academic research to industrial development. A
notable example is represented by the French company Blue Solutions, which has
commercialized one of the first solid-state lithium batteries based on lithium metal
polymer (LMP) technology. According to the company, these batteries employ a
solid polymer electrolyte based on PEO and lithium salts, with no liquid or gel

phase present, and use a lithium metal foil as the negative electrode together with a
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LiFePOys positive electrode. This configuration is particularly attractive because it
combines the intrinsic safety benefits of a solid electrolyte with the very high
theoretical capacity of metallic lithium, thereby enabling a potentially higher energy
density than conventional graphite-based lithium-ion cell. Indeed, Blue Solutions
undertakes to create a sustainable value chain where over 80% of the cell metal
components are re-used or recycled [41].

All-solid-state lithium metal batteries (SS-LMBs) are widely regarded as one
of the most transformative directions in next-generation EES, with the potential to
redefine the standards of safety, durability, and energy density. Their promise has
sparked intense interest across both academia and industry, driving major efforts
toward the design and optimization of solid-state electrolytes as the cornerstone of
this technological breakthrough. Yet, despite their enormous potential, critical
scientific and engineering challenges must still be overcome before SS-LMBs can

rival, and ultimately surpass, conventional liquid-based battery systems.
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Chapter 2

Polymer-based  Electrolytes for
Lithium Metal Batteries

2.1 Polymer-based Electrolytes driving the liquid-to-solid
transition

Considering the status of conventional LIBs, the non-solid component is the
liquid electrolyte, being a combination of flammable solvents, such as ethers or
carbonates, additives and alkali metal salt. The replacement of liquid electrolytes
with solid state alternatives (ceramic, polymer or composite) is necessary for the
development of fully solid-state batteries [1-3]. Solid polymer electrolytes, which
are made of a polymeric matrix and lithium salts, have emerged as a promising
candidate due to their intrinsic advantages, including improved safety, ease of
synthesis, low cost, mechanical adaptability and suitability for manufacturing
process at scale [4,5]. Thus, polymers such as polyethylene oxide (PEO) have
gained significant attention as a polymer matrix since the 1970s, thanks to the
oxygen in the polymeric chain, being able to coordinate Li", allowing the hopping
mechanism to let the cation move through the system, while enhancing the
solubility of the lithium salts [6]. Considering the main research topic of this PhD
the development of advanced SPEs, following a brief discussion on key features for
their electrochemical performance, a summary is given on the status of polymer
matrixes commonly employed in LMBs. Finally, the main strategies to improve the
properties of SPEs are presented. Main text and reported figures in this Chapter are
reproduced and readapted from the review article submitted and under review at the

time of writing of this manuscript: F. Gambino et al., Shaping the “solid-state
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lithium metal battery era” with polymer-based electrolytes, Electrochem. Energy

Rev. (2026), under review.

2.2 Key features for electrochemical performance

Among numerous solid-state electrolyte systems that have been studied and
proposed for applications in ASSBs, SPEs are the most promising candidates for
enabling safe and practically up-scalable devices. Despite great potential offered by
their mechanical properties and much easier handling compared to inorganic
electrolytes, a viable industrial-scale production of SPEs still needs to face some
key challenges (Figure 2.1). These include achieving ionic conductivity of 1
mS-cm ! or above at ambient temperature, a wide electrochemical stability window
(ESW), high lithium-ion transference number (tri+) approaching unity, and
mechanical robustness sufficient to suppress lithium dendrite growth [7]. Each of
these parameters not only dictates the electrolyte’s fundamental transport properties
but also governs the electrochemical efficiency, safety, and mechanical integrity of
the resulting battery cell. However, enhancing one of these properties often

compromises others, making the optimization process a difficult task.

Lit@  Anion” O

(a) lonic Conductivity (b) Transference Number (c) Electrochemical
Stability

(d) Thermal and (e) Mechanical
Chemical Stability Properties

Figure 2.1 Schematic illustration of the main electrochemical parameters and physicochemical

characteristics governing the performance of solid polymer-based electrolytes.

Ionic conductivity (6) and Li" ion transference number (tLi+)

Ionic conductivity is amongst the most critical parameters in assessing the

26



practical operation of a given SPE. It determines the rate at which ions migrate
through the polymer matrix, which in turn impacts the charge/discharge rate and
the overall battery power capability. In polymer electrolytes, ions typically move
through a segmental motion-assisted hopping mechanism, where lithium ions
coordinate to and migrate along the polar sites of the polymer backbone within the
amorphous phase [8]. For practical applications, especially at RT, a minimum
conductivity threshold of 10™* S-cm™! is typically required. Common electrolytes
display a high degree of crystallinity and the compact chain packing in
semicrystalline domains typically prevents from efficiently transporting lithium
ions, leading to low ionic conductivity at lower temperatures. Thus, the ionic
conductivity of SPEs is generally lower than 10™* S-cm™! due to restricted polymer
chain mobility, which consequently hinders ion transport through the bulk of the
electrolyte. In some cases, poor lithium salt solubility and inefficient charge transfer
at the electrode-electrolyte interface further exacerbate the problem [9]. Operating
at temperatures above 40°C can partially alleviate these issues, but such harsh
conditions could be detrimental to the overall cell functioning, as higher
temperatures can accelerate decomposition, degrade mechanical properties, and
pose limits for safe and practical battery cell operation [10].

While ionic conductivity is a measure of the electrolyte capability to conduct
electricity via ion motions, the individual contribution of a particular ionic species
to the total current can only be dissected by considering the ion transference
number. The lithium-ion transference number (tLi+) quantifies the fraction of the
total ionic current carried by lithium ions. In conventional dual-ion SPEs, both Li*
cations and counter-anions are mobile; however, in an ideal scenario, only Li"
should participate in charge transport to maximise its efficiency. Indeed, low
transference numbers result in concentration polarization and non-uniform Li
deposition, ultimately compromising battery efficiency and safety [11]. Ideally,
t,;+= 1, meaning the anions are fully immobilized, and only Li* ions contribute to
charge transport, thereby minimizing concentration gradients and ensuring
homogeneous lithium plating and stripping.

Two common methods are used to determine ¢;;+:

1. Evans, Vincent and Bruce proposed an electrochemical method that uses a
symmetrical Li|[SPE|Li cell under a small DC polarization (~10 mV). The

transference number is then calculated by:
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__ Is(AV—1IyRy)

buir = Io(AV— IRy) [Eq 1]
where Ip and I are initial and steady state current, Ro and R are initial and

steady state resistance, and AV is the applied voltage.

The Pulsed Field Gradient NMR is a non-electrochemical method that
determines the diffusion coefficients of Li* and anion (D+ and D-) with ¢ ;+

calculated as:

— _Ds
Lt = Do+ D [Eq 2]

However, this method assumes negligible ion pairing or ion-ion
correlations, an approximation that may not hold in concentrated or highly
coordinated polymer electrolyte systems.

It is important to emphasize that different experimental approaches probe
different definitions of t;;+. The electrochemical method provides an apparent
steady-state value derived from macroscopic polarization behavior, whereas
PFG-NMR yields a self-diffusion-based estimate that neglects ion-to-ion
correlations. None of the two methods directly measures the true
thermodynamic transference number, which formally depends on correlated ion
motion and activity coefficients. Therefore, transference numbers obtained by
different techniques are not strictly equivalent and should be compared with
caution, particularly in concentrated or highly coordinated solid polymer

electrolytes where ion correlations are significant.

Electrochemical stability window (ESW)

The electrochemical stability window (ESW) is the potential range over which

the electrolyte is thermodynamically and kinetically stable against electrochemical

oxidation and reduction, thus avoiding the onset of faradaic decomposition

reactions, mainly occurring at the electrode/electrolyte interfaces. Extending as

much as possible the ESW is particularly important to ensure stable and reliable

operation when the electrolyte is coupled with high-voltage cathode materials. For

example, poly(ethylene oxide) (PEO), one of the most studied SPE materials, has

an upper voltage limit in the range of 3.8—4.0 V vs. Li"/Li [12]. It poses concerns

in coupling with high-energy 4V-class cathode materials, thus restricting its use to
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materials such as lithium iron phosphate (LiFePOs, or LFP), thus limiting the cell
energy density due to its relatively low operating voltage. Improvements in
oxidative (anodic) stability are essential for extending the use of polymer
electrolytes to cathodes such as layered lithium transition metal oxides or spinels
(e.g., LiNixMnyCo1.x.yO2 - NMC, or LiNixMn2.xO4 - LNMO), thereby allowing the
development of high-energy density ASSLIMs.

Thermal and chemical stabilities

The structural integrity of SPEs must be preserved even under elevated
temperatures to guarantee safe battery operation even in case of unexpected internal
thermal events. The thermal stability of SPEs is typically evaluated using
thermogravimetric analysis (TGA), with the desired performance exhibiting
minimal mass loss or shrinkage below 150-200 °C.

The electrolyte must also show chemical stability, thus resisting degradation
when in contact with reactive electrodes (e.g., Li metal and high-voltage cathodes)
or other species that may be present within the cell environment. A poorly stable
electrolyte can undergo decomposition processes and follow highly reactive
pathways, which can eventually lead to gas evolution, thus posing safety risks while
also reducing battery lifetime. Whether driven by electrochemical, chemical,
thermal, or mechanical factors, degradation processes can jeopardize the long-term
stability and the overall battery performance [13].

A comprehensive understanding of the underlying mechanisms at the molecular
and interfacial levels is essential for outlining rational design strategies that can

control and inhibit SPE degradation and improve their long-term chemical stability.

Mechanical integrity and interfacial compatibility

Mechanical integrity is critical to preventing lithium dendrite penetration and
ensuring structural stability during cycling. Characterization is typically carried out
using tensile testing and dynamic mechanical analysis (DMA), which provide key
mechanical parameters such as Young’s modulus, tensile strength, and elongation
at break. High-modulus SPEs (>1 GPa) are often more effective in suppressing
dendrites growth, however, excessive rigidity can compromise flexibility and
interfacial contact with electrodes. Hence, achieving an optimal balance between

toughness and flexibility is essential. Additionally, robust mechanical properties are
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fundamental to ensuring adequate processability during battery manufacturing.
Interfacial compatibility refers to the ability of the SPE to form intimate and
stable contact at the electrode surfaces. Insufficient adhesion leads to high
interfacial resistance and can cause uneven lithium plating/stripping. This
behaviour is typically assessed using electrochemical impedance spectroscopy
(EIS) and morphological analysis (e.g., SEM). Tailoring polymer chemistry or
adding interface stabilizing or SEI forming additives is a common approach to

enhance interfacial compatibility.

2.3 Common polymers for Li-metal batteries
In this section, the most common neat polymer systems used in SPEs are
described, some of the sketched molecular structures of which are shown in Figure
2.2. Additionally, related main properties and electrochemical characteristics are

summarised in Table 2.1.
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Figure 2.2 Sketched chemical structures of common polymer matrix employed in SPEs.

Poly(ethylene oxide) — PEO and polyethers. Among the various polymeric

systems explored as SPEs, polyethers remain the most widely studied, with
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poly(ethylene oxide) as the most representative example. Since the 1970s, PEO has
attracted considerable attention due to its distinctive —CH>—CH—-O- (EO)
backbone, the ether oxygens of which strongly coordinate Li* (and Na") and
promote salt dissociation. The first evidence of significant ionic conductivity in
PEO-salt complexes was reported by Fenton, Parker and Wright in 1973 and soon
inspired Armand’s vision of thin-film polymer batteries, which set ~10">107* S
cm ' as the minimal practical ionic conductivity threshold. Despite its relatively
low dielectric constant (¢ ~ 5), PEO can dissolve a broad range of lithium salts
[14,15]. The oxygen atoms contained in the backbone show high affinity for lithium
ions, allowing a favorable coordination that promotes lithium salt solubility and

enables cation transport via a hopping mechanism (see Figure 2.3) [6,16].
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Figure 2.3 Schematic of the ion transport in the polymer amorphous phase via segmental motion-assisted
hopping.

In this process, the free Li* ions released from the dissolved salt transiently
coordinate with ether oxygen atoms along the polymer backbone. Ion transport
occurs as Li" ions hop from one coordination site to another, both within and
between polymer chains [8]. Although such strong Li-O complexation enhances
salt solubility, it simultaneously restricts polymer segmental mobility, which is vital
for effective ion transport. The result is a stable coordination structure that
effectively hinders ion mobility, yielding low tLi+ (typically in the range of 0.1-0.2,
viz. extremely far from unity for PEO-based SPEs). [17]. Furthermore, the high
crystallinity of PEO at ambient conditions (T < 60°C) yields a rigid polymer
structure with low chain mobility that negatively affects Li" hopping and mobility,
representing a primary cause of its poor ionic conductivity at RT (~10® S cm™ for
PEO-LiTFSI, lithium bis(trifluoromethanesulfonyl)imide, far below the targeted
~10% S cm™! threshold) [17-19]. Its semicrystalline morphology accounts for

closely packed domains that obstruct access to efficient ion-transport pathways.
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In addition, PEO-based SPEs typically exhibit narrow operating windows
below 4 V vs. Li*/Li, largely due to degradation of the ether backbone. These
irreversible oxidative degradation processes at the cathode/electrolyte interface
significantly reduce the cycle life of PEO-based SPEs paired to high-energy 4V-
class cathodes, such as LCO or NMC [20]. Despite its historical relevance and
favourable salt-solvation ability, pristine PEO suffers from several intrinsic
limitations that hinder its widespread use as a standalone SPE material.

For these reasons, pristine PEO electrolytes have largely been replaced by more
advanced formulations designed to disrupt the crystalline phase, weaken the strong
Li-O coordination, and tune the PEO-anion interactions and reactivity. Such
strategies collectively aim to enhance key performance metrics and bring PEO-

based SPEs closer to practical viability in ASSB systems [21].

Polycarbonates. As reported in the literature, different families of polymers
have been explored as alternatives to PEO as matrices for fabricating SPEs. Among
these, aliphatic polycarbonates (pCs) are gaining popularity due to their amorphous
nature and similar structure to organic-based solvents employed in traditional (e.g.,
ethylene carbonate EC, propylene carbonate PC, and dimethyl carbonate DMC)
[22-30]. pCs such as poly(ethylene carbonate) (pEC), poly(propylene carbonate)
(pPC), poly(caprolactone-co-trimethylene carbonate) [p(CL-co-TMC)] have been
exploited in lithium-based batteries with encouraging outcomes even at RT. In
addition, polycarbonate-based electrolytes show good electrochemical stabilities,
such as anodic oxidation threshold at voltages as high as 5 V and the ability to
protect the cathode current collector [23]. Similarly to PEO, the high dielectric
constants of pCs are beneficial to salt dissociation and solubility. In contrast to the
strong Li-O coordination observed in polyethers, the weaker dipole moment of
carbonate groups in pCs results in less pronounced Li" polymer interactions,
thereby promoting higher ion transport [31]. Indeed, the tLi+ for pC-based systems
is typically in the range of 0.4—0.6 with LiTFSI/LiFSI salt [32]. Ion transport
properties in pCs are extremely sensitive to both the type and concentration of
lithium salt employed [33]. Unlike polyethers, where high salt concentrations often
lead to phase separation or increased crystallinity, tuning the salt content and anion
identity in pC matrices can be advantageous. Some anions, such as TFSI, can exert

plasticizing effect in the carbonate matrix, lowering the T, and reducing the
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crystalline fraction, thereby favoring ion mobility. For example, increasing the
LiTFSI concentration to 80 wt.% (polymer-in-salt instead of salt-in-polymer) in
pEC-based formulations has been shown to boost ionic conductivity to ~ 107>
S-em™! at 30 °C [32]. While attractive for their high dielectric constant and ability
to dissolve lithium salts, pure pCs face poor chemical stability against lithium
metal, often leading to reduction at the interface and formation of unstable, resistive
interphases. In addition, their limited mechanical strength can further promote

dendrite penetration and poor cycling.

Polyacrylonitriles. Poly(acrylonitrile) - PAN is a well-established polymer host
for SPEs in lithium metal batteries. Its promising application stems from the high
polarity of its nitrile functional groups (—C=N), which facilitate lithium salt
dissociation and provide favorable ion transport properties. Compared to PEO,
PAN demonstrates superior electrochemical stability and mechanical robustness,
key attributes for maintaining structural integrity and suppressing lithium dendrite
formation [34]. The thermal and oxidative stability allows PAN to operate across a
wide ESW, with anodic breakdown voltage often above 4.5 V vs. Li*/Li, which is
advantageous for high-voltage cathode applications [35]. Despite their promising
features, PAN-based SPEs have notable limitations that hinder their application.
One of the major concerns is the chemical instability arising from spontaneous side
reactions between the —C=N group and Li metal [36]. These reactions lead to the
formation of resistive interfacial layers on the Li surface, increasing resistance and
limiting ion transport during cycling, ultimately compromising long-term
performance. Nonetheless, the semicrystalline nature of PAN is the main factor
responsible for its low ionic conductivity at room temperature (in the order of

107%-107° S cm™), as the restricted chain mobility hampers ion transport [37,38].

Polysiloxanes. Silicon-based polymers have attracted growing interest as
alternatives to conventional SPEs, partly enabled by silicon ability to form carbon-
analogous polymer architectures, while the Si—O framework provides distinct
advantages in flexibility and interfacial/thermal stability. While silanes containing
Si-Si bonds lack sufficient stability for electrochemical applications, siloxanes,
which are characterized by robust Si-O bonds, form polymers with excellent

chemical, thermal, and electrochemical stabilities [39,40]. First introduced in the
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1980s as alternatives to polyethers, polysiloxanes (pS) were investigated for their
high chain flexibility and low Tg both of which promote ion mobility.
Unfortunately, early studies showed that, unlike polyethers, the relatively non-polar
siloxane backbone leads to weaker lithium-ion coordination and poor lithium salt
solubility, thereby limiting charge carrier density and suppressing ionic
conductivity [41,42]. To overcome these intrinsic limitations, various chemical
functionalizations and composite design strategies have been developed to enhance
ionic conductivity while preserving the excellent thermal and chemical stability of
polysiloxanes.

One of the most compelling advantages of pS lies in the inherent safety and
stability. The inorganic-like Si-O-Si backbone imparts non-flammability, non-
toxicity, and excellent thermal resilience, enabling operation at elevated
temperatures and improved tolerance to thermal runaway. In addition, pS-based
SPEs exhibit good electrochemical stability against lithium metal and can operate
atvoltagesup to 5 V vs. Li*/Li, making them compatible with high-voltage cathodes
[43]. However, their inherently soft and flexible nature, while advantageous for
flexible or stretchable battery configurations, is typically insufficient to suppress
lithium dendrite growth in LMBs.

Single-ion conducting polymers. Conventional SPEs, formed by dissolving
lithium salts with small and mobile anions into a polymer host, operate as dual-ion
conductors. In such systems, both lithium cations and counter-anions migrate in
opposite directions under the effect of an electric field. This bidirectional ion
movement leads to salt concentration gradients, leading to concentration
polarization, diminished electrochemical performance, and ultimately premature
cell failure [44]. For most commonly used polymer electrolytes, tLi+ remains below
0.3, which exacerbates these effects and contributes to uneven lithium deposition
during cycling. According to the theoretical model developed by Newman, the
cation transference number was identified as a critical parameter for suppressing
ion concentration gradient and mitigating dendrite growth [45]. An effective
strategy to improve tLi+ is to immobilize the anions by directly binding them to the
polymer backbone [46]. This immobilization allows the system to behave as a
lithium single-ion conductor (SIC), with tLi+ approaching unity, thereby minimizing
concentration polarization, dendrite formation, and promoting uniform lithium

deposition during cycling [47].
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Synthetic approaches to single-ion conducting polymer (SICP) electrolytes can
be broadly categorized into three methodologies, which include i) covalent
attachment of anions to organic polymer backbones, ii) grafting anionic units onto
inorganic backbones to form organic-inorganic hybrids, and iii) the use of anion-
trapping agents to effectively immobilize anions within dual-ion conducting
systems [53,72]. Incorporating TFSI or fluorosulfonylimide (FSI)-type tethered
anions led to a 100- to 1000-fold increase in the ionic conductivity of SICPs
compared to those with sulfonate or borate groups. Even though these anions
weakly interact with lithium cations, the homopolymers still exhibit relatively high
Tg, typically above 90 °C.

To address these limitations, researchers have pursued two main design
strategies, which include copolymerizing the ionic monomers with neutral
monomers bearing long, flexible oxyethylene chains, such as poly(ethylene glycol)
methyl ether methacrylate (PEGM) [50], or synthesizing triblock copolymers, in
which ionic segments were grown from central polyethylene oxide blocks of
tunable molecular weights [51].

Table 2.1 Most common polymer hosts for SPEs with their main electrical/electrochemical features (ionic
conductivity, lithium transference number, and ESW).

ESW (Vvs. Advantages/

cem-! .
SPE ¢ (Sem™) Li/Li)  Disadvantages  “°F
107-10°6 Strong electron donating
- _ ability/Semi-crystalline,
Poly(ethers) (25°C) 0.1-0.3 ~4.0V | ionic conductivity and [52,53]
ILi+
High dieletric constant and
109-10- b.lo(;.ve;/ Iéi**poly{)rller
- inding/Susceptible to
Poly(carbonates) (30°C) ~0.5 ~45V thermal and chemical [54]
degradation
(depolymerization)
Excellent oxidative
101073 stability, good ionic
Poly(acrylonitriles) o 0.2-03 >4.5V  conductivity/C=N group  [35]
(25 C) can react with lithium
metal
1078 10- p High #.;+ and reduced
- dendrite formation/Low
SICPs (600C) ~0.9 ~4V ionic conductivity and [5 1 ’55]

complex synthesis
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High chain flexibility and
Poly(siloxanes)  105(25°C) 03-0.6 ~5V good thermal and [56]

chemical stability/Low
mechanical strength

2.4 Incorporating physical modifications to enhance

ion transport and electrochemical stability

This section highlights physico-chemical modification strategies used to
overcome the intrinsic limitations of neat polymer electrolytes in ASSLMBs

(Figure 2.4).

Physico-chemical Modifications
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(a) Plasticizers and (b) Inorganic fillers and
salt modulation functional additives
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(c) Polymer blends

Figure 2.4 Representation of common physico-chemical modification strategies: (a) plasticizers and salt

modulation; (b) inorganic and functional fillers; (c) polymer blends.
2.4.1 Salts modulation and plasticizers

To date, PEO is still regarded as the most attractive polymer hosts for solid
polymer electrolytes, owing to its excellent ability to solvate lithium salts.
Accordingly, a wide variety of PEO-LiX systems have been investigated (Figure
2.5), beginning with early studies employing salts such as LiClOs. In general, a

clear relationship has been established between the use of bulky, weakly
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coordinating anions and enhanced ionic conductivity. Compared with
conventionally used salts, such as LiBF4 and LiPFs, more recent generations of
lithium salts containing more delocalized and bulkier anions such as
trifluoromethanesulfonate (TFS™), bis(trifluoromethanesulfonyl)imide (TFSI),
bis(fluorosulfonyl)imide (FSI"), as well as more recently developed fluoroborate-
based anions [18], have demonstrated improved solubility, wider ESWs, and higher

ionic conductivity.
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Figure 2.5 Evolution of lithium salts from the early LIB stages to the most recent literature reports.

More recently, a new generation of lithium salts has been developed in which
the terminal —CF3 group of conventional fluorinated anions is replaced by a longer
perfluoroalkyl chain. Armand et al. proposed the utilization of a Teflon-like anion,
bis(n-nonafluorobutanesulfonyl)imide  ([(n—C4F9SO2)N]~  (LiCsCs)  [57].
Mechanistic investigations, supported by chemical simulations and X-ray
photoelectron spectroscopy (XPS) analyses, have suggested that the reductive
decomposition of the corresponding NFSI-based anions leads to the formation of
fluorinated oligomeric/polymeric species, together with LiF, within the SEIL In
particular, the generation of fluorinated fragments of the type (—CFx—CFx)a,
combined with LiF-rich domains, is believed to significantly improve the
mechanical and chemical stability of the resulting interphase [58]. The development
of lithium salts for polymer electrolytes has progressively evolved from
conventional conducting salts toward engineered salts, in which the anion is
molecularly designed not only to dissociate efficiently, but also to control ion

transport and polymer—salt interactions. In this context, lithium salt with ether-
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functionalized anion (LiEFA) is a representative example of this new design
strategy. Owing to the charge-delocalized sulfonimide center and the presence of
an electron-withdrawing —CF3 group, the EFA anion behaves as a weakly
coordinating species, favoring Li" dissociation. At the same time, its ethylene oxide
(EO) unit promotes structural compatibility with PEO, enabling specific polymer—
anion interactions and inducing nanoscale self-agglomeration of the anions. This
combination suppresses anion mobility while maintaining efficient lithium
transport. As a result, LIEFA/PEO electrolytes exhibit highly selective Li* ion
mobility, with a Li-ion conductivity of 1.2 x 10* S cm™! and an anionic
conductivity significantly lower than that of analogous LiTFSI-based systems [58].

In parallel with salts modification, plasticization is widely used strategy to
improve the ionic conductivity of SPEs. By increasing the amorphous phase
content, plasticizers can elevate polymer chain mobility and facilitate the
dissociation of ion pairs, leading to a higher population of free Li" ions available
for conduction [59]. Nitrile-based additives have attracted significant attention in
the development of advanced lithium battery electrolytes due to their high thermal
and electrochemical stabilities and demonstrated enhancement in Li" conduction.
Succinonitrile (SN), a widely employed plasticizer, is an organic, non-ionic
compound that exhibits a plastic crystal phase within the temperature range of —40
to 60 °C. The presence of lattice defects in SN due to trans-gauche isomerism
lowers the activation energy and enhances ionic conduction in the electrolyte. The
high polarity of SN (dielectric constant ~ 56) enables it to dissolve various types of
salts. SN is also prone to sublimation and may exhibit poor thermal stability, this
issue being largely restrained when it is incorporated into a trap polymer matrix
able to prevent unwanted sublimation [60]. An appropriate compromise between
high ionic conductivity and sufficient mechanical stability can be achieved by
optimizing the polymer/SN ratio [61].

Beyond solid plasticizers, room temperature ionic liquids (RTILs) have also
become highly popular in the battery field for their ability to modulate the
crystallinity of polymer-based electrolytes [62,63]. Unlike molecular solvents,
which have high ionic conductivity but are volatile and highly flammable and
therefore inherently unsafe, RTILs with enhanced thermal stability have been
shown to dissolve lithium salts and improve the ionic conductivity of PEO-LiX.

The selection of an adequate RTIL is crucial to achieve optimal compatibility with
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the lithium metal anode. For example, RTILs based on the 1-ethyl-3-
methylimidazolium (EMI) cation have many desirable properties, which
includelow viscosity, wide ESW, and high ionic conductivity, but also poor stability
toward Li metal. Other systems consisting of N-alkyl-N-methylpyrrolidinium
cations and bis(trifluoromethanesulfonyl) imide anions (PyrnnTFSI) have high
ionic conductivity and wide ESW, and can be combined with PEO, resulting in
freestanding, easy-to-handle membranes with high conductivity at moderate

temperatures [64].
2.4.2 Polymer blends

Polymer blending is considered an effective strategy to optimize
electrochemical features of SPEs. Different types of polymers can be selected
according to different type of applications [65]. Combining semicrystalline
polymers like PEO with more amorphous ones can disrupt crystalline domains,
increase the amorphous content, and enhance Li" mobility. Polycarbonates are often
incorporated into PEO-based physical blends to achieve dual benefits: improving
oxidative stability and lowering the T,. In one representative formulation, PEO was
blended with 50 wt.% pPC and LiTFSI ([EO]:[Li] = 18:1) [66]. The blending of
PEO with amorphous pPC effectively increases the proportion of amorphous
regions and inhibits the crystallization of PEO (Figure 2.6a). The DSC curve and
related data indicate that as the content of pPC increases, the Ty and yc of the
electrolyte start to decrease, reaching a minimum at the content of 50% PPC, lower
Ty and yc are generally advantageous to the polymer electrolyte for batteries
(Figure 2.6b). In particular, the crystallinity progressively declined from 48.07 to
22.10 % as pPC content exceeded 50 wt.%, while T, dropped from —35. to —41.3
°C, enhancing segmental motion and ionic transport. Since the decrease in
crystallinity promotes the migration of Li* in the amorphous region, the ionic
conductivity is effectively improved. The resulting electrolyte showed a doubled
ionic conductivity compared to neat PEO, reaching 2.04 x 107> and 2.82 x 107*
S-em™! at 25 and 60 °C, respectively. Moreover, the ESW increased from 4.25 V
(neat PEO) to 4.9 V vs. Li"/Li, and Li plating/stripping tests showed lower

interfacial resistance.

39



Neat PEO-hased SPE PEO/PPC BSPE

® Li- [ Amorphous region ||| Crystalline region = PEQ PPC
PEO-LITFS1{S0%)PPC
2 G
E PEO-LITFSI-(30%)PPC
B
| _g PEO-LIiTFSI-20%)PFIC
s
]
b1 PEO-LITFSL(10%)PPC
<~
PEO-LITFSI

60 40 20 0 20 40 60 80 100
Temperature (°C)

Figure 2.6 Schematic illustrations of neat PEO-based SPE and PEQ/PPC blended SPE (a). DSC profiles
of the PEO-PPC blend (b). Reproduced and readapted with permission from ref. [66].

Similarly, Li et al. prepared a new type of blended polymer by mixing
microcrystalline PVDF-HFP with PEO using a solvent casting method [67].
Thermal analysis of the SPE revealed that the crystallinity of PEO-PVDF-HFP
greatly reduced compared to neat-PEO. The addition of PVDF-HFP breaks up the
chain structure of the PEO crystalline region and increases the amount of
amorphous phase, thus promoting the Li" migration and improving the conductivity

of the electrolyte.
2.4.3 Inorganic additives

Inorganic fillers are widely used to boost the performance of SPEs by increasing
ionic conductivity, enhancing mechanical robustness, and improving
electrochemical stability. Typical ceramic oxides include TiO», Al,O3, SiO2, and
ZrO, which can suppress polymer crystallinity, reinforce the electrolyte matrix,
and in some formulations facilitate Li* transport while broadening the ESW. Two
primary mechanisms have been identified as key for conductivity enhancement: (1)

salt dissociation via Lewis acid-base interactions established between the fillers and
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the electrolyte anions, thus promoting salt dissociation and increasing free Li*
concentration; (ii) disruption of polymer crystallinity as a result of the local
reorganization induced by the fillers, thereby favoring chain segmental motion and
facilitating ion transport [68]. The pioneering work of Weston and Steele in 1982
demonstrated the potential of inorganic fillers by incorporating a-Al,Os3 into a PEO
matrix, resulting in a significant increase in ionic conductivity [69]. Since then,
numerous fillers, such as Si0; [70], AbO3 [71], CeO2 [72], ZnO [73], ZrO2[74] as
well as novel advanced materials, like covalent organic frameworks (COFs) [75]
and metal-organic frameworks (MOFs) [76], have been explored in recent years.
Tambelli et al. further confirmed the benefits of using Al2Os as a filler, observing
that incorporating alumina effectively reduced the T, and crystallinity of PEO [77].
Song et al. designed a PEO-based composite polymer electrolyte (CPE)
incorporating SN and two-dimensional y-Al>O3 nanosheets to overcome the low
ionic conductivity and limited Li* mobility typical of conventional PEO electrolytes
[78]. The y-Al>O3 nanosheets enhanced lithium salt dissociation and promoted Li*
transport through Lewis acid-base interactions, resulting in a high ionic
conductivity of 2.02 x 10™* S cm™* at 25 °C. A Li-metal cell using a LFP cathode

exhibited remarkable electrochemical performance at 60 °C.

2.5 Restructuring the polymer chemical frameworks
towards tailored electrochemical features

Considerable efforts have been directed toward molecular engineering of
polymer electrolytes to overcome the intrinsic limitations of conventional SPEs. By
redesigning polymer backbones and side chains, key parameters can be
simultaneously tuned, which include segmental dynamics, Li* coordination and
transport pathways, mechanical integrity, and interfacial stability against high-
energy 4V-class cathodes. This section surveys the main chemical modification
strategies, illustrated in Figure 2.7, including copolymerization, grafting,
crosslinking, and the introduction of ion-conducting or ion-coordinating
functionalities. Such structure-driven design enables SPEs with deliberately
tailored electrochemical responses, supporting safer, higher-performance, and

durable ASSLMBs.
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Chemical Modifications
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Figure 2.7 Schematic representation of possible chemical modification strategies reviewed in this

work, including: (a) anion immobilization, (b) crosslinking, (c) copolymerization or grafting.
2.5.1 Chemical immobilization of anion

Despite the advantages of the various SPE systems discussed in the previous
section, conventional salt-in-polymer electrolytes remain affected by several
important limitations. These materials are classified as dual-ion conductors,
meaning that both cations and anions are mobile within the polymer host matrix
(Figure 2.8a). However, lithium 1ons typically exhibit lower mobility than their
corresponding anions. This imbalance in ion transport can lead to the development
of concentration gradients across the electrolyte during repeated charge and
discharge cycles. Single lon Conducting Polymers (SICPs) have emerged as one of
the most promising strategies for improving the effective current delivered by the
cell while mitigating issues associated with anion accumulation at the
electrode/electrolyte interface [51]. In this class of materials, the anionic moieties
are chemically immobilized within the polymer framework, whereas only the
lithium cations remain mobile. As a result, ion transport is predominantly carried
by Li', which can significantly reduce concentration polarization and enhance
electrochemical performance. Incorporating lithium ions directly into the polymer
structure, rather than relying on lithium salt dissolution, results in a high lithium
transference number (7.i+ ~0.8). Specifically, McCloskey and coworkers found that

a modest increase in 7.+ is beneficial for achieving a higher state of charge in
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batteries, even if overall conductivity is reduced [79]. Current strategies for
synthesizing SICP electrolytes mainly involve two approaches: covalently binding
the anions to the polymer backbone and covalently attaching anionic groups to
inorganic frameworks to form organic-inorganic hybrid structures [80] (Figure

2.8b).
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Figure 2.8 Illustration of dual-ion vs. single-ion conductor (a). Method to achieve single Li* ion transport
features: polyanions and organic/inorganic hybrid (b).

Binding the anion to a polymer backbone. Two primary strategies are used to
synthesize SICP electrolytes with polymer backbones, viz. 1) polymerizing
monomers that contain lithium salts, and 1i1) chemically modifying pre-existing
polymers. For polymerizing lithium salt monomers, the monomer must contain a
functional group capable of undergoing polymerization, typically an acrylate,
methacrylate, or styrene group. The polymerization is conceptually simple: it starts
with the addition of an alkali metal salt to a monomer containing polymerizable
groups; then, cation exchange is performed, replacing the alkali ions with Li" ions
to produce a lithium salt monomer; eventually, a polymerization reaction is
conducted to synthesize the SICP electrolytes. A recently synthesized SICP
electrolyte, i.e., lithium poly[(cyano)(4-styrenesulfonyl)imide] (LiPCSI), exhibits
an extremely high 7.+ of 0.84 as well as an oxidation potential exceeding 5 V vs.
Li"/Li due to the presence of a highly delocalized anion moiety and oxidation-
resistant cyano groups [81].

However, the SICP electrolytes obtained from these strategies often exhibit

regions where Li" cannot readily move, leading to very low conductivity. The

43



partial incompatibility between ionic and neutral blocks can result in a microphase-
separated morphology, causing the formation of nanoscale domains and
concentrating the ionic species inside the ion-conducting channels [82]. To
overcome this issue, other polymers with Lewis base groups (such as EO groups)
are co-polymerized or blended to help dissolving and transporting Li*.

SICPEs with inorganic backbone. An organic-inorganic SICP electrolyte is
realized when inorganic moieties constitute the main backbone (e.g., siloxane-,
phosphazene-, or borate/oxide-rich frameworks) and are covalently linked to
organic segments. Unlike conventional “salt-in-polymer” SPE, these materials
enable decoupling of mechanical integrity from ion transport through rational
backbone design, side-chain engineering, and controlled crosslinking. In parallel,
nano-sized inorganic building blocks and hybrid domains (including in situ-formed
clusters or grafted nanoparticles) can be integrated to further enhance salt
dissociation, suppress crystallinity, and reinforce the electrolyte without sacrificing
processability. Overall, inorganic-backbone SICPs offer a versatile platform to
combine close-to-unity #1;-, improved thermal/mechanical robustness, and tuneable

interfacial chemistry for ASSLMBs.
2.5.2 Crosslinking methodologies

Polymer crosslinking is commonly implemented either by thermal activation of
initiators or by UV-induced photopolymerization, both of which generate reactive
species (typically radicals) that form covalent bonds (bridges) between polymer
chains, typically yielding a robust three-dimensional (3D) network. Beyond
improving mechanical integrity, crosslinking can suppress chain packing and
crystallization, increasing the amorphous fraction, and, consequently, facilitating
segmental dynamics and ion transport. Importantly, the crosslinking density
provides a practical handle to balance ionic conductivity against modulus,
dimensional stability, and tensile strength, which are critical under stack pressure
and during long-term cycling. Crosslinking can also mitigate leakage of liquid
components (if any), reduce interfacial contact loss, and in some formulations
improve resistance to dendrite penetration by increasing shear modulus and
maintaining uniform current distribution. Overall, crosslinked SPEs offer a
versatile route to simultaneously tailor transport, mechanics, and interfacial

robustness for solid-state LMBs [83,84].
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Polyethers can be converted into 3D networks under UV irradiation using light-
sensitive type II photoinitiators, such as benzophenone, which generate radicals that
promote interchain coupling, without the need for additional crosslinking agents.
Under UV irradiation, the photoinitiator induces chain fragmentation and
subsequent crosslinking through hydrogen abstraction from the PEO backbone
(Figure 2.9) [85].

PEO l' \/L
le) X
" m?
H S E g8

+ EE 40 mwenr? - 6 min
Tetraglyme
fo) H
HaC OCH;
4 i
LITFSI
? it o n :
g = 1 A <
FiG—f—N—p—CF; | G S ; L i (oW0%  Tetraglyme attached
Q o i s (t\--# o' @ tothe PEO chain
+ R ]
o » i
guwg o .
msp it § %
< | = (‘{/\ . 4 (o
= = CHa 3
:: R L Y {b
_..# "= Excited under UV irradiation/ or free radical Dimers

Figure 2.9 Sketched representation of crosslinked SPE preparation along with used materials, and
plausible illustration of interconnected PEO chains. Reproduced and readapted with permission from
ref. [85].

Fu and co-workers developed a dual-salt PEO-based polymer electrolyte with
a crosslinked polymer network formed through in-situ polymerization, employing
tetraethylene glycol dimethyl ether (TEGDME) in a 1.5:1 ratio with respect to PEO
[86]. Crosslinking significantly enhances the amorphous regions of PEO, reducing
crystallinity to 6.29 % and resulting in a SPE providing high ionic conductivity (5.7
x 10*S-cm! at 30 °C) and compatibility with the lithium metal electrode.

2.5.3 Copolymerization and grafting techniques

Copolymerization offers another strategy for tailoring the properties of polymer
electrolytes. The polymerization of different monomers to produce polymers, can
break the ordered structure of the homopolymer and reduce the crystallinity, thus
increasing the ionic conductivity. Meabe ef al. explored the polycondensation of
PEO and pCs by varying the EO units from 2 to 45 between carbonate groups [87].
Solvent casting from acetonitrile yielded amorphous or semicrystalline polymer

electrolytes, depending on EO content. Polymer with shorter EO chains (x = 2—-6)
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remained amorphous, while others displayed melting temperature ranging from 29
to 52 °C. The sample PEO34-pC exhibited the highest ionic conductivity 4 x 107
S-ecm ! at 25 °C with 30 wt.% LiTFSI (corresponding to the lowest T, of —48 °C),
while PEO34 without copolymerization showed a conductivity of 10> S-cm™!. The
salt concentration significantly impacted the performance: lower levels restricted
ion mobility due to crystallinity, while higher concentrations increased Ty and
hindered ion transport. A random P(EC-EO) copolymer containing 5-120 mol.%
LiFSI was synthesized: a single T, peak in DSC and absence of melting peaks
confirmed its amorphous phase. The best formulation (53% EO, 120 mol.% LiFSI)
was coupled to LFP delivering good performances at 40 °C [88].
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Chapter 3
Materials and Methods

3.1 Materials

Poly(ethylene oxide) (PEO, My of 4x10° g mol! and 4x10° g mol!, CAS:
25322-68-3) was purchased from Sigma Aldrich. Poly(ethylene carbonate) (pEC,
CAS: 25608-11-1) and poly(propylene carbonate) (pPC, CAS: 25511-85-7) were
received from Specific Polymers. Bis(trifluoromethane) sulfonamide lithium salt
(LiTFSI) was purchased from Sigma-Aldrich (CAS: 90076-65-6). All polymers
were dried for 3 days under vacuum at 60 °C. LiTFSI was dried under vacuum for
one day at room temperature, two days at 70 °C, and finally two hours at 110 °C.
Anhydrous N-methyl pyrrolidone (NMP, CAS: 872-50-4) and succinonitrile (SN,
CAS 110-61-2) were obtained from Merck and used as received.

2-Chloroethanesulfonyl chloride (98%, Acros Organics),
trifluoromethanesulfonylamide (CF3SO2NH», 97%, ABCR), triethylamine (TEA,
for synthesis, Merck), diisopropylamine (DIPA, >99.5%, Sigma-Aldrich), 2-
mercaptoethanol (98%, Sigma-Aldrich), 6-mercapto-1-hexanol (>98.0%, TCI
Europe), 4-methoxyphenol (MEHQ, 99%, Merck), poly(ethylene glycol) methyl
ether methacrylate (PEGM, Mn approx 500 g mol !, Merck), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPADB, 99%, Sigma-Aldrich), lithium
chloride (LiCl, 99%, Acros Organics), silver nitrate (AgNOsz, >99%, Acros
Organics), 1-butyl-3-methylimidazolium bromide (BMImBr, 99%, IoLiTec),
magnesium sulfate (MgS0O4, 99.5%, Acros Organics), phosphorus pentoxide (P2Os,

Sicapent®, Merck), activated charcoal (Acros Organics).
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Conductive carbon black (C65, Imerys) and poly(vinylidene fluoride) (PVdF,
Solef 6020, Solvay) were used without further purification. Lithium iron phosphate
(LiFePO4, LFP) cathode powder was provided by BASF. Lithium nickel
manganese cobalt oxides (NMC622) cathode powder was provided by MSE
Supplies. Carbon-coated aluminum foil (GELON) and lithium metal foil (Li, high
purity lithium metal, Albemarle) were used as received.

Methacryloyl chloride (C4HsClO, 98%, Sigma-Aldrich) was purified by
atmospheric distillation. Potassium carbonate (K2COs3, 99.2%, BLDpharm) was
dried at 140 °C for 6 h before use. Azobisisobutyronitrile (AIBN, 99%, Sigma-
Aldrich) was recrystallized from methanol.

Acetonitrile (AcN, anhydrous, 99.5%, Acros Organics), methanol (MeOH,
anhydrous, 99.5%, Acros Organics), tetrahydrofurane (THF, 99.8%, unstabilized,
Thermo Fisher), ethyl acetate (EtAc, 99%, Fisher), diethylether (Et2O, 99%,
Fisher), dichloromethane (DCM, 99.5%), N,N-dimethylformamide (DMF,
anhydrous 99.8%, Acros), isopropanol (iPrOH, 99%, Fisher), and acetone (99%,
Fisher) were used as received. Ultrapure deionized water was obtained using
Sartorius Arium® Comfort smart station.

NMR solvents and standards: dimethyl sulfoxide-d6 (DMSO-d6, 99.9
atom%D, Sigma-Aldrich) was dried over 4A molecular sieves; hexafluorobenzene

(Ce6Fs, 99%, Acros Organics) was used as received.

3.2. Methods

3.2.1 Membrane Preparation

The following instruments were used for polymer electrolyte membrane
preparation. The procedure or synthesis will be described in detail in the following
experimental chapters.

Extrusion

A mini-compounder (Haake MiniLab II — Thermo Fischer Scientific) was used
to prepare the formulations. The extruder is designed to produce small quantities
(approximately 7 cm?) of polymer, composite, or nanocomposite materials. The tool
consists of two co-rotational twin screws with controllable rotation speed. The

compounder allowed the proper mixing of the polymer components and salt without

56



using solvents, melting the polymer into the compounder’s chamber and

recirculating it many times (Figure 3.1).

Figure 3.1 Extruder employed for polymer electrolyte preparation.

Hot-press
The membrane of polymer electrolyte was obtained by hot-pressing the blended

polymer at 70 °C and different pressure (5-25 bar) (Figure 3.2).

Figure 3.2 Hydraulic press used to heat and press the polymer membrane.

UV-crosslinking
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For the process of UV-crosslinking, a DMAX ECE 5000 flood UV lamp was
employed. The photopolymerization (UV-curing, UV-crosslinking) was carried out

at around 70 °C for 3 min on each side under the lamp (40 mW cm2) (Figure 3.3).

Figure 3.3 UV-lamp used for crosslinking of polymer membrane.

3.2.2 Thermal, Morphological and Physical Characterizations

The following tests were carried out to characterize the thermal properties of
the polymer-based electrolytes developed in this PhD work.

Thermogravimetric analysis (TGA) was performed with a Netzsch TG 209
F3. The measure was conducted between 25 °C and 600 °C under a nitrogen
atmosphere, using a heating ramp of 10 °C min!. The temperature at which the
degradation process starts was fixed when 5 % of loss in weight is reached.

Differential Scanning Calorimetry (DSC, Netzsch 214 Polyma Equipment)
was carried out to evaluate the degree of crystallinity anf transition temperatures
(glass transition and melting). The measurements were conducted in a temperature
range between —50 and 100 °C with a heating rate of 10 °C min ' in a nitrogen
atmosphere (40 mL min!). The crystallinity degree was calculated as described in
Equation 1, using the value of 205 J g! as melting enthalpy (AHw’) for 100%
crystalline PEO [40,41].

AHp,
AHp,°

Crystallinity (%) = * 100 (Eq. 1)

The Dynamic Mechanical Thermal Analysis (DMTA) was performed with a
Q800 by TA Intruments. The dynamo-mechanical and viscoelastic properties and

the relaxation temperatures of the polymer blends were evaluated by applying an
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isofrequency of 1 Hz with a ramp of temperature from —60 to 60 °C at 3 °C min™'
using bar specimens obtained from the membranes. From DMTA, storage modulus,
loss modulus, and relaxation temperatures (taken as peaks temperature in the loss
modulus curves) were obtained.

Scanning Electron Microscopy (SEM, Solaris X, Tescan) was used to
characterize the surface and cross-section morphology of the prepared membrane,
using a beam energy of 5 keV. The cross-section was obtained by breaking the
membranes after having soaked them in liquid nitrogen for 1 minute.

Infrared Spectroscopy (IR) was performed to measure the optical
transmittance of the SPE membranes using a spectrometer (Nicolet™ iS50 FTIR,
ThermoFisher).

The X-ray Photoelectron Spectroscopy (XPS) experiments were performed
with a Thermofisher Nexsa G2. X-ray beam: Al Ka, E = 1486.6 e¢V. Photoelectron
emission take-off angle: 0°with respect to the surface normal

Binding Energy was referenced on the C-(C,H) component @ 285 eV. The
samples have been transfered under argon from a glove box into the XPS
spectrometer.

Gel content was calculated to evaluate the percentage of non-crosslinked
polymeric chains still present after UV-curing. The sample (around 0.65 g) was
weighed, closed in a metal grid (500 mesh), and soaked in 50 mL of ethyl acetate
(EtOAc) for 1 h under stirring at room temperature. Then, the solvent was changed
with another 50 mL of fresh EtOAc and kept for 24 h under stirring at room
temperature before the third extraction with another 50 mL of fresh solvent for 3 h.
The sample was recovered and dried in a vacuum oven until constant weight. The
same procedure was repeated on the same sample using AcN as solvent. The gel

content was evaluated according to Equation 2.

Gel Content (%) = % * 100 (Eq. 2)

where wq and w; are the weight after drying and the initial weight, respectively.
Nuclear magnetic resonance (NMR) spectra were recorded on Avance 11 HD

600MHz (Bruker) spectrometer (‘H NMR at 600 MHz, "Li NMR at 233 MHz, *C

NMR at 151 MHz, and '°F at 565 MHz) at 25°C in the indicated deuterated solvent

and are listed in ppm. The signals corresponding to the residual protons and carbons
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of the deuterated solvent were used as an internal standard for 'H and '*C NMR,
respectively. C¢Fg (—164.9 ppm) was utilized as an external standard for '°F NMR.

Size exclusion chromatography (SEC) / Gel Permeation Chromatography
(GPC) was used to determine the number-average molecular weights (M,) and
M./Mn ratios. The study was performed on a 1200 Infinity gel permeation
chromatograph (Agilent Technologies) equipped with PLgel Sum MIXED-D
column (Agilent Technologies, USA), PLgel 5um (Agilent Technologies) pre-
column and an integrated refractive index (IR) detector. The system was operated
at 50 °C and 1.0 mL min™' flow using 0.1 M LiTFSI solution in DMF as an eluent.
Poly(methyl methacrylate) standards (EasiVial PM, Agilent Technologies, Mp =

550 — 1558 x 10°) were used to perform calibration.

3.2.3 Electrical and Electrochemical Characterizations

Ionic conductivity (oi) was measured by electrochemical impedance
spectroscopy  (EIS) with a  VMP-3  research-grade = multichannel
potentiostat/galvanostat with frequency response analyser for high-end EIS
measurements (Biologic, France). To avoid any influence of moisture/humidity on
the conductivity of polymer-based electrolytes, the latter were preliminary dried at
80 °C/0.1 mbar for 12 h in a B-585 oven (Buchi Glass Drying Oven, Switzerland)
filled with P,0Os and were transferred under vacuum inside an argon-filled glovebox
(MBRAUN MB-Labstar, H>O and Oz content <0.5 ppm). An electrolyte sample
disk of 16 mm in diameter, with a thickness of about 150 um, was sandwiched
between two stainless-steel (SS-316) blocking electrodes in a SS|electrolyte||SS
configuration. For each SPE, the thickness was accurately measured before and
after tests using a precision micrometer (Mitutoyo). EIS data were recorded on the
VMP-3 electrochemical workstation in a frequency range of 0.1 Hz — 1 MHz by
applying a sinusoidal voltage of 20 mV at various temperatures (normally, 0 — 80
°C) and storing the cells in an environmentally controlled climatic chamber (MK
53 E2 from BINDER, Germany). The cells were kept for 120 min at each
temperature with intervals of 10 °C for proper thermal equilibration. Nyquist plots
were analysed using the Biologic EC-Lab® advanced software for electrochemical

research. The ionic conductivity (o;) was determined according to Equation 3:
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ci=D/AR (Eq. 3)

where D represents the thickness (cm), A the area (cm?), and R (Q) the total
resistance of the electrolytes under study.

Cyclic voltammetry (CV), Linear Sweep Voltammetry (LSV) and
Chronoamperometry (CA) were used to determine the electrochemical stability
window (ESW) of the polymer-based electrolytes under study. The VMP3
multipotentiostat (20 V, 2400 mA) and ECC-Std test cells (EL-Cell GmbH) were
used to carry out the electrochemical characterization. The two-electrode cells were
assembled by sandwiching a SPE membrane between a working electrode and a
lithium metal foil, which served as the reference and the counter electrode,
simultaneously. Separate tests were performed for the determination
electrochemical stability using stainless steel disks or Aluminium Carbon Coated
(CC) as working electrodes. Potential sweeps were carried out between OCV and
5.8 V vs. Li*/Li at a constant rate of 0.1 mV s

Lithium-ion transference number (tLi+) was determined in a symmetric
Li/electrolyte/Li cell, which was subjected to a 20 mV polarization bias (AV) with
the aim to determine the initial (I) and the steady state (Iss) currents. EIS was
performed on the VMP3 multipotentiostat by applying a 20 mV perturbation
between 300 kHz and 0.01 Hz at OCV conditions to obtain the resistance of the
passivation layer before (Rsgrct,0) and after (Rsgr+ct,ss) polarization. The tri+ was

calculated using the Evans/Vincent/Bruce equation [1]:

¢ = Iss’(@V = lo'RsEi+cT,o0) (Eq 4)
Li+ Io*(AV — Iss'RSEI+CT,ss)

where tri+ 1s the Li transference number, AV is the potential applied across the cell
(20 mV), Rserct,o and Rsercrtss are the initial and steady-state resistances of the

passivating layer, I, and Iss are the initial and steady-state currents.
3.3 Lithium Metal Cell Assembly and Testing

Lab-scale symmetric (Li/electrolyte/Li) cells and/or Li-metal (LiFePOs or
LiNixMnyCoi-xyO2/electrolyte/Li) cells were galvanostatically cycled on an Arbin
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BT2000 battery tester at different temperatures. Cells were cycled between 2.5 and
4 V vs. Li'/Li for LFP and between 3 and 4.2 V vs. Li"/Li for NMC-based
composite cathodes with different charge/discharge current regimes up to C/3,
where the rate is denoted as C/n, corresponding to a full discharge or full charge of
the theoretical cathode capacity in n hours.

Lithium plating/stripping tests were performed at different temperatures in
symmetrical Li|electrolyte||Li configuration. Reversible galvanostatic cycling was
performed at various current densities of 0.025, 0.050, 0.100, 0.200, 0.300 and
0.400 mA cm 2 with a fixed plated/stripped areal capacity per half/cycle of 0.2 mAh
cm 2 depending on the cell. These tests enabled assessment of interface stability
and polarization behaviour under varying current loads. For long-term stability
testing, the plated/stripped areal capacity was fixed at 0.20 or 0.10 mAh cm.

Composite cathode (catholyte) preparation

To prepare the different cathode films used in this work the following
compositions were used:

e LiFePO4 (LFP) catholyte materials was received by Blue Solutions,
produced by a proprietary patented dry process and including
PEO:LiTFSI electrolyte as the active binder (Chapter 5).

e 80 wt.% of LFP, 10 wt.% of Ces carbon black and 10 wt.% of PVDF
(Chapter 6).

o 70 wt% of NMC622, 10 wt.% of Css carbon black and 20 wt.% of
PEC/PMLIiTFSI (9:1) (Chapter 6)

o 60 wt.% of LFP, 10 wt.% of Ces carbon black and 30 wt.% of PEO and
Li salt (EO:L1/20:1) as binder (Chapter 7).

o 60 wt.% of carbon coated LFP, 10 wt.% of C¢s carbon black and 27
wt.% of coPIL and 3% of PVDF as binder (Chapter 8).

Briefly, LFP or NMC active material powders and Ces carbon black were gently
mixed in a hand mortar and, successively added to the ca. 5 wt.% solution of binder
in NMP upon stirring. The magnetic stirring continued at ambient temperature for
1 h, whereupon the resultant suspension was additionally homogenized using an
Ultra-Turrax mixer (IKA-Werke GmbH & Co. KG) for 10 min. The obtained dense
slurry was casted onto an aluminum current collector foil using a doctor-blade with

a blade height of 300 um (Figure 3.4).

62



Figure 3.4 Casting of slurry on Al-foil.

NMP solvent was removed by evaporation at ambient temperature for 12 h and
further drying at 60 °C/1 mm Hg for 24 h in the B-585 oven (Buchi Glass Drying
Oven) filled with P,0Os. To avoid contamination with atmospheric moisture, the
cathode tape was further transferred under vacuum inside the argon-filled glovebox.
After drying, the obtained composite cathode (catholyte) films had a thickness of
100+2 pm and active mass loading of 3 to 4 mg cm 2.

Li-metal cells assembly and galvanostatic cycling

Lab-scale Lillelectrolyte||LFP or NMC battery prototypes were assembled
inside an Ar-filled glovebox using ECC-Std test cells (EL-Cell GmbH) (Figure
3.5).
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Figure 3.5 ECC-Std wiring setup for testing.

In case of SICP electrolyte based cells, a round Teflon spacer (100 pm thick,
12 mm inner diameter) was placed on top of the composite cathode tape, whereupon
a layer of electrolyte was applied manually directly on the composite cathode
surface within the internal diameter of the spacer. In case of SPE based cells, neither
spacers or other protecting tools and/or additives or liquid molecular transporter
additions were used and the SPE disk was directly sandwiched in between the anode
and cathode disks. In all cases, the assembly was completed by placing a lithium
metal disk anode (14 mm diameter) on top of the electrolyte. The assemblies were
housed in ECC-Std test cells and connected to the ARBIN BT2000 for constant-
current (galvanostatic) charge/discharge testing at different temperatures and
current regimes as detailed in the various Chapters following. These tests were used
to evaluate electrochemical cycling stability, rate capability and operational life of
the SPEs in real battery cell configuration.

All electrolyte/materials preparations and processing steps as well as cell
assembly procedures were conducted under the inert atmosphere of an argon-filled
glovebox (O2 and H>O <0.1 ppm, M-Braun UnilLab) unless otherwise stated
(Figure 3.6).
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Figure 3.6 Argon-filled glovebox (M-Braun UniLab) used to stock electrolyte and for cell preparation.
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Chapter 4

Formulating PEO-Polycarbonate
Blends As Solid Polymer
Electrolytes By Solvent-Free
Extrusion

The growing demand for safe, high-performance, and sustainable energy
storage systems has stimulated research into advanced lithium battery technologies
[1-3], and particularly solid polymer-based electrolytes should allow addressing
major limitations of conventional liquid electrolytes, including safety concerns,
limited electrochemical stability, mechanical properties, and scalability [4—12]. As
detailed in Chapter 2, among polymer hosts PEO remains a benchmark material due
to its ability to solvate lithium salts through coordination between Li" ions and ether
oxygen atoms, enabling ion transport via polymer chain motion [13—15]. However,
its practical application is hindered by high crystallinity at moderate temperatures,
which limits ionic conductivity below about 60 °C, together with modest
mechanical strength and limited electrochemical stability [16,17].

Aliphatic polycarbonates have recently emerged as promising blending
partners because of their mainly amorphous nature and the presence of carbonate
groups, similar to those found in conventional carbonate-based liquid electrolytes,
which accounts for enhanced ionic conductivity towards practical values of 10 S

cm' at moderately low temperature (40 °C), and electrochemical stability
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exceeding 4.5 V vs. Li'/Li, thus in principle compatible with high-energy 4V-class
cathodes [18,19].

In this scenario, the initial work detailed in the present Chapter investigates an
efficient, economical, and solvent-free approach to blending PEO with
polycarbonates (pCs). Actually, a systematic study of the optimal PEO/pC ratio and
of the most promising pC candidates is still lacking. The aim is to combine the
favorable ion-solvating ability of PEO with the amorphous character and
electrochemical advantages of pCs to obtain blends with an improved balance of
ionic conductivity, mechanical strength, and thermal stability for potential
application as SPEs. In addition, the blends are prepared by solvent-free extrusion,
a process that avoids flammable solvents, simplifies manufacturing, reduces cost
and environmental impact, and yields homogeneous materials even in the presence
of inorganic fillers [20,21]. Overall, this study examines the preparation,
characterization, and performance of PEO/PC blends for their possible use as
electrolytes in next-generation ASSLMBs. These results have been published in the
scientific research article F. Gambino ef al., J. Power Sources Adv. 30 (2024), and

are reproduced/readapted in the following sections.

4.1 Preparation of blend PEQ/PC SPEs

The PEO, PCs, and LiTFSI were weighted in the M-Braun glove box. All
components were loaded in the mini-extruder with a continuous flow of N to avoid
moisture contamination (however, note that the extrusion equipment is placed
inside an environmentally controlled dry-room with R.H. <2% + 1 at 20 °C,
produced by SOIMAR). Firstly, half of the PEO/PC was introduced in the extruder,
then LiTFSI was added little by little, and then the last part of the polymer blend
was added. The mixtures were left for 15 min of mixing into the compounder
chamber to reach proper homogeneity. The operating conditions during extrusion
process were 140 °C and 130 rpm. After mixing, the blended polymer was extracted
from the extruder, sealed under vacuum, and transferred into the glovebox. The
final SPE membrane was obtained by hot-pressing the blended polymer at 70 °C
and 10 bar. Before use, SPEs were dried under vacuum at 40 °C for 12 h in the B-
585 oven (Buchi Glass Drying Oven) and then transferred under vacuum inside the

argon-filled M-Braun dry glovebox to minimize the presence of residual
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moisture/humidity. The extrusion process and an example of the resulting SPE

membrane are shown in Figure 4.1.

Figure 4.1 Different steps of the extrusion process. Precursor materials (A) were introduced into the
extruder. After 15 min of mixing at 140°C and 130 rpm, the blend was extracted from the extruder (B).
The formulation was then hot-pressed to obtain the final self-standing SPE membrane (C).

4.2 Design of Experiment

The production of polymer blends involves interplay among various
parameters. In this case, three experimental variables were selected (polycarbonate
type, polyethylene oxide molecular weight, and blend composition) that are
relevant to the production of the blend. Each of these factors can significantly
impact the final properties of the polymer electrolyte membrane, such as the
conductivity, the electrochemical stability (in the following paragraph is indicated
as voltage), as well as the crystallinity. The objective of the study is to
systematically investigate the influence of these key factors on the production of a
PEO/PC polymer blend. Regarding the type of PEO, the effects induced by the
variation of molecular weight were explored by using two distinct PEOs with My,
of 4 x10° g mol™! (400k) and 4 x 10° g mol™! (4M) respectively, which can
influence the blend's viscosity and chain entanglement. At the same time, the
influence of employing two different types of polycarbonates was examined,
namely polyethylene carbonate (PEC) and polypropylene carbonate (PPC). The
blend composition ratio and the relative effects on the final properties were also
investigated, varying the percentage of PEO (0, 30, 50, 70, and 100%) in the
formulation with PC. To evaluate the influence of these factors and their
correlations, a Design of Experiment (DoE) approach was used, which offers
several advantages over traditional one-factor-at-a-time experimentation [22]. A

full factorial design (Figure 4.2) was used to investigate the combination of
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experimental factors leading to the production of 20 different samples (2x2x5
combinations) with four SPEs prepared in replicate, to evaluate the experimental

variability (the set of experiments is reported in Table 4.1).

PPC

PEC :( E

4M
PC type

PEO:PC ratio 400k é ﬁ

0%  30% 50% 70% 100%

PEO molecular
Weight

Figure 4.2 Full-factorial design considering three factors: i) PEO molecular weight, ii) polycarbonate
(pC) type, iii) ratio of the two polymers.

A multivariate analysis based on multiple linear regression (MLR) was
performed to quantify the effects of the experimental variables on the blend
properties [23]. For each property (conductivity, voltage, and crystallinity), a
regression model has been calculated (at a 90 % confidence level) which is able to
describe their variation over the experimental domain investigated.

Table 4.1 Set of Experiments for DoE with the composition of the membranes produced and the three
results taken into account.

Exp PC PEO %PEO Voltage  Conductivity Crystallinity

Name ’ V) (S cm™) (%)
N1 PEC 400k 0 4.13 3.22x107° 0
N2 PEC 400k 30 4.66 9.42x107° 0
N3 PEC 400k 70 451 3.4x1073 30.7
N4 | PEC 400k 100 4.48 3.15x1075 37.0
N5 | PEC 4M 0 4.13 5%10710 0
N6 PEC 4M 30 4.66 7.42x107° 3.0
N7 | PEC 4M 70 451 1.43x1075 22.7
N8 | PEC 4M 100 4.64 4.57x1075 35.9
N9 PPC 400k 0 4.42 5x10°10 0
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N10 | PPC 400k 30 4.53 5.89x107° 0
N11 | PPC 400k 70 4.54 3.4x107° 30.9
N12 | PPC 400k 100 4.48 2.13x107° 29.0
N13 | PPC 4M 0 4.42 8.19x1071° 0
N14 | PPC 4M 30 4.50 1.8x10°° 0
N15 | PPC  4M 70 4.65 2.98x107° 31.7
N16 A PPC 4M 100 4.64 2.06x107° 33.4
N17 | PEC 400k 70 4.63 2.83x107° 17.9
N18 | PEC 4M 30 4.65 5.31e-06 0
N19 | PPC 400k 30 438 1.28x10°° 0
N20 | PPC 4M 70 4.54 2.49x107° 21.6
N21 | PEC 400k 50 4.66 4.58x107° 15.6
N22 | PEC 4M 50 4.66 2.39x107 1.31
N23 | PPC 400k 50 4.66 1.36x107° 21.6
N24 | PPC 4M 50 4.69 9.36x107° 18.6

4.3 Thermal properties

Thermal analyses were performed to evaluate the thermal stability of the
prepared membrane. TGA thermograms (Figure 4.3) pointed out that PEO shows
a start in decomposition around 370 — 375 °C for both Mys, while PCs start

decomposing at lower temperatures, namely 218 °C for PEC and 240 °C for PPC.
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Figure 4.3 TGA thermograms of the polymer under N2 from 0 to 600 °C for PEO400k mixed with
different ratio of PEC (a) and PPC (b).

The addition of LiTFSI influences the thermal stability of PEO and PCs
differently. For PEO, the thermogram evidences a two-step decomposition at 380 —
390 °C and 430 °C. The first decomposition step, which is slightly shifted, is related
to the chain scission of the polymer. The second decomposition step is caused by
complexation of LiTFSI with ethylene oxide units [24,25]. On the contrary, a
reduction to 200 °C was observed for PCs, generally associated with the use of PCs
and the catalytic activity of LiTFSI in triggering the depolymerization process at
high temperatures [26,27]. The overall effect of the PC addition is a slight reduction
in the thermal stability of about 20 °C. However, the TGA thermal stability of all
the compositions remains up to 190 °C, which is considered sufficiently since the
operative temperature of cells is not expected to exceed 100 °C, assuring high safety
levels in normal conditions as well as in case of thermal runaways [28,29]. As
expected, the thermograms of the PEO-PC mixtures evidence two main degradation
steps, the first associated with PCs degradation and the second related to PEO and
LiTFSI degradation. The mass loss relative to the two polymer degradations agrees
with the PEO:PCs formulations ratio introduced in the extruder. The residual mass
at 600 °C is associated with the LiTFSI residue, and the differences among samples
are related to the slightly different quantities of salt used to maintain the same
[EO]:[Li] ratio at 20:1.

DSC analyses were carried out to evaluate the effects of LiTFSI salt and the
influence of PCs on the crystallinity degree (Figure 4.4). Both types of neat PEO
showed a crystallinity degree of 70 %, and the addition of LiTFSI salt halved the
crystallinity, thanks to the high solubility and interaction of Li" with the polymer
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chains and the plasticizing effect of TFSI™ anion [30]. The bis(fluorosulfonyl)imide
anion interacts with PEO chains preventing dense packing of the polymer segments

and increasing the chain mobility [31,32]. This disruption of the crystalline

structure increases the amorphous region within the polymer matrix.

DSC (mW/mg)

DSC (mW/mg)

Figure 4.4 DSC thermograms under N2 recorded from -50 to 100 °C at a heating rate of 10 °C min'.
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Moreover, as highlighted in Figure 4.5a, the intensity of the melting peaks

decreases and shifts to lower temperatures when the polycarbonate ratio increases

[33]. The multivariate analysis of the crystallinity values measured for the different

blend compositions (Table 4.2) evidence that the amount of PEO is the sole

relevant variable influencing this parameter (Figure 4.5b). In particular, the

crystallinity degree decreases proportionally to the percentage of PEO in the blend.

The predicted variation of crystallinity shows that the blend becomes completely

amorphous at values equal to or lower than 40 % (Figure 4.5¢) of PEO.
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Figure 4.5 a) Detail of DSC measurements of PEOQ/PEC blends under N2 from —50 to 100 °C; b)
regression coefficients plot for the conductivity and crystallinity models; model equation for crystallinity
(%) y =14.62 +19.79 * % PEO, (R% = 0.82); ¢) effect of the % of PEO on the crystallinity calculated from
DoE analysis. In this case, the mathematical fitting goes below 0 % of crystallinity, which has no physical
sense due to the impossibility of setting a lower limit.

On the contrary, the molecular weight of PEO and the structural unit of PC did
not seem to affect the resulting crystallinity. Moving toward the use of these
polymer membranes as SPEs, a reduced crystallinity is expected to increase the
lithitum-ion conductivity, particularly at room temperature. Among the two types of
polycarbonate tested, the formulations containing PEC showed a higher reduction
in crystallinity values, most likely associated with the lower Ty of the PEC polymer.
Instead, no significant changes in the T, values (obtained from DMA analysis) were
observed in all formulations, as reported in Table 4.2. The presence of both
relaxation peaks of PEO and PCs pointed out that the polymers are slightly soluble.

Table 4.1. T values (obtained from DMA) and percentage of crystallinity (cryst.%, obtained from DSC)
for all samples.

PC PEO 4M /PEC PEO 4M /PPC PEO 400k /PEC PEO 400k /PPC
(%) formulations formulations formulations formulations
Ta Ta Ta Ta Ta Ta Ta Ta
PEO PEC C(‘;Z“;t PEO PPC C(‘;Z“;t PEO  PEC C(f,zs)t PEO  PPC C(%t
0 (O 0 (O °C) (O 0 (O
0 -30 - 35 -30 - 35 -32 - 33 -32 - 33
30 -33 22 33 -34 37 19 -33 25 24 -34 36 22
50 -36 - 1 -31 40 9 -33 23 8 -31 39 11
70 -36 23 0 -33 40 0 -33 21 0 -32 40 0
100 - 21 0 - 26 0 - 21 0 - 26 0

Relevant information about the Ty values of the tested formulations can be

obtained from DSC measurements, even if, in most cases, the melting peak overlaps
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the signal related to PC's Ty. Firstly, the addition of LiTFSI increased the T of PEO
from —50 to —35 °C, as reported in the literature [34], whereas the T, of PCs was
less affected by the salt addition, changing from 14 to 20 °C for PEC and from 27
to 25 °C for PPC. The presence of two different Tgs is in agreement with the DMA
analysis, confirming that PEO and PEC/PPC are not miscible, suggesting phase
separation within the blend. Finally, the addition of PCs to the LiTFSI-PEO system

allows it to reach lower crystallinity values.
4.4 Mechanical and Morphological Characterization

DMA thermograms were performed in a temperature range from —60 to 60 °C
for the formulation containing 50 wt.% of PEC and PEO 400k, which can be
compared to the pure PEO 400k formulation. Due to the quite similar storage and
loss modulus values, resulting in limited significance in evaluating the best
formulation, the DMA thermograms are considered only to assess the T, of the
materials (corresponding values are reported in Table 4.2). In this case, two
different T, can be pointed out for the two-component formulation, indicating a
phase separation.

The SPE films obtained after hot-pressing were flexible, self-standing, and
homogeneous by naked eye. Morphologies of the three polymer blends composed
of PEO and PEC at varying weight ratios (30, 50, and 70 wt.% of PEC, respectively)
were investigated by SEM analysis. SEM images of the polymer blends revealed
that all three compositions exhibited a smooth and homogeneous surface. No
distinct domains or phase boundaries attributable to PEO or PEC can be observed,

irrespective of the weight ratios, at the reported magnification (Figure 4.6).
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A 30% PEO B 50% PEO C 70% PEO

Figure 4.6 SEM micrographs of the cross-section (top) and the surface (bottom) of the PEO/PEC blend
with 30 % (A), 50 % (B), and 70 % (C) of PEO.

The micrographs obtained from the surface analysis displayed a uniform and
continuous appearance, suggesting that the PEO and PEC components should be
well-homogenised on a microscale level. The cross-sectional study of the polymer
blends yielded similar results to the surface analysis. It indicates that the
manufacturing process resulted in highly uniform blends. The phase separation
observed by DSC and DMA might be visible only at higher magnification and
resolution in SEM images. However, obtaining better quality images is out of the
scope of the present work, which is related to optimising the thermal and

electrochemical properties of the polymer blends.
4.5 Electrochemical Properties

The practical utility of SPEs is influenced by their ionic conductivity, which
can be determined by EIS analysis. All Arrhenius plots of PEO 400k/PEC

formulations in a temperature range of 0 — 80 °C are shown in Figure 4.7a.
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Figure 4.7 Arrhenius plot of ionic conductivity versus inverse temperature determined by EIS in the
range of 0—80 °C for PEO 400k/PEC formulations (a). Comparison of the conductivity values at 40 °C
varying the percentual of polycarbonate in the blend (b). Effect of the % PEO on the conductivity
calculated from DoE analysis (c).

At temperatures above 50 °C, PEO displayed similar conductivity to the blends
due to the melting of PEO crystalline domains that occur at around 50 °C. Above
this temperature, the material is completely amorphous which improves ion
mobility. However, at lower temperatures, the electrolytes made of PEO/PC show
better ionic conductivity compared to the pure PEO. This is related to the reduction
in crystallinity of PEO in the system, as demonstrated by the DSC thermograms.
Thus, at lower temperatures, the blend of PEO with amorphous PCs possesses
higher ion conduction properties.

Moreover, the slope of the profile in the high-temperature region (80 — 50 °C)
is different from the slope in the low-temperature region (50 — 0 °C). The reason
behind this effect is the recrystallisation of PEO that occurs at temperatures lower
than 50 °C. This effect is less pronounced in the profiles of the PEO/PC blends due
to the lower crystallinity of these systems. The o; values at 40 °C are shown in
Figure 4.7b. In addition, it is observable that in all blends, SPEs with PEO 400k
showed slightly higher conductivity compared to those containing PEO 4M. Low
molecular weight PEO has shorter polymer chains, which generally result in higher
segmental mobility [55]. This increased mobility facilitates ion transport,
enhancing ionic conductivity. This is in accordance with the study of Teran et al.,
who found that the conductivity is proportional to 1/My in a PEO/LiTFSI
electrolyte [56].
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Figure 4.8 Regression coefficients plot for the conductivity models. Model equations for conductivity (S
cm!) Log(y) = - 4.67 + 1.94 * % PEO - 2.04 * % PEO * % PEO + 0.15* PC (PEC) - 0.15 * PC (PPC),
(R?=0.95)

The effects of PC and PEO types, as well as the % PEO, on the conductivity
were evaluated at 40 °C through DoE analysis. Among them, the main influential
variable is the percentage of PEO in the blend (Figure 4.8). Generally, conductivity
at values 40 °C improved from 107 to 10 S cm™" with increasing the quantity of
PEO from 0 to 50 %, respectively. The blends with 50% of PCs displayed the best
conductivity in the range of 10 S cm™ at 40 °C. This value is comparable with the
PEO and PCs electrolyte obtained by co-polymerization or solvent casting blend
reported by other authors in the literature [57,58]. Above such percentage, the
values remained quite stable, and only a slight decrease is observed with pure PEO
(Figure 4.5¢). In addition to % of PEO, the type of PC shows a lower effect on the
conductivity, where the use of PEC, instead of PPC, leads to slightly higher values.
Contrary to previous observations, molecular weight is not considered a significant
factor in DoE analysis. Among all the polyelectrolytes tested, PEO 400k:PEC 1:1
exhibited the highest ionic conductivity (4.58x107° S cm™).

When comparing SPEs with the same polycarbonate content, it is evident that
the type of polycarbonate plays a role in determining ionic conductivity. PEC-based
SPEs generally exhibited higher conductivity compared to PPC-based ones and the
reason can be attributed to the intrinsic higher conductivity of the pure PEC, which
is higher than PPC (Figure A1). Moreover, the molecular weight of PEO influenced

the conductivity of the electrolyte when considering samples with only PEO.
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Despite a high conductivity of PEO 4M, SPEs with PEO 400k showed close
conductivity compared to the same blends made with PEO 4M.

The electrochemical stability window of PEO/PC blends was evaluated using
linear sweep voltammetry at 40 °C. By applying This characterization technique
aimed at demonstrating the potential threshold for electrolyte degradation up to a
certain cut-off voltage. Oxidation stability of all blends was compared to observe
any effects resulting from the factors examined. The results of the LSV curve for
the blend of PEO 4M and PEC are shown in Figure 4.9a. It can be observed that
the potential of neat PEO-based SPE starts to increase around 4.3 V vs. Li"/Li; as
the voltage is increased, the oxidation current increases sharply. However, it is
evident that upon the addition of amorphous PEC, the voltage at which oxidative
decomposition takes place increases gradually. A value of 4.64 V vs. Li"/Li is
reached when 70 % of PEC is added. These findings indicate that the
electrochemical stability of blend SPEs can be enhanced by adding PEC, with the
stability improvement being directly related to PEC content. This enhancement is
attributed to the wide ESW of PCs [30]. Notably, the oxidation peak of water is not
observable in all samples, meaning that the drying process is efficient enough to

remove all traces of water that can eventually be contained in both PEO and LiTFSI

components.
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Figure 4.9 Linear sweep voltammetry (LSV) for neat PEO and PEO-PEC blends (a). Comparison of the
voltage value varying the percentage of polycarbonate; cut-off current threshold: 3 pA ¢cm2 (b).

This result, along with no substantial weight loss at around 100 °C in the TGA,
suggests that the extrusion process allowed the production of polymer blends
without water contamination or degradation of the polymers. Then, the oxidation
stability was evaluated for all the blends Figure 4.9b shows the voltage stability
evaluated at the threshold of a leak current of 3 pA cm™. The evaluation has

excluded the LSV of pure PC membranes due to the much lower ionic conductivity
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at 40 °C of polycarbonates, which influences the obtained values. For this reason,
it was not possible to conduct a multivariate analysis for this parameter because of
the lack of data. The figure shows that the % PC is the most influential variable.
Among the experimental trials, PEO 4M:PPC 3:7 exhibited the highest anodic
stability (4.65 V). Varying the weight ratio of PEO and PC within the polymer blend
leads to a variation in the electrochemical stability with a general improvement,
reaching a maximum around the ratio 3:7 of PEO/PC. On the contrary, PC type and
PEQO’s molecular weight have a lower impact on voltage stability. Varying the
molecular weight of PEO was shown to influence voltage stability, with blends
containing PEO 4M displaying improved stability. Differently, the type of PC has
a lower influence on the oxidation potential, and the SPEs containing PPC are
proven to have slightly better electrochemical stability. This result, along with no
substantial weight loss at around 100 °C in the TGA, suggests that the extrusion
process allowed the production of salt-in-polymer blends without water
contamination or degradation of the polymers, with promising prospects as SPEs in

ASSLMBs.
4.6 Concluding Remarks

In this initial experimental Chapter, results were reported regarding the
development of a series of truly-solid SPEs by incorporating two types of
polycarbonates, viz. polyethylene and polypropylene carbonate, in a PEO-based
matrix encompassing LiTFSI salt. Different molecular weight PEOs and
compositions (from 0 to 100 % of PEO) were investigated to optimize the final
polyelectrolyte properties, such as crystallinity, electrochemical stability window,
and ionic conductivity. Blend SPEs were successfully produced by employing a
mini-compounder to mix the precursors materials in one pot, homogeneously and
efficiently. The process is fully solvent-free as it avoids the use of organic solvents
and is easily up-scalable, thus ready to find practical industrial applications.
Homogeneous mixing of the component was confirmed by SEM images, which did
not reveal any distinct domain at the micrometer scale.

The addition of amorphous PC led to a substantial decrease in crystallinity,
which is attested to around 10 % when 50 % of PEO is used. No relevant effect was
induced by the type of PC used. In addition, all blends exhibited improved ionic
conductivity up to a threshold of 50 % of PEO, while further decrease in the PEO
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percentage was detrimental to conductivity. The sample PEO400k, with 50 % of
PEC, displayed the best ionic conductivity among the series with 4.6x107° S cm™!
at 40 °C, showing an increase of 57 % with respect to the SPE with only PEO 400k.
The ESW also took advantage of the addition of PCs, reaching a maximum in the
anodic stability for the formulation with 70 % of PEO. Enhanced breakdown value
of 4.65 V was reached for PEO 4M with 70 % of PPC, indicating a beneficial role
of PCs. The statistical analyses of the experimental results by a DoE approach
confirmed that the most important parameter that should be taken into account is
the quantity of PEO, showing an excellent trade-off among all properties for a ratio
of PEO 400k:PEC 1:1. The possibility of readily scale up the solvent-free
production process and the improved mechanical and electrochemical
performances make the LiTFSI-PEO/PC blended SPE a promising candidate for

next-generation solid-state Li-based energy storage technologies.
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Chapter 5

Effect of UV-crosslinking on
poly(ethylene oxide)-polycarbonate
solid-state electrolytes

Following the results presented in the previous Chapter 4, where solvent-free
extrusion enabled the preparation of homogeneous PEO/polycarbonate truly solid
polymer electrolytes with improved crystallinity, ionic conductivity, and
electrochemical stability compared with neat PEO. The present Chapter
investigates a further step to enhance their practical performance. In particular, the
PEO/PEC blends obtained by extrusion showed a promising balance of properties,
but their application is still limited by the intrinsic drawbacks of PEO-based
electrolytes, including modest oxidative stability, low room-temperature
conductivity, and degradation phenomena at the electrode/electrolyte interfaces,
especially under high-voltage or prolonged thermal operating conditions [1-6].

Blending with polycarbonates is attractive because these polymers are largely
amorphous, electrochemically more stable than PEO, and able to support lithium-
ion transport while preserving processability and low cost [7-10]. However,
polycarbonates such as PEC may themselves undergo degradation in the presence
of lithium salts, owing to the combination of strong Lewis-acidic lithium ions and
weakly coordinating anions such as TFSI™ [11]. Therefore, once the composition

and solvent-free processing route were optimized in Chapter 4, improving the
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chemical and interfacial stability of the extruded PEO/PEC system became the next
key objective.

To address this issue, this Chapter introduces a UV-induced crosslinking step
after extrusion by adding a fluorinated benzophenone derivative, selected for its
compatibility with the processing temperature of extrusion and its dual role as
hydrogen abstractor and photoinitiator [12—14]. The aim was to suppress or limit
PEC degradation, stabilize the polymer matrix, and further improve the
electrochemical behavior of the SPEs. The resulting UV-cured SPEs were
investigated in terms of thermal and electrochemical stability, lithium
plating/stripping behavior, and compatibility with LFP cathodes (obtained in the
form of a catholyte as detailed in Chapter 3) and lithium metal, while NMR analysis
was used to directly compare degradation processes in cured and non-cured
systems. Overall, the results detailed in this Chapter demonstrate how the
combination of solvent-free extrusion and post-processing photopolymerization
can extend the performance of PEO/PEC-based SPEs toward more reliable truly
ASSLMBs. These results have been published in the scientific research article M.
Gastaldi, F. Gambino et al., Mater. Today Energy 52 (2025) 101947 and are

reproduced/readapted in the following sections.

5.1 Preparation of the UV-crosslinked SPEs

All formulations were prepared under inert atmosphere following the optimised
solvent-free procedure in the mini extruder detailed in Section 4.1 in Chapter 4 [15].
However, in this case after introducing into the extruder a first portion of the
PEO/PEC formulation followed by LiTFSI salt, the photoinitiator 4-4’-
difluorobenzophenone was added in the case of the UV-crosslinkable SPE
formulation; eventually, the last part of the PEO/PEC formulation was then added.
The extruded formulations in the form of filaments were used to prepare the blend
SPEs (namely, PEO-PEC, ~10 cm in diameter films having a thickness of about
100 pm). To crosslinked samples (PEO-PEC-UV) by the same hot-pressing
procedure, followed by UV-induced photopolymerization at 40 mW c¢m 2 for 3 min

on each side of the SPE (Figure 5.1).
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Figure 5.1 Different steps of the preparation method for UV-crosslinked PEO-PEC-UV SPEs. From
left to right: the starting materials were introduced into the extruder; after 15 minutes of mixing at 140°C

and 130 rpm, the blend was extracted from the extruder in the form of filament; then, the formulation
was hot-pressed and exposed to UV light to obtain the truly-solid, ready-to-use, cross-linked SPE.

All SPEs underwent another drying step at 40 °C under vacuum for 12 h in the
B-585 oven and then were stored in the glove box before use. The ratio between
[EO] and [Li'] units was fixed at 20:1, reported as optimal in terms of ionic
conductivity at high temperatures and reduced stickiness [16], while the best ratio
(1:1) among PEO and PEC, reported in Chapter 4, was used here for the polymer
fraction. Both the non-UV-cured and UV-cured (crosslinked) SPE samples appear

as quasi-transparent and homogeneous SPE membranes.
5.2 Thermomechanical Characterization

Thermogravimetric analysis (TGA) was conducted in an inert atmosphere,
simulating the working conditions of the battery, for both the PEO-PEC and PEO-
PEC-UV SPEs. From the comparison between the resulting thermograms (Figure
5.2), the Tas% can be increased by around 15 °C after crosslinking, thanks to the
new covalent bonds linking the polymer chains. In both cases, degradation starts at
temperatures around 200 °C, which are usually not reached under standard

operation.
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Figure 5.2 TGA thermograms of PEO-PEC (red) and PEO-PEC-UV (black).

These results agree with the reported data [9] for non-extruded materials and
demonstrate that no degradations or damage to the polymeric material in the
extrusion process took place. As reported previously in Chapter 4, TGA analysis of
pure PEO and PEC compounds confirms that both materials exhibit thermal
stability up to 200 °C, even in the presence of lithium salt.

Differential scanning calorimetry (DSC) was performed to evaluate the
crystallinity of SPE. It is commonly known that crystalline regions should be
avoided to enhance the ionic conductivity in the polymer network [13,17,18].
Crosslinking is a suitable method to reduce or even eliminate crystalline regions
that hinder ionic conductivity while simultaneously enhancing mechanical

properties [19,20].
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Figure 5.3 DSC thermograms under N2 from -50 to 90 °C with a heating rate of 10 °C min™' of PEO-PEC
(a) and PEO-PEC-UV (b).

As shown in Fig. 5.3a for the PEO-PEC, the presence of a melting peak in the
range of 40 — 60 °C suggests the presence of crystalline regions, around 8%.
Moreover, the presence of two distinct Tg peaks at —39.9 and 22.2 °C, respectively,
points out the lithium salt effect in increasing the Ty for PEO [21,22] without
affecting the one of PEC, as well as the limited solubility of the two polymers.
Indeed, the presence of two different Tg, shown in both thermograms in Figure
5.3a,b, highlights the non-miscibility of the two polymers, which remain as two
different phases that cannot be distinguished by naked eye nor with SEM pictures,
as reported in Chapter 4. For PEO-PEC-UV, instead, the absence of any melting
peak in Figure 5.3b accounts for the crosslinking effect in avoiding the
crystallisation of the sample, making it completely amorphous and revealing only
the two different Ty values of PEO and PEC.

Dynamic mechanical analysis was carried out to evaluate the mechanical
properties before and after UV-curing (Figure 5.4). The presence of two distinct
peaks in the E”’ curves confirms the immiscibility of PEO and PEC, as discussed
in DSC measurements. The first transition at around —30 °C is related to the Ty of
PEO, while the second one at 20 °C to PEC. The increase in the T, value from the
pristine PEO (around —60 °C) is related to the addition of LiTFSI that induces
coordination among the Li" cation and the PEO chains, obtaining a more rigid

structure[23].
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Figure 5.4 DMA curves of PEO-PEC (a) and PEO-PEC-UV (b) SPEs.

The resulting moduli of the polymers above 40 °C are rather low to ensure good
mechanical properties and avoid/limit the lithium dendrite formation, but high
enough to confer self-standing ability and easy handling to the SPE.

To further investigate the crosslinking procedure, the gel content analysis was
carried out by soaking the samples in two different solvents, EtOAc and ACN,
which were chosen evaluating the reported solubility of the two polymers. Indeed,
while PEC is soluble in the former (as reported in the Technical Data Sheet provided
by the supplier), PEO is soluble in the latter, as reported in the literature [24]. As a
result, after soaking the sample in EtOAc and drying it until constant weight, 97.9
% of the polymer remains undissolved, while 94.1 % remains after ACN soaking.
Part of the weight loss is related to the salt and the photoinitiator included in the
formulation, meaning that the crosslinking procedure is effective in covalently
linking the polymer chains, trapping part of the lithium salt and the photoinitiator
into the matrix. In contrast, the same procedure applied to the PEO-PEC results in

its complete dissolution.

5.3 Ionic Conductivity and Electrochemical

Characterization

The ionic conductivity was measured from 0 to 80 °C to assess how the
introduction of PEC and crosslinking affect the material’s properties. As shown in
Figure 5.5a, pure PEO shows a characteristic change in slope around 60 — 50 °C,
corresponding to the melting of its crystalline domains. In contrast, pure PEC shows

very low conductivity, even at 80 °C, and becomes undetectable below 40 °C. A
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less pronounced slope change is observed for PEO-PEC, with an even smoother
curve for PEO-PEC-UV. These results confirm the reduction in crystalline regions
from pure PEO to the fully amorphous, PEO-PEC-UV sample. However, a slight
reduction in the conductivity values is observed for both PEO-PEC and PEO-PEC-
UV at temperatures above 60 °C, attributed to the presence of PEC, which has lower
ionic conductivity. Conversely, between 50 and 0 °C, PEC enhances the electrolyte
conductivity due to its ability to dissolve lithium salt without forming stable
complexes that would otherwise hinder chain mobility. As a result of reduced chain
mobility in the PEO-PEC-UV sample, the ionic conductivity at 70 °C decreases
from 8.5 x 10™* S cm™! for the pristine PEO to 4.2 x 10* S cm ™! for the PEO-PEC
sample, and further to 1.8 x 10°* S cm™! for PEO-PEC-UV, which is a reasonably
high value for a truly solid crosslinked polymer electrolyte and its operation in

practical Li-metal battery cells.
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Figure 5.5 Ionic conductivity of PEO-PEC, and PEO-PEC-UV SPEs (a), produced maintaining the same
[EO]:[Li*] ratio across all formulations. Electrochemical stability (anodic) in oxidation for both PEO-
PEC and PEO-PEC-UYV at 40 and 70 °C (b).

Based on the ionic conductivity results, two different temperatures were
selected to evaluate the electrochemical performance at 40 and 70°C, to investigate
the effect of crosslinking, and assess the thermal stability of the electrolyte,
respectively. The electrochemical stability window (ESW) was tested to determine
the applicability of these materials as SPEs in lithium metal cells [25,26]. Linear
sweep voltammetry (LSV) was employed to evaluate the potential at which possible

degradations of the polymeric material occur (Fig. 5.5b). At both temperatures, no
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significant difference between the PEO-PEC and PEO-PEC-UV samples is
detected, with onset potentials of ~ 4.6 V and 4.3 V at 40 °C and 70 °C,
respectively, considering a threshold fixed at 5 pA cm™2. While a slight reduction
in the oxidation stability is noted as the temperature increases to 70 °C, SPEs still
exhibit suitable stability for LFP cathodes.

The Li* transference number (tLi*) reflects the proportion of charge carried by
lithium ions and plays a crucial role in controlling the deposition morphology of
lithium metal. As shown in Figure 5.6, the t i of the electrolyte was determined
using the Bruce—Vincent—Evans method. The obtained t+ value is 0.17, which is

consistent with previously reported values [27].
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Figure 5.6 Lithium transference number measurement of the PEO-PEC-UYV electrolyte at 70 °C.

5.4 Compatibility with the Lithium Metal Electrode

The stability and compatibility of the SPEs at the interface with the lithium
metal electrode were investigated through galvanostatic lithium plating/stripping
experiments performed at both 40 and 70 °C. At 40 °C, the PEO-PEC SPE fails to
sustain even the first plating and stripping cycle (Figure 5.7a). In contrast, the
crosslinked PEO-PEC-UV withstands testing under the same cell configuration
with progressively increasing current densities from 0.025 to 0.2 mA c¢m 2 at both
temperatures (Figure 5.7,c). At 40 °C, the electrolyte shows good cycling
reversibility up to 0.1 mA cm 2, with a maximum overpotential of 0.4 V. When the

current is increased to 0.2 mA cm 2, the overpotential exponentially increases;
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however, no short circuit occurs (Figure 5.7b). The PEO-PEC-UV SPE
demonstrates improved rate performance for lithium plating/stripping at 70 °C. As
the current density increases from 0.025 to 0.100 mA c¢m 2, the overpotential rises
from 0.02 to 0.11 V (Figure 5.7¢c). Stable cycling is still achieved at 0.2 mA cm 2,
with the overpotential increasing to 0.3 V. To ensure the long-term durability and
safety of PEO-PEC-UV in lithium metal cells, a prolonged plating/stripping test
was conducted at a constant current density of 0.050 mA cm? (Figure 5.7d).
Throughout the test, no significant increase in overpotential is observed compared
to the initial value, nor are there any sudden or unexpected current spikes or drifts
accounting for uneven dendrite formation. During the first hundreds of hours, a
slight decrease in overpotential is observed, likely due to the stabilisation process

of the cell. Afterward, the cell shows stable behaviour for 600 h, with a steady

overpotential of 0.025 V.
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Figure 5.7 Voltage vs. time profiles of galvanostatic plating/stripping in symmetric Li cells, current
densities ranging from 0.025 to 0.200 mA cm2 (capacity per half cycle of 0.2 mAh c¢m?). The cell
employed (a) PEO-PEC at 40 °C, (b) PEO-PEC-UV at 40 °C and (c) PEO-PEC-UV at 70 °C. (d) Long-
term reversible cycling performances of PEO-PEC-UV at 0.050 mA c¢cm? (capacity per half cycle of 0.2
mAh ¢cm2) at 70 °C.
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5.5 Performance of SPE-based Lithium Metal Battery
Cells

The practical application of the PEO-PEC-UV SPE in lithium metal cells was
tested with a LFP-based electrode, in a high-loading (around 10 mg cm2) catholyte
configuration. Figure 5.8a shows the discharge capacity as a function of the current
density at C/20, C/10, C/5, and back to C/20 in the 2.5 - 4.0 V vs. Li"/Li voltage
window. During the initial cycle, the cell exhibits a charge capacity of 172.5 mAh
g ! with a Coulombic efficiency (CE) of 89.5%. However, after a few cycles, the
capacity stabilises at around 168.6 mAh g™! with a CE of 99.9%. These results
indicate that the truly solid-state cell delivers excellent rate performance at all tested
C-rates, maintaining the same specific charge capacity when the current rate is
increased to C/10, with a CE of 99%. At C/5, the capacity slightly drops to 157
mAh g ! with a CE of 98-99%. Meanwhile, the increase in polarisation voltage at
different current densities, even after cycling up to 40 cycles, as shown in Figure
5.8b and 5.8c¢, is negligible, further demonstrating its good cycling reversibility.
The promising rate performance of the Li||[PEO-PEC-UVJ|LFP cell with a high-
loading cathode can be attributed to the high Li* conductivity of the crosslinked
SPE, along with excellent electrode-electrolyte compatibility, which promotes

homogeneous Li* deposition and stable SEI layer formation.
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Figure 5.8 Rate capability upon galvanostatic charge/discharge cycling of the Li||PEO-PEC-UV|LFP
battery cell at 70 °C (a) and the corresponding voltage vs. specific capacity curves upon charge and
discharge (b, c).

Further measurements were performed on PEO-PEC-UV SPE in lithium-metal
cells, which were tested with an LFP-based electrode in a high-loading (around 8
mg cm 2) catholyte configuration at a lower temperature (40 °C), as shown in
Figure 5.9. As can be observed, the cell exhibits an initial charge capacity of 165.5
mAh g ! with an initial CE of 77.7% at C/50. After activation and stabilisation of
the electrode-electrolyte interface, the capacity remains stable with a CE of 99% at
both C/50 and C/20. However, the cell shows a capacity drop at C/10 and a slight
decrease when returning to C/20 after 40 cycles. From these results, we can
conclude that the crosslinking enhances the mechanical properties, limiting the

lithium dendrites formation and growth, thus enabling stable cell cycling.
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Figure 5.9 Rate capability upon galvanostatic charge/discharge cycling of the Li/PEO-PEC-UV/LFP
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Moreover, the electrochemical behaviour observed at both temperatures

indicates that PEO-PEC-UV remains stable without showing depolymerisation,

even when in contact with lithium metal or in the presence of lithium salt. A deep

investigation about the degradation and depolymerisation process is described in

the following section.
5.6 Degradation of Polymer Electrolyte

Polycarbonates are known to depolymerise into their monomers in the
presence of lithium ions, lithtum metal, and at high temperatures [28]. The
degradation of PEC leads to the production of ethylene carbonate (EC), a liquid
monomer above 40 °C, which can dissolve the polymer network, allowing for
direct contact between the lithium and the cathode, in turn causing short-

circuiting. This degradation explains the poor performance of non-crosslinked
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PEO-PEC SPEs. To shed more light on this phenomenon, battery cells were
opened in a glove box after cycling for visual inspection of the different
components, particularly the electrolyte, and following NMR analysis for

characterization of any degradation phenomena (Figure 5.10).
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Figure 5.10 Digital photographs of PEO-PEC (a) and PEO-PEC-UV (b) SPEs after lithi
plating/stripping cycling (cells were opened after the PEO-PEC cell short circuited); correspond
NMR spectra of PEO-PEC (c¢) and PEO-PEC-UV (d).

Figure 5.10a,b shows the aspect of PEO-PEC and the PEO-PEC-UV SPEs
in symmetrical Li||Li cells after the lithium plating/stripping tests. Both cells
underwent the same testing procedure: cycling at 70 °C and stopping at the same
time when the cell with the PEO-PEC short-circuited (indeed, the one with PEO-
PEC-UV was still operating properly). As shown in Figure 5.10a, PEO-PEC
becomes liquid after cycling, indicating depolymerisation into EC monomer. In
contrast, PEO-PEC-UV (Figure 5.10b) maintains its solid form, demonstrating
enhanced mechanical robustness and stability over temperature. Upon NMR
analysis, the PEO-PEC sample before cycling (Figure 5.10¢) shows peaks
related to PEO and PEC. After cycling, PEC degrades into EC monomers, which,
at 70 °C, act as a solvent and dissolve the polymer matrix. For PEO-PEC-UV
(Figure 5.10d), the UV crosslinking process prevents complete dissolution of
the polymer network; indeed, only a small amount of PEC that is not crosslinked
is degraded to EC. Notably, while the crosslinking maintains the membrane

integrity, the resulting small amount of EC produced is encompassed in the

um
ing
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crosslinked polymeric matrix, acting as a plasticiser and enhancing lithium-ion
conductivity.

These results are further supported by the ATR-FTIR spectra shown in
Figure 5.11, which compares the spectra of PEO-PEC-UV before and after
lithium plating/stripping cycles with those of the pristine materials containing

LiTFSL
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Figure 5.11 ATR-FTIR spectra of PEO-PEC-UV before and after lithium plating/stripping cycles,
compared with those of PEO, PEC, and EC mixed with LiTFSI.

! is associated to the C=O stretching of

The single peak at 1737 cm™
carbonate groups in PEC-LiTFSI, while the same reflection is splitted in liquid
EC-LiTFSI. As expected, the crosslinked PEO-PEC-UV SPE before cycling
only shows the features of PEC in the 17001800 cm™ range. After cycling, the
distinct splitted EC signal also emerges, which overlaps with the peak at 1737
cm’! of PEC, accounting for only a partial degradation of PEC to EC as for the

NMR results.
5.7 Interfacial Stability

To better understand the kinetics of the charge and discharge processes,
electrochemical impedance spectroscopy was employed. EIS measurements were
conducted by collecting a series of spectra during the oxidation and reduction
phases of the initial cycle, with bias potentials incremented in small steps of 50 mV
across the potential range of 2.5 to 4.0 V. These measurements were performed at

70 °C using Li|[PEO-PEC-UV/||LFP catholyte cell. Figure 5.12a,b shows selected
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sequences of Nyquist plots acquired for the cell. When the cell is within the voltage
range of 2.5 V < E < 3.8 V, the following contributions to the overall impedance
can be identified in the Nyquist plots and assigned to specific steps in the
electronic/ionic transport, from high to low frequencies: (i) the intercept with the
real axis represents the ionic resistance of the SPE layer (Rs), which depends on the
ionic conductivity and thickness of the layer; (ii) two convoluted arcs in the high-
to-middle frequencies are caused by the resistances at the planar interfaces (Rint),
which may either correspond to ion or electron transfer, depending on the type of
interface; (iii) the Warburg diffusion element (W) is evidenced by the sloped line
at the lowest-frequency limit, describing the diffusion of Li* ions to a blocking
electrode [29-31]. However, when the voltage range is 3.8 V <E <4.0 V, the shape
of the curve in the low-frequency region of the Nyquist plots indicates the
composite nature of the cathode, which can be accurately described using a
Transmission Line Model (TLM) [32]. To capture the response at very low
frequencies, a Warburg open element (WO) is incorporated in series with the TLM.
As a result, the spectra during charge and discharge were fitted with two distinct
equivalent circuits, as illustrated in Figure 5.12¢,d. To account for deviations from
ideal behavior caused by electrode inhomogeneity or roughness, all capacitance (C)
elements were substituted with constant-phase elements (Q) during the fitting
procedure. This fitting was performed using the RelaxIS software by rhd
Instruments. The interfacial resistances within the cell (Catholyte/SPE/Li) hinder
the transport of Li" and electrons (Figure 5.12f). The composite cathode consists
of the cathode active material (CAM), a carbon additive, and the catholyte. The
catholyte often contains a solid polymer analogous to the one used in the SPE. The
TLM used follows the approach described by Wurster et al. [29], incorporating
electronic resistance (Rer), 10nic resistance (Rion), and R-CPE elements to represent
the CAM-catholyte interface, with the charge transfer resistance (R¢t) being
proportional to the CAM surface area. Figure 5.12e shows the calculated resistance
values for Ryo1 and Rine during both charge and discharge cycles (60 data points). In
agreement with the Nyquist plots, Rsol and Rine exhibit a slight increase during
charge from 2.5 to 3.5 V. These values then stabilise between 3.5 and 3.8 V,
followed by a decrease from 3.8 to 4.0 V. However, as the intercalation progresses
and the potential decreases from 4.0 to 3.2 V vs. Li'/Li, the resistance values start

to increase but then remain constant until the end of discharge. These changes in
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the Rin may result from alterations in the near-surface region of the active material,

modifications in the interfacial region of the electrolyte, or the formation of an

interlayer [29].
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Figure 5.12 The corresponding Nyquist plots recorded at selected potentials during the first oxidation
(a) and the first reduction (b); The equivalent circuits used to simulate the data (c,d); the fitted resistance
values during the first charge and discharge (e); schematic illustration of various interfaces in a Li||PEO-
PEC-UV||LFP catholyte cell (f).

5.8 Concluding remarks

This chapter provided a detailed overview of the successful preparation of an
advanced solid polymer electrolyte composed of a poly(ethylene
oxide)/poly(ethylene carbonate) network with dissolved LiTFSI, offering superior
performance compared to conventional PEO-based electrolytes due to an UV-
curing process applied to induce crosslinking of the polymer chains, thus enhancing
the thermomechanical and electrochemical properties, improving thermal stability,
and reducing crystallinity.. To minimise environmental impact, the electrolyte is
produced using an extrusion process that eliminates organic solvents and liquid

components, preventing potential leaching and reducing costs. This method
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employs polymers with low environmental impact, and is scalable for industrial
application.

Symmetric Li||Li cells assembled with the PEO-PEC-UV SPE demonstrate
outstanding stripping/plating performance across a current density range of 0.025
to 0.2 mA cm™ at 40 and 70 °C, with stable cycling for over 600 hours at 0.05 mA
cm2 and no issues related to lithium dendrite growth. Furthermore, rate capability
tests were conducted at both 40 and 70 °C in truly solid-state lab-scale lithium metal
polymer cells, assembled with a high-loading LFP-based composite catholyte (~8-
10 mg cm™2), demonstrating outstanding galvanostatic charge/discharge
performance at low C-rates. Degradation phenomena are also investigated,
revealing that the UV-crosslinking stabilises the system; in addition, the in-situ
produced small amount of liquid ethylene carbonate enhances the electrochemical
performance of the resulting electrolyte while being trapped in the polymeric
matrix. The presented findings confirm that the proper combination of dry extrusion
coupled with UV-induced crosslinking can pave the way for the truly solvent-free,
simple and scalable production of greener and more sustainable SPEs, with
enhanced thermomechanical and electrochemical properties, suitable for future

applications in batteries at near ambient temperature operating conditions.
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Chapter 6

Role of Succinonitrile in Enhancing
PEO-PEC Electrolytes for High-
Voltage Lithium Metal Batteries
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Chapters 4 and 5 established a solvent-free strategy for the development of
PEO/polycarbonate solid polymer electrolytes based on readily scalable melt
extrusion and subsequent UV-induced crosslinking. The first step demonstrated that
homogeneous PEO/PEC blends can be successfully processed without solvents,
leading to improved structural and electrochemical properties compared with neat
PEO. The second showed that UV curing effectively stabilizes the extruded
polymer matrix, mitigates polycarbonate degradation, and enhances the interfacial
behavior of the electrolyte in lithium metal cells.

Building on this platform, the present Chapter addresses a further key limitation
of these systems, namely the need to improve ionic transport at moderate
temperature while preserving the thermomechanical and interfacial stability
achieved through crosslinking. To this end, succinonitrile (SN) was introduced as a
solid plasticizing component within the UV-cured PEO/PEC framework. Owing to
its plastic-crystalline character, SN is expected to enhance chain mobility, promote
lithium salt dissociation, and suppress residual crystallinity, thereby improving
conductivity at 40 °C [1-7]. However, excessive SN loading (>10 wt%) has been
shown to severely compromise the mechanical properties of the polymer matrix [8].
These findings highlight a critical trade-off: while plasticizers such as SN can
markedly enhance ionic conductivity, they may simultaneously undermine
structural integrity. To address this challenge, cross-linking strategies have been
employed to construct a three-dimensional polymer framework that reinforces the
matrix and preserves mechanical strength without sacrificing ionic transport [9,10].

The use of the previously optimized crosslinked PEO/PEC matrix provides a
suitable means to accommodate this trade-off, combining the stabilizing effect of
the three-dimensional polymer network with the beneficial transport properties
introduced by SN. On this basis, SN-containing UV-cured PEO/PEC electrolytes
are investigated, which were prepared through a fully solvent-free route, with
particular attention to the role of polymer composition in determining ionic
conductivity, anodic stability, and compatibility with lithtum metal. The practical
relevance of the optimized formulation is finally assessed in solid-state lithium

metal cells employing both LFP and, remarkably, high-energy 4V-class NMC
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cathodes at 40 °C. Overall, this study represents the natural continuation of the
previous Chapters and demonstrates how plasticization can further extend the
performance of the solvent-free PEO/PEC electrolyte platform toward more

efficient solid-state lithium metal batteries.
6.1 Solid Polymer Electrolyte Membrane Preparation

The preparation procedure was optimised and reported in previous Chapters
[11]. The molar ratio between [EO] and [Li‘] units was fixed at 20:1, as this
composition was previously identified as optimal for achieving high ionic
conductivity at elevated temperatures while minimizing electrolyte stickiness. The
PEO-PEC ratios selected for this study were also based on previously reported
optimized compositions [12]. Here, three electrolyte formulations were
investigated: (i) PEO-PEC (1:1), (i) PEO-PEC (1:1) incorporating SN, and (iii)
PEO-PEC (7:3) incorporating SN. The structures of the components for the
formulation of PEO-based electrolytes are summarized in Figure 6.1. For SN-
containing systems, the SN content was fixed at molar ration of EO/SN =4/1. PEO—
PEC (1:1), PEO-PEC (1:1) incorporating SN, and PEO—PEC (7:3) incorporating
SN were designated as SPE, SPE(1:1)+SN, and SPE(7:3)+SN, respectively.
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Figure 6.1 Chemical structure of the PEO and PEC polymers forming the blend (blue panel), additives
added to the polymer matrix (green panel), photoinitiator used for cross-linking (violet panel) and
lithium salt added (red panel).
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6.2 Electrolyte Characterization

Figure 6.2a shows a photograph of the SPE(1:1) + SN SPE, which appears
quasi-transparent, homogeneous, elastic, and self-standing, indicating its suitability
for subsequent structural and electrochemical characterization. The effect of UV
exposure on SN was investigated using FT-IR spectroscopy. Figure 6.2b displays
the FT-IR spectra of pristine SN and the SPE(1:1) + SN electrolyte before UV
exposure, after 1 min of irradiation, and after 3 min of irradiation. The SN-
containing SPE was exposed to UV light under the same conditions employed for

electrolyte preparation.
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Figure 6.2 a) Digital photograph of the self-standing, flexible, and quasi-transparent SPE(1:1)+SN SPE.
b) FT-IR spectra of pristine SN and the SPE(1:1)+SN electrolyte recorded before UV exposure and after

1 min and 3 min of UV irradiation, respectively.

As shown in Figure 6.2b, the characteristic absorption band at 2252 cm !,

assigned to the cyano (C=N) stretching vibration, remains essentially unchanged
even after three minutes of UV exposure. This observation indicates that the cyano
functional groups of SN are largely preserved during the UV-curing process,
confirming the chemical stability of SN under the applied irradiation conditions.
To investigate thermal properties and crystallinity of SPEs, DSC measurements
were performed. Since Li" ion conduction primarily occurs in the amorphous phase,
suppression of crystallinity is essential for achieving high ionic conductivity [13].
Figure 6.3a shows the DSC thermograms of PEO/LiTFSI, SPE(1:1) + SN, and
SPE(7:3) + SN. The PEO/LiTFSI SPE reveals a characteristic endothermic
transition at —32 °C, attributed to a solid-solid transition associated with the
transition of crystalline PEO into a more amorphous or ordered-amorphous (plastic

crystalline) phase, along with a melting peak at around 60 °C. As previously
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reported, this SPE displays a semi-crystalline nature, with a crystallinity degree of
approximately 33% [11]. In contrast, no distinct melting or crystallization peaks are
observed for the SN-based SPEs, indicating a predominantly amorphous structure.
The incorporation of PEC disrupts the formation of crystalline domains in PEO,
while UV-induced cross-linking generates a network structure that further
suppresses PEO recrystallization [14]. Both SN-based SPEs show two Ty, located
at =50 °C (PEO-rich phase) and —10 °C (PEC-rich phase), indicating phase

separation between the two polymer components.
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Figure 6.3 DSC thermograms of PEQ/LiTFSI, SPE(1:1)+SN, and SPE(7:3)+SN recorded at a heating
rate of 10 °C min™".

TGA analysis was carried out in the temperature range of 25-800°C to evaluate
the thermal stability of the SN-containing SPEs, as shown in Figure 6.4a. The SPEs
exhibit thermal stability up to around 136 °C, corresponding to 5% weight loss,
while the plasticizer-free SPE shows the onset of degradation over 200 °C. The
initial weight loss observed at around 130 °C can be attributed to sublimation of SN
[15]. Nevertheless, the Tosy, of 136 °C for the plasticized SPEs confirm their
adequate thermal robustness for operation under moderately elevated temperatures
in practical applications. Moreover, this result indicates that the extrusion process

at ~120 °C did not induce chemical degradation of the polymer matrix. The TGA
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curves of both SPE formulations reveal three distinct weight-loss stages. The initial

mass loss observed between 130 and 220 °C is mainly attributed to the sublimation

of SN. Above 220 °C, degradation of the aliphatic polycarbonate chains begins. The

final weight-loss stage, occurring above 350 °C, is associated with the

decomposition of the PEO polymer backbone and its complexes with LiTFSI.

Typically, salt-doped PEO systems exhibit a two-step decomposition behaviour:

the first step, occurring around 380 °C, corresponds to polymer chain scission,

while the second decomposition event at approximately 430 °C is related to the

breakdown of LiTFSI ethylene oxide coordination complexes [16].

o

Residual Weight (%)

100 4

804

60

404

204

0 — ~——
0 100 200 300 400 500 600 700 800

——SPE(T:3) + SN
SPE(1:1) + SN
—— SPE(1:1)

Temperature (*C)

b)

Modulus (MPa)

10000

10004

— SPE(1:1) + SN
-~ SPE(7:3) + SN

-60

-40 -20 0
Temperature (°C)

Tan Delta

3
——— Storage Modulus
—— Loss Modulus

F Tan Delta

SPE(1:1)

Temperature /°C

Figure 6.4 a) TGA curves of SPE(1:1)+SN, SPE(7:3)+SN and SPE(1:1) obtained under N2 atmosphere at
a heating rate of 10 °C min™.. b) DMA curves of SPE(1:1)+SN, SPE(7:3)+SN and c¢) plasticizer-free
SPE(1:1).

DMA was performed to evaluate the mechanical behaviour of the plasticized

SPEs. The measurements reveal a reduction in the Tg and further confirm the partial

immiscibility between the PEO and PEC phases (Figure 6.4b). The Tan Delta curve

exhibits two distinct a-relaxation peaks for both SPEs, corresponding to the glass

transitions of the individual PEO-rich and PEC-rich domains. Compared with the

system without SN addition (Figure 6.4c), both T, values decrease by

approximately 20-30 °C. These transition temperatures are approximately 20 °C

lower than those observed for plasticizers-free systems (—30°C and +20 °C,

respectively), demonstrating the effective plasticizing action of SN, which

promotes increased chain mobility and softening of both polymer phases[12,17].

The temperature dependence of the ionic conductivity for the investigated SPEs

is presented in Figure 6.5. The SPE(7:3) + SN SPE exhibits slightly higher ionic

conductivity across the entire temperature range, reaching values of 2 x 10* S cm™

1

and 3.2 x 107> S cm™! at 70 and 40 °C respectively. This enhancement can be

directly attributed to the pronounced plasticizing effect of SN, which reduces the
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Tg, suppresses residual crystallinity, and increases the free volume within the
polymer matrix. These combined effects promote enhanced segmental chain
mobility, thereby facilitating Li* transport [7]. A comparison between the two SN-
containing systems further highlights the critical role of polymer composition. The
SPE(7:3) + SN electrolyte consistently outperforms the corresponding 1:1
formulation that displays a conductivity of 3.2 x 10 S cm™! at 40 °C, indicating
that the higher PEO fraction provides a greater density of ether oxygen coordination
sites for Li* migration. Meanwhile, PEC and SN synergistically inhibit PEO

recrystallization, preserving an amorphous structure favorable for efficient ionic

conduction.
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Figure 6.5 Arrhenius plots of ionic conductivity vs. inverse temperature of SPEs under study.

The ESW of the investigated SPEs is a critical parameter for practical
application, as it determines compatibility with high-voltage cathode materials, thus
potentially enabling the development of high-energy-density lithium batteries.
Figure 3b shows the anodic stability of the SN-containing SPEs, assessed through
the current response during a stepwise potential sweep from 3 V to 5 V vs. Li*/Li
at 40 °C. Each voltage step produces an initial current spike followed by a gradual
decay toward a quasi-steady-state value with no significant current flow of the
investigated electrolytes up to 4.9 vs. Li*/Li, which can meet the requirement of
typical high-voltage cathode materials. Using a threshold of ~5 pA cm™, no
significant current increase is observed for the SN-containing SPEs up to 4.8 V vs.
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Li*/Li, which is notably higher than that of the pristine SPE [12]. This observation
is consistent with the addition of an additive with high oxidation stability like SN,
which has contributed to increase the ESW of the material [18]. Moreover, the LSV
profile shown in the inset of Figure 6.6 for the SPE(7:3)+SN electrolyte, shows the
onset of a current increase at approximately 4.8 V, in good agreement with the
behavior observed in the CA. At the same time, there is no distinct sign of redox
features attributable to SN during the scan, excluding the potential hazards of
cyanide formation in practical applications [19]. Notably, the PEO-PEC (1:1)
composition exhibits slightly lower anodic current densities compared to the 7:3
formulation, which can be attributed to its higher PEC fraction [20]. This enhanced
oxidative stability exceeds that of the pristine SPE and satisfies the operational

requirements of typical high-energy density 4V-class cathode materials.
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Figure 6.6 CA of SN-containing SPEs using a Li/SPE/AI-CC cell during stepwise anodic polarization at
40 °C; inset: LSV profile of SPE(7:3)+SN at 40 °C (scan rate of 0.1 mV s™).

Figures 6.7a and 6.7b present the lithium plating/stripping behavior of the
SPE(7:3)+SN SPE evaluated at 40 °C under various current densities ranging from
25 to 150 pA cm™2, as well as during long-term cycling at 25 pA cm 2. The SPE
exhibits low polarization across different current densities, with an overpotential of

0.4 V at the highest tested current density of 150 pA cm™2. An initial gradual
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increase in overpotential is observed within the first few hundred hours, which is
attributed to the progressive formation of a stable SEI at the lithium surface. Once
a uniform and ionically conductive SEI is established, the overpotential reaches a
steady-state value and remains nearly constant over 1400 h of continuous cycling,
demonstrating highly stable interfacial behavior and effective suppression of
dendritic growth. In contrast, the SPE (1:1) + SN SPE (Figure 6.7c) exhibits a
progressive increase in overpotential even at the lowest applied current density (25
1A cm?), followed by pronounced voltage polarization upon increasing the current

density and eventual short-circuit failure.
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Figure 6.7 a) Galvanostatic lithium plating/stripping cycling in symmetric LillLi cells employing

SPE(7:3)+SN at current densities ranging from 25 to 150 nA cm2 (step time of 1 hour per half cycle,

corresponding to a plated/stripped capacity per half cycle of 25 to 150 mAh ¢cm2). b) Long-term lithium
2

plating/stripping stability of SPE(7:3)+SN at 25 pA cm™. c¢) Plating/stripping cycling employing
SPE(1:1)+SN at current densities ranging from 25 to 50 pA cm™2 (T = 40 °C).

The lower interfacial stability observed for the SPE(1:1) + SN electrolyte at 40

°C can be attributed to its higher PEC content and comparatively lower ionic
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conductivity at this temperature. The reduced ionic conductivity limits efficient Li"
transport across the interface, leading to increased local polarization and
inhomogeneous lithium deposition. Such conditions promote uneven current
distribution and enhance the likelihood of parasitic interfacial reactions. It can be
attributed to the intrinsic chemical reactivity of PEC and SN toward lithium metal
[21]. Similarly, succinonitrile, upon contact with Li metal, can undergo partial
reduction of the nitrile groups, producing electronically insulating but ionically
heterogeneous decomposition products [22]. In contrast, the SPE(7:3) + SN
formulation benefits from both a higher PEO fraction and the synergistic
plasticizing effect of SN. The increased PEO content provides a greater density of
ether oxygen coordination sites for Li" transport, while SN enhances segmental
mobility by reducing the glass transition temperature and suppressing residual
crystallinity. This synergistic effect results in improved ionic conductivity at 40 °C,
enabling efficient Li* transport under moderate operating conditions. Consequently,
more homogeneous lithium plating/stripping is achieved, promoting the formation
of a stable and ionically conductive solid electrolyte interphase. These combined
factors account for the superior interfacial stability and long-term cycling

performance observed for the SPE(7:3) + SN electrolyte.
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Figure 6.8 Electrochemical performance of LillSPE(7:3) + SNIl LiFePO4 cells (T = 40 °C): (a) rate
capability evaluated at C-rates ranging from C/40 to C/5; (b) representative charge—discharge voltage
profiles at the different C-rates. All tests were performed within a voltage window of 2.5 and 4.0 V.

Laboratory-scale all-solid-state lithium metal cells were assembled to evaluate
the electrochemical performance of the optimized SPE in combination with both
moderate- (LFP) and high-voltage (NMC) cathode materials at 40 °C. Figure 4a
shows the rate capability of the Lil|[SPE(7:3) + SNI|ILFP cell cycled at 40 °C at
progressively increasing C-rates from C/40 to C/5. At a low current density (C/40),
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the cell delivers a high specific discharge capacity of 157 mAh g!, which is close
to the theoretical capacity of the commercial LFP used as cathode active material.
Upon increasing the rate, the cell maintains discharge capacities of 147 and 135
mAh g ! at C/15 and C/10, respectively. At C/5, a more pronounced capacity drops
to 94 mAh g ! is observed, which can be attributed to increased polarization arising
from kinetic limitations typical of solid-state systems. Nevertheless, when the
current density is reduced back to C/15, the discharge capacity largely recovers,
confirming the absence of significant irreversible degradation. The initial
Coulombic efficiency is ~98%; at C/10, the CE stabilizes at ~99.2%. Upon
returning to C/15 in the subsequent cycles, the CE further improves, reaching values
as high as 99.7%. The relatively small capacity decay demonstrates that the
SPE(7:3) + SN electrolyte provides sufficient ionic conductivity and low interfacial
resistance to sustain operation at higher current densities. The representative
galvanostatic charge-discharge profiles at different C-rates (Figure 6.8b) show that
voltage polarization remains relatively low, indicating efficient charge transfer
enabled by good interfacial contact between the SPE and the active material at low
and intermediate rates. However, as the current density increases, the polarization
gradually rises, as expected for SPEs. Nevertheless, no abnormal voltage profiles
are observed, indicating homogeneous Li* transport and stable interfacial behavior.
Performance is clearly higher than that observed for the pristine electrolyte, which

exhibited a considerable capacity drop under similar conditions. (Figure 6.9).
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Figure 6.9 Rate capability of the pristine electrolyte employing a Li/SPE(1:1)/LFP cell upon reversible
galvanostatic cycling at 40 °C (a) and the corresponding voltage vs. specific capacity curves at C/20 and
C/10 rates (b).
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6.3 Electrochemical Behavior of Solid Polymer

Electrolyte with High Voltage Cathode

To further verify the feasibility of the SN-containing SPE for practical
applications, laboratory-scale Li-metal battery cells comprising a catholyte-
electrolyte integrated NMC electrode and lithium metal anode were assembled. The
performance of the SPE(7:3) + SN SPE was evaluated using a commercial
NMC662 cathode cycled between 3.0 and 4.2 V vs. Li*/Li at 40 °C. As shown in
Figure 6.10a, the cell delivers a reversible discharge capacity of approximately 145
mAh g ! at C/15, demonstrating that the electrolyte can operate stably under
oxidative potentials exceeding 4.0 V. Upon increasing the current density to C/10
and C/5, a gradual decrease in capacity is observed, which is primarily associated
with increased polarization rather than electrolyte degradation. This interpretation
is supported by the recovery of the capacity when the current density is returned to
C/15. The voltage profiles reported in Figure 6.10b exhibit smooth and sloping
charge—discharge curves typical of layered NMC cathodes. At lower current
densities, the profiles display limited polarization and good reversibility, whereas
higher rates lead to increased overpotential, particularly near the upper cutoff
voltage. Importantly, no abrupt voltage drops or indications of parasitic oxidation
are observed, suggesting that the presence of SN and PEC improves the oxidative
stability of the electrolyte. Noteworthy, the pristine SPE, both at 40 and 70 °C, was
found to operate reliably only with the LFP cathode and not with high-voltage
cathodes.

Long-term cycling stability of the SPE(7:3) + SN SPE at C/15 is shown in
Figures 6.10c and 6.10d. Remarkably, the cell maintains a stable discharge capacity
over prolonged cycling, with only gradual and limited capacity fading. The
corresponding CE remains in the range of 98-99% throughout the test, indicating
highly reversible lithium insertion and extraction processes. Selected voltage
profiles collected at different cycle numbers overlap closely, confirming that
polarization does not significantly increase upon cycling and that the electrode—

electrolyte interfaces remain stable over time.
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specific capacity profiles at C/15; (d) long-term cycling at C/15. All tests were performed within a voltage
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For comparison, a Lil[INMC622 cell employing the SPE(1:1) + SN SPE was
also assembled (Figure 6.10). In this case, the cell exhibits significantly lower
performance. An initial discharge capacity of ~120 mAh g ! is achieved at C/15,
followed by rapid capacity fading and pronounced polarization at higher current
densities, with only partial recovery when returning to lower rates. The higher PEC
content in the 1:1 SPE likely results in insufficient ion transport and reduced
interfacial stability at high voltages, ultimately preventing sustained operation with

NMC cathodes.
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6.4 Concluding remarks

In summary, this Chapter builds on the solvent-free, UV-cured PEO/PEC
electrolyte platform established in the previous Chapters and demonstrates that the
introduction of succinonitrile provides an effective step further towards the
enhancement of its performance at moderate temperature. Within this already
optimized and scalable processing framework, SN proved particularly effective in
promoting ionic transport and broadening the electrochemical applicability of the
electrolyte, while the systematic investigation of the PEO/PEC ratio identified a
PEO-rich composition as the most favorable compromise between conductivity,
mechanical robustness, and interfacial stability toward lithium metal.

The optimized SPE(7:3)+SN formulation combined efficient Li* transport with
sufficient structural integrity for reliable cell assembly and operation. Most
importantly, it enabled highly reversible lithtum plating/stripping for more than
1400 h in symmetric Li||Li cells at 40 °C, with moderate and stable overpotentials,
indicating the formation of a durable and homogeneous electrolyte/electrode
interphase. This result confirms that the combined action of UV-crosslinking and
SN plasticization can effectively stabilize the lithium interface while preserving the
solid-state character of the SPE.

The practical relevance of this electrolyte was further validated in laboratory-
scale solid-state lithium metal batteries employing both LFP and high-voltage NMC
cathodes. In both configurations, the cells delivered near-practical specific

capacities and stable cycling at 40 °C, while the oxidative stability of the optimized
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electrolyte was sufficient to sustain operation up to 4.2 V vs. Li*/Li with acceptable
polarization and rate capability. Overall, these findings show that the synergistic
combination of an established solvent-free processing route, crosslinked PEO/PEC
networks, and SN plasticization represents a viable strategy to extend the
performance of polymer electrolytes toward moderate-temperature operation. More
broadly, this work highlights how targeted formulation advances, built on a scalable
processing platform, can effectively bridge ionic transport, interfacial stability, and

practical cell performance in next-generation solid-state lithium metal batteries.
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Chapter 7

Low Melting Non-Corrosive
Asymmetric Thioether-TFSI Li
Salts for Solid Polymer Electrolytes

Among lithium salts for poly(ethylene oxide)-based solid polymer electrolytes,
a major breakthrough was the introduction of lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI, Scheme 1), featuring a weakly
coordinating, highly charge-delocalized TFSI™ anion [1]. Weak coordination
enhances Li* mobility while enabling high ionic conductivity (3.9x107*S cm™! at
70°C , the typical operating temperature of LiMP batteries), along with thermal and
chemical stability, prompting extensive efforts to replace the widely used but less
thermally stable and more hazardous LiPF¢ [2—4]. However, LiTFSI still exhibits
several well-known drawbacks in PEO-based SPEs (Table 1), relatively low Li*
transference number (ti" = 0.22) [5], lower ionic conductivity compared to
LiPF¢/PEO systems [6], poor long-term interfacial stability toward Li metal due to
unstable SEI formation, and pronounced corrosion of aluminum current collectors
(Figure 7.1, Table 7.1) [3,7]. These limitations have driven intensive research into
TFSI™ anion modification and the development of new weakly coordinating anions,
aiming to produce SPEs with higher ionic conductivity, improved Li-anode

interfacial stability, and enhanced cycling performance with aluminum current
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collectors [5,8—11]. One promising strategy involves Li salts that are liquid at
battery operating temperatures, as reduced melting points (7)) can plasticize the
PEO matrix, suppress crystallization. Early studies in this field focused on how the
length and symmetry of fluoroalkyl chains within the TFSI-like anion influence the
properties of the resulting Li salts and their SPEs (Scheme 1; e.g., LIBETI [12],
LiFTFSI [5], Li bis[(nonafluorobutyl)-sulfonyl]imide (LiC4C4) [13], Li
(trifluoromethylsulfonyl)-N-(nona-fluorobutylsulfonyl)imide (C1C4) [14] etc.). It
was demonstrated that the length of the perfluoroalkyl chains improves the
interfacial compatibility of SPEs with both anode materials (e.g., Li metal and
graphite) and cathode electrodes (Table 7.1). However, this structural variation
increased T, of salts, exerted opposing effects on ionic conductivity of Li salt/PEO
materials, and does not enhance lithium-ion transport, as the highly fluorinated

groups interact only weakly with PEG chains [15].
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Figure 7.1 Reference structures of TFSI and previously reported asymmetrically modified TFSI anions
selected for comparison; and synthetic pathway overview of the two novel asymmetric thioether-TFSI
Li salts.

In contrast, introducing asymmetry into the TFSI anion was found to

substantially reduce T while simultaneously improving other SPE properties [16—
19]. A notable example is LisTFSI (super-TFSI) (Scheme 1) [16,17], it exhibits a
dramatically reduced melting point (118 °C vs. 233 °C) which enables higher ionic

conductivity and slightly improved Li* transference numbers without
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compromising electrochemical stability, although stable cycling has mainly been
demonstrated in ionic liquid-based systems [20].

Combined with asymmetry, several studies have further explored the
introduction of a positive dipole into the anion structure, leading to the development
of DFTFSI [6,19,21] and DFFSI [18] anions, in which one fluorine atom is
substituted by hydrogen. This modification results in only a modest reduction in the
Tm of the Li salts; however, LIDFTFSI/PEO and LiDFFSI/PEO SPEs exhibit
approximately a 1.5-fold increase in ionic conductivity (compared to LiTFSI/PEO),
reduced interfacial resistance, improved compatibility with Li-metal anodes and
remarkably suppressed Al corrosion compared to LiTFSI/PEO.

A similar strategy combining anion asymmetry with enhanced interactions with
the host polymer matrix was further exploited in the design of the EFA [22] and
TFEMSI [23] anions, in which a tertiary amine group is directly attached to the
sulfonyl moiety. The incorporation of short PEG chains significantly reduced the
melting temperature of LiIEFA to 112 °C (Table 7.1) and increased the Li*
transference number up to 0.43, owing to segmental entanglement of the anion-
tethered methoxyethyl chains, which are likely immobilized by PEO via hydrogen
bonding [22]. However, this modification led to a reduced electrochemical stability
toward the Li anode (=4 V) and a slight loss of thermal stability.

Finally, LiBTFSI [24] achieves one of the highest reported Li* transference
numbers (0.69) in PEO-based SPEs, attributed to n—mn stacking between aromatic
groups that promotes anion aggregation and suppresses anion mobility, resulting in
improved cycling stability despite moderate conductivity and limited anodic
stability.

In this context, the present Chapter investigates two novel asymmetric
thioether-TFSI lithium salts designed as alternative conducting salts for PEO-based
solid polymer electrolytes. Their molecular design combines an asymmetric TFSI
framework with thioether-containing substituents in order to lower the salt melting
point, limit aluminum corrosion, and tune the interactions between anion and
polymer matrix. The resulting salts, Li TFT-TFSI and Li MET-TFSI, were
synthesized and incorporated into PEO-based electrolytes, the thermal and
electrochemical properties of which were systematically compared with those of

the conventional LiTFSI/PEO system.
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Table 7.1 Thermal and electrochemical properties of Li salts and respective Li salt/PEO SPEs

Neat Li salt Li salt/PEO polyelectrolyte®
Li salt Tm®  Tonset® 6 70°C LSV¢ TLi"®
(°C)  (°C) (Sem™) 70°C (V) 70°C
Li TFT-TFSI 136 240 2.1x107* 4.3 0.23
Li MET-TFSI 71 235 3.0x107* 3.8 0.29
For comparison:
Li TFSI®* 233 356 3.9x107* 4.8-5.1 0.22
Li BETI" 328 n.d 5.0x107* n.d 0.24
Li C4C4" 352 334 2.2x107* 53 0.29
Li FTFSIP° 110 150 9.7x107* 5.2 0.17
Li sTFSI'/ 118 300 7.5%x107* 5.4 0.29
Li DFFSI'®  n.d. 184 6.6x107* n.d 0.23
Li DFTFSI” 194 242 5.7x107* 52 0.35
Li EFA? 112 308 2.7x107* 4.0 0.43
Li TFEMSI** 181 318 3.5x107* n.d 0.64
Li BTFSI”®  n.d. 352 3.6x107* 4.0 0.69

2 The Li salts/PEO blends composition was fixed at [EO]/[Li*] = 20 (note: PEO with different molecular weights
may be used). ® Melting point (Tm) determined by DSC under N2 (note: heating rates of 5 or 10°C min~! may
be employed). ¢ Onset weight loss temperature determined by TGA in air (note: heating rates of 5 or 10°C min !
may be employed). ¢ Anodic stability by linear sweep voltammetry (LSV) at 70°C. ¢ Li-ion transference number

measured at 70°C.

Particular attention was devoted to ionic conductivity, lithium-ion
transference number, compatibility with lithium metal, and cycling
performance in Li||LiFePO4 cells, together with the passivation behavior
toward aluminum current collectors. Overall, this study aimed at assessing
the practical potential of low-melting, non-corrosive asymmetric lithium salts
as promising alternatives to conventional conducting salts for solid polymer
electrolytes. Within the broader framework of this thesis, this Chapter well
fits as it highlights how the design of new lithium salts is a key strategy to
overcome the limitations of conventional polymer electrolytes while also

guiding the development of more sustainable battery chemistries.
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These results have been published in the scientific research article V. Y.

Shevtsov, F. Gambino et al., Chemm. Comm (2026) (under press) and are

reproduced/readapted in the following sections.

7.1 Synthesis Overview

Vinyl-TFSI K

CF4SO0,NH,

_—

AcN, 0°C — rt

~CF,

R-S-TFSI K

= 0
K,CO4 ¥ oo
—_— 2\ N7,
AcN, 30°C ® & "CFs
K
Vinyl-TFSI K
. 0o O
LiBF _S I I
¢ R \/\ﬁ—N—ﬁ—ca
(e}
AcN, 25°C Li® ©
R-S-TFSI Li
Li MET-TFSI R: \C/CF:;
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Li TFT-TFSI

R: \/\O/\/O\

Figure 7.2 General synthetic route for the preparation of Li MET-TFSI and Li TFT-TFSI salts.

Synthesis of Vinyl-TFSI TEA

11
c >

CF3SO,NH, =\ 0

AcN, 0—-25°C

CF3SO2NH; (27.4 g, 0.184 mol) and triethylamine (TEA, 59.6 g, 0.589 mol)

were dissolved in 60 mL of anhydrous acetonitrile (AcN) at RT under an inert

atmosphere. The resulting solution was then precooled to 0 °C using an ice bath. A

separate solution of 2-chloroethanesulfonyl chloride (30.0 g, 0.184 mol) in 200 mL

of anhydrous AcN was prepared and added dropwise to the amine solution while

maintaining the temperature at 0 °C. After the addition was complete, the ice bath

was removed, and the reaction mixture was allowed to warm gradually to RT.

Stirring was continued at 25 °C for 12 hours and the formation of a white precipitate
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of triethylammonium chloride ((CH3CH2);sNH'CI") was observed. The precipitate
was filtered and the solvent was then evaporated. The resulting oil was dissolved in
50 mL of anhydrous ethyl acetate (EtAc) and the additional precipitation of
(CH3CH2)sNH'CIl™ was observed. The solid was filtered off, the solvent was
subsequently removed under reduced pressure, yielding the brown oily product. It
was finally dried at 40 °C/0.2 mbar for 12 h in a Biichi B-585 glass drying oven
equipped with a P,Os moisture trap. Yield: 57.5 g (92 %); NMR Figure Al

Synthesis of Vinyl-TFSI K

=\ 0 — 0
SN KoCO3 < 09
(@) / N
//S\C S
® 0 ®  AcN, 30°C ® & CFs

The freshly dried KoCO3 powder (58.3 g, 0.422 mol) was added in one portion
to a solution of vinyl-TFSI TEA (57.5 g, 0.169 mol) in anhydrous AcN (200 mL).
The suspension was then stirred for 12 h at 30°C under an inert atmosphere. The
residual powder was filtered off and the solvent evaporated. The obtained beige
powder was washed with anhydrous diethyl ether (3 x 35 mL) and further dried at
40°C/0.2 mbar for 15 h. Yield: 40.5 g (86 %); NMR Figure A2

Synthesis of CF3-CH2-S-TFSI K
PO

=0 HS™ “CFj CF S o C
~ 3
NS DIPA ~ \/\ﬁ—g—ﬁ—CH
/" ~CF O
@k O 73 MeOH, 35°C K

Vinyl-TFSI K (4.93 g, 17.8 mmol), 2,2,2-trifluoroethanethiol (2.68 g, 23.0
mmol), DIPA (0.36 g, 3.9 mmol), and anhydrous MeOH (20 mL) were charged into
a high-pressure glass reactor, which was subsequently flushed with Ar and sealed.
After complete dissolution at room temperature, the reaction mixture was stirred
for 5 h at room temperature and then for an additional 15 h at 35 °C. Upon
completion, the solution was concentrated to approximately half of its initial
volume by evaporating 6 mL of methanol under reduced pressure (40 °C/100 mbar).

The concentrated solution was then precipitated into an excess of anhydrous diethyl
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ether (60 mL) under vigorous stirring, affording beige powder. The solid was
isolated by decantation, washed with anhydrous diethyl ether (3 X 25 mL), and dried
at 30 °C/0.15 mbar for 12 h. Yield: 4.80 g (68%); NMR Figure A3

Synthesis of CF3-CH,-S-TFSI Li (Li TFT-TFSI)

o O LiBF,
CF S I I

3N \/\ﬁ_N_ﬁ_CF3
®k 0%o AcN, 25°C

o O
CF S I I
IO S-N-S-CF,

@

CF5-CH»-S-TFSI K (2.50 g, 6.3 mmol) and anhydrous LiBF4 (0.60 g, 6.3
mmol) were dissolved in anhydrous AcN (20 mL) under an argon atmosphere. The
resulting solution was stirred at 25 °C for 24 h, during which the formation of a
KBF4 precipitate was observed. The suspension was subsequently filtered to afford
a clear solution. The solvent was removed under reduced pressure to obtain white
powder. The product was dried at 50 °C/0.1 mbar for 12 h. Yield: 1.82 g (91 %);
NMR Figure A4—6; Anal. calcd. for CsHeFsLiNO4S3 (361.22): C, 16.63 %; H, 1.67
%; N, 3.88 %. Found: C, 16.69 %; H, 1.84 %; N, 3.98 %; T, =-2.9 °C (DSC, 5 °C
min1); 7,, = 135.9 °C (DSC, 5 °C min}).

Synthesis of CH3-(O-CH:-CH2):-S-TFSI K

HS (0]
=\ //O \/\O/\/ ~

o o
0] S I I
PN P DIPA N0 S NS CFy
® @O’/S\CF3 g @ 0©o0
K MeOH, 35°C

Vinyl-TFSIK (4.0 g, 14.4 mmol), 2-(2-methoxyethoxy)ethane-1-thiol (2.56 g,
18.7 mmol), DIPA (0.44 g, 4.3 mmol), and anhydrous MeOH (20 mL) were charged
into a high-pressure glass reactor, which was subsequently flushed with Ar and
sealed. After complete dissolution at room temperature, the reaction mixture was
stirred for 5 h at room temperature and then for an additional 15 h at 35 °C. Upon
completion, the solution was concentrated to approximately half of its initial
volume by evaporating 7 mL of methanol under reduced pressure (40 °C/100 mbar).
The concentrated solution was then precipitated into an excess of anhydrous diethyl

ether (60 mL) under vigorous stirring, affording beige powder. The solid was
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isolated by decantation, washed with anhydrous diethyl ether (3 x 25 mL), and dried
at 30 °C/0.15 mbar for 12. Yield: 4.70 g (78%); Figure A7.

Synthesis of CH3-(O-CH,-CH)>-S-TFSI Li (Li MET-TFSI)

o s g 9 LiBF, o s g 9
IS NS cF, L 70T TS N-8—CF,
® O (0] ° ® O (e}
K AcN, 25°C Li

CH3-(0O-CH2-CH2)>-S-TFSI K (4.70 g, 11.4 mmol) and anhydrous LiBF4 (1.06
g, 11.4 mmol) were dissolved in anhydrous acetonitrile (40 mL) under an argon
atmosphere. The resulting solution was stirred at 25 °C for 24 h, during which the
formation of a KBF4 precipitate was observed. The suspension was subsequently
filtered to afford a clear solution. The solvent was removed under reduced pressure
to obtain white powder. The product was dried at 50 °C/0.1 mbar for 12 h. Yield:
3.7 g (89 %); Figure A8—13; Anal. calc. for CsHisF3LiNOesS3 (381.32): C, 25.20
%; H, 3.97 %; N, 3.67 %. Found: C, 24.57 %; H, 4.00 %; N, 3.68 % ; T, =—3.9 °C
(DSC, 5 °C min'); T, = 71.4 °C (DSC, 5 °C min!).

7.2 Salt Characterization

To address the demand for non-corrosive lithium salts featuring weakly
coordinating anions, low 7,, and SPEs with high ionic conductivity and elevated
tri’, a straightforward synthetic strategy based on thiol-ene click chemistry was here
developed (Figure 7.2) [25]. This approach employs the commercially available
potassium salt of (trifluoromethylsulfonyl)-N-(ethenesulfonyl)-imide (vinyl-TFSI)
[26] and enables the modular design of a broad family of asymmetric anions
through a two-step reaction sequence with selected thiols. Moreover, the proposed
synthesis method is distinguished by its simplicity, consistently high reaction
yields, straightforward product isolation, and the attainment of a high level of purity
suitable for electrochemical applications. In details, vinyl-TFSI K was reacted with
two thiols: 2,2,2-trifluoroethanethiol and 2-(2-methoxyethoxy)-ethane-1-thiol
(Figure 7.2). The former was chosen to generate the smallest asymmetric anion
bearing a fluorinated functional group (-CH»>-CF3), while the latter introduces two
consecutive ethylene oxide (EO) units that, analogously to the EFA anion, are
expected to interact with PEO chains, thereby reducing anion mobility. Subsequent

cation exchange from potassium to lithium afforded the target thioether-TFSI
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lithium salts: lithium ((2-((2,2,2-trifluoroethyl)thio)ethyl)sulfonyl)-N-(trifluorome-
thylsulfonyl)imide (abbreviated Li TFT-TFSI) and lithium ((2-((2-(2-methoxy-
ethoxy)ethyl)thio)ethyl)sulfonyl)-N-(trifluorome-thylsulfonyl)-imide (Li MET-
TFSI). A combination of '"H NMR, "Li NMR, *C NMR, F NMR and FT-IR
spectroscopy and elemental analysis were used to confirm the structures and purity
of newly synthesized compounds (Figure A1-All). Additionally, 2D NMR
techniques, such as HSQC and HMBC were used to identify the structure and
correctly assign the protons and carbons of Li MET-TFSI (see Fig. A12—A13).
DSC traces of the newly synthesized salts reveal melting points (7}, observed
during the 1st heating) at 136 and 71 °C for Li TFT-TFSI and Li MET-TFSI,
respectively (Figure A14—A15), with the latter representing the lowest T, reported
to date for TFSI-type Li salts (Figure 7.3a). This pronounced Ty reduction is
attributed to the methoxyethoxy-thioethyl substituent on the TFSI anion, the steric

and conformational effects of which hinder efficient anion packing and suppress

crystallization.
a) . b) c)
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Figure 7.3 Physical and thermal, properties of neat Li salts and LiX/PEO polyelectrolytes (X = TFT-
TFSI, MET-TFSI, or TFSI; [EO/Li*] = 20): a) Summary of melting points of asymmetric sulfonimide Li
salts; b) DSC traces of salt-in-polymer electrolytes; ¢) TGA plots of neat Li salts in air.

This interpretation is supported by the second DSC cycle, in which no
crystallization was observed even upon slow cooling, and only a T = —3.0 °C was
detected.

Switching from Li salts to their PEO-based SPEs with [EO]/[Li"] = 20 by mol
ratio resulted in the formation of self-standing semi-transparent membranes, the
thermal properties of which were evaluated by DSC. Figure 7.3b shows the DSC
curves from the first heating scan of the newly developed Li TFT-TFSI/PEO and
Li MET-TFSI/PEO SPEs, benchmarked against the conventional LiTFSI/PEO
system. All samples exhibit two characteristic thermal transitions: a glass transition
in the range of —37.4 to —29.6 °C and a melting transition (Tm) associated with

crystalline PEO between 57.3 and 60.5 °C. The T values decreased in the following
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order: —29.6 °C (Li TFT-TFSI/PEO) > —35.7 °C (LiTFSI/PEO) > —37.4 °C (Li
MET-TFSI/PEO). This trend indicates a stronger plasticizing effect of Li MET-
TFSI compared to Li TFT-TFSI and the reference LiTFSI salt. Analysis of the PEO
melting transition revealed the following order of T, values: 60.5 °C (LiTFSI/PEO)
> 58.0 °C (Li MET-TFSI/PEO) > 57.3 °C (Li TFT-TFSI/PEO), which correlates
well with the corresponding melting enthalpies (AHm): 68.5 J ¢! (LiTFSI/PEO) >
66.2 J g ! (Li MET-TFSI/PEO) > 54.1 J ¢! (Li TFT-TFSI/PEO). These results
clearly indicate a reduced degree of PEO crystallinity in the Li MET-TFSI/PEO and
Li TFT-TFSI/PEO systems compared to the conventional LiTFSI/PEO SPE. The
reduced crystallinity can be attributed both to the lower intrinsic melting points of
the newly developed lithium salts and to their enhanced ability to plasticize the PEO
matrix. Furthermore, the suppressed recrystallization of PEO can be rationalized by
the increased flexibility of the modified TFSI-type anions, which is governed by
the nature of the substituent groups attached to the sulfur atom [5,17,21]. In
particular, the larger side groups in Li MET-TFSI and Li TFT-TFSI relative to
LiTFSI are expected to promote PEO segmental mobility, thereby hindering
crystallization in the blended SPEs. TGA in air further revealed an onset of weight
loss above 235 °C (Figure 7.3¢), indicating sufficient thermal stability for practical
use, as LMB typically operate below 100 °C.

7.3 Electrochemical Behavior of Novel Lithium Salts
Figure 7.4a shows Arrhenius plots of the total ionic conductivity (i), reflecting
the combined transport of Li* cations and anions, for Li TFT-TFSI/PEO, Li MET-
TFSI/PEO, and LiTFSI/PEO SPEs. In the near-ambient temperature range (20-30
°C), Li MET-TFSI/PEO shows the highest conductivity (5.4 x 1077 S cm™),
exceeding LiTFSI/PEO (4.7 x 1077 S cm™!) and Li TFT-TFSI/PEO (2.0 x 10°% S

cm ).
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Figure 7.4 Electrical and electrochemical behavior of Li TFT-TFSI/PEO (red), Li MET-TFT/PEO (blue),
and Li TFSI/PEO (black). Arrhenius plots of ionic conductivity vs. inverse temperature for
polyelectrolytes determined by EIS in the range 20-80 °C (a) and linear sweeping voltammetry profiles
measured in a LilLix/PEOIAI carbon-coated configuration at a scan rate of 0.1 mV s™! at 70 °C (b).

However, ionic conductivity values of all three systems remain insufficient for
LMBs, mainly due to crystalline PEO domains that strongly hinder ion transport.
Upon heating above 60 °C, conductivity increased sharply for all SPEs, reaching
~107* S cm™!, which is attributed to melting-induced amorphization of the PEO
matrix that enables continuous ion-conducting pathways and enhances ion mobility
[27]. At 70 °C, the total ionic conductivity increased with decreasing effective anion
volume in the following order (Table 7.1): 2.1 x 10* S cm™! (Li TFT-TFSI/PEO)
<3.0x10*S cm™! (Li MET-TFSI/PEO) < 3.9 x 10* S cm™! (LiTFSI/PEO). The
LSVs of the SPEs are compared in Figure 7.4b. All SPEs show anodic breakdown
at ~4 V vs. Li/Li*, attributed to oxidative degradation of the PEO matrix [28].
Increasing the potential to ~4.8 V resulted in a sharp increase in polarization
current, indicating the onset of oxidative decomposition involving the thioether
anions, possibly together with PEO. Nonetheless, both newly developed Li salts
exhibit sufficient anodic stability for operation in LFP batteries.

To evaluate the suitability of thioether-TFSI lithium salts for application in
LMBs, the electrochemical properties of Li TFT-TFSI/PEO and Li MET-
TFSI/PEO were systematically investigated with particular attention to thir ti;",
compatibility with the Li metal electrode, and cycling performance in
Li°ILix/PEOIL1FePO4 (LFP) cells. The Li-ion transference number of the SPEs was

determined using the Evans—Vincent—Bruce method (Figure 7.5).
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Figure 7.5 Lithium transference number measurements of Li MET-TFSI/PEO (left) and Li TFT-
TFSI/PEO (right) at 70°C (EO/Li = 20), including chronoamperometry and EIS before and after
polarization.

Notably, Li MET-TFSI/PEO exhibited a higher tii" value (0.29) compared to
LiTFSI/PEO (0.22) and Li TFT-TFSI/PEO (0.23). This enhanced tii" can be
attributed to a combination of two effects: (i) increased mobility of Li*-containing
species resulting from the lower 7, of the SPE, enabled by the stronger plasticizing
effect of Li MET-TFSI, and (ii) reduced mobility of the MET-TFSI anions due to
their stronger interactions with the PEO matrix.

Figure 7.6a shows galvanostatic lithium plating/stripping in Li® symmetric
cells at 70 °C and different current densities. While LiTFSI/PEO exhibits
pronounced voltage instabilities already at 0.1 mA cm 2, the TFT-TFSI- and MET-
TFSI-based SPEs allow stable cycling at 0.2 mA c¢cm > with lower overpotentials
than the reference system. During long-term cycling at 0.05 mA cm? (Figure
7.6b), the Li TFT-TFSI/PEO and Li MET-TFSI/PEO cells remained stable for over
600 h, whereas the LiTFSI-based cell short-circuited after ~250 h, indicating
markedly improved Li° electrode stability due to reduced concentration polarization

and suppressed dendritic lithium growth.
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Figure 7.6 Galvanostatic cycling of Li°l Lix/PEO ILi° symmetric cells at different current densities (total

plated/stripped capacity of 0.2 mAh cm™ per half cycle); d) long-term cycling performances of Li

symmetric cell at 0.050 mA ¢cm™2.

In addition, symmetric Li° cell was used to test the critical current density of
SPEs. The current density increases from 0.15 to 0.4 mA c¢cm2 at 70 °C (Figure
7.7). The PEO/LiTFSI electrolyte experiences a short circuit during the first cycles,
while SPEs based on Li TFT-TFSI and Li MET-TFSI sustain higher current
densities and shorting at 0.31 mA cm™? and 0.39 mA cm™ respectively,

corroborating the compatibility of the SPEs with the Li metal anode.
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Figure 7.7 Critical current density (CCD) test at 70 °C for the SPEs with new salts under study vs LiTFSI
reference.

In Figure 7.8a is shown the discharge capacity as a function of current density
(stepwise increase from C/20, C/15, C/10, C/5, and back to C/15) for
Li°ILix/PEOILiFePOs cells. SPEs based on Li TFT-TFSI and Li MET-TFSI display
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stable charge/discharge behavior across all C-rates, together with excellent cycling
stability and high Coulombic efficiency. Both SPEs maintain capacities close to the
theoretical value of LiFePO4 (=160 mAh g ), with CE above 98% at all tested rates,
whereas the conventional LiTFSI/PEO electrolyte delivers significantly lower

capacities of ~130—-140 mAh g~ ! under identical conditions.
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Figure 7.8 Specific capacity and Coulombic efficiency as a function of cycle number for Li°l Liv/PEO
ILiFePOs cells at variable C-rates (a); Potential vs. specific capacity profiles of Li°ll Liy/PEOI|LiFePO4 at
70 °C and variable C-rates (b).

Anodic dissolution tests were performed using 1 M Li salt solutions in
EC/DMC (1:1 v/v) with uncoated Al discs by holding the potential 1.3 V above the
open-circuit potential of the corresponding half-cell (Figure 7.9). During the first
cycle, current densities of ~0.9 and ~0.1 uA cm 2 were recorded for Li MET-TFSI
and Li TFT-TFSI, respectively, which are negligible compared to LiTFSI, for
which a sustained current density of ~15 mA cm 2 was observed. This pronounced
response for LiTFSI clearly indicates anodic dissolution of the Al° current collector
[6]. In contrast, the very low currents for Li MET-TFSI and Li TFT-TFSI are
attributed to the formation of a highly resistive passivation layer on the Al surface,

effectively suppressing anodic dissolution [6,29,30].
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Figure 7.9 Anodic dissolution behavior of aluminium in 1 M Li salt in EC-DMC (1:1 v/v) liquid
electrolytes measured in a two-electrode configuration (Al working electrode, activated carbon counter
electrode) using a Whatman GF/A glass fiber separator.

To gain a deeper understanding of the chemical composition and morphology
of the formed SEI, XPS, and FESEM analyses were conducted on Al disk. Strongly
reduced corrosion was observed by FESEM: severe pitting is visible for LiTFSI
after cycling (Figure 7.10a), whereas no pitting features were detected on Al discs

from Li MET-TFSI or Li TFT-TFSI electrolytes (Figure 7.10b,c).
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Figure 7.10. Digital photographs of aluminium disks after anodic dissolution tests in 1 M Li salt/EC—
DMC (1:1 v/v) liquid electrolytes, showing visible corrosion pits on the Al surface in the presence of
LiTFSI (a). FESEM images of the Al disk surface after anodic dissolution test in 1 M Li TFT-TFSI/EC-
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DMC (1:1 v/v) liquid electrolyte (b). FESEM images of the Al disk surface after anodic dissolution test
in 1 M Li MET-TFSI/EC-DMC (1:1 v/v) liquid electrolyte (c).
The surface elemental composition (Figure 7.11) and corresponding XPS peak

fitting of the Al 2p, F Is, and S 2p regions (Figure 7.12) consistently reveal that the
nature of the interphase strongly depends on the salt chemistry. In all cases, the
presence of C, O, F, N, S, Li, and Al indicates the formation of a mixed
organic/inorganic layer arising from both solvent and salt decomposition. For
LiTFSI, the relatively high C and O content, together with F 1s and S 2p signals
dominated by components assigned to intact TFSI species, indicates that the surface
layer is largely composed of solvent-derived species with a significant contribution
from residual salt. In contrast, Li TFT-TFSI and especially Li MET-TFSI lead to a
marked increase in F-containing species, consistent with a greater contribution from

salt decomposition.
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Figure 7.11 Surface elemental composition of Al disk after anodic dissolution using the developed Li
MET-TFSI and Li TFT-TFSI salt vs LiTFSI reference.

This is corroborated by the F 1s spectra, which shows an increasing
contribution of lower binding energy components assigned to the species F-metal
(LiF and AlF3), while the higher contribution in CFx for LiTFSI indicates that the
salt structure is partially kept. In addition, in the S 2p region, a slight increase in the
peaks at lower energy, associated with sulphite and SOx species, is observed for the
Li TFT-TFSI and Li MET-TFSI. Among the three systems, Li MET-TFSI exhibits
the highest fluorine content and the strongest F-metal contribution; together with Li
TFT-TFSI, forms a thicker LiF and AlF; protective layer protecting the surface
against corrosion.
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Figure 7.12 Al 2p, F 1s, S 2p, and Li 1s XPS core levels of Al disk after anodic dissolution test using
LiTFSI (up), Li TFT-TFSI (middle) and Li MET-TFSI (bottom).

7.4 Concluding remarks

In summary, two asymmetric thioether-TFSI lithium salts were developed to
overcome key limitations of conventional LiTFSI-based PEO electrolytes. Their
low melting points suppress PEO crystallinity, enabling enhanced plasticization,
maintained ionic conductivity, and improved Li* transference without sacrificing
thermal or electrochemical stability. Notably, both salts suppress aluminium
current-collector corrosion via formation of a stable passivation layer. When
incorporated into PEO-based SPEs, these properties yield improved compatibility
with lithium metal and stable long-term cycling in LilLiFePO4 cells with high
capacity retention and Coulombic efficiency. The modular thiol-ene synthesis
additionally allows structural tunability with reduced fluorine content, supporting
scalability and regulatory compliance.

Within the broader framework of this thesis, this Chapter is particularly
relevant because it shows that, alongside polymer and processing optimization,
rational lithium-salt design has become a key lever for simultaneously tuning ion

transport, interfacial stability, and current-collector compatibility in solid polymer
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electrolytes, while also responding to the growing drive toward lower-fluorine and

more sustainable battery chemistries.
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Chapter 8

Click Chemistry Approach to
Synthesize Advanced Single-Ion
Conductors for Li Batteries

As introduced in Chapter 2, single-ion-conducting polyelectrolytes (SICPs) are
a relatively new subclass of solid-state polymer electrolytes where the anionic
species are covalently anchored to the polymer backbone and only Li" remains
mobile [1-6]. Since the anions in SICPs are chemically bonded to the polymer
backbone, only Li* ions contribute to sustained charge transport. Unfortunately, up
to date, a competitive LMB that utilizes SICP has still not been developed, and one
of the major reasons for that is insufficient ionic conductivity of these
polyelectrolytes: typically way below that of salt-in-PEO polymer electrolytes (4 x
10°5 -9 x 10* S em™! at 25 °C) [7], which accounts for poor cycling performance
and rapid specific capacity decay of the resulting batteries.

One common approach to overcome these limitations is synthesis of specialized
ionic liquid monomers (ILM)s. In contrast to two conventional and most used
ILMs: lithium styrene (trifluoromethane)sulfonylimide (Li STFSI) and lithium
methacrylate (trifluoromethane)sulfonylimide (Li MTFSI) that characteristically
have short chain linkers (also known as spacers) between anionic moiety (e.g.
TFSI-) and polymerizable group[4,8,9], the second generation ILMs are being
designed to have: a) long and flexible spacers not containing chemically “rigid”

moieties, such as benzene rings, b) polar oxygen species within these spacers’
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chains (i.e., ether C—O—C and ester —C(=0)—O—-C functional groups), and c) no
electrochemically unstable groups in the spacer (e.g. C=C double bonds). These
monomers are usually directly polymerized into SICPs and do not require the use
of complex and elaborate block-copolymerization techniques [10-14].

For instance, Shaplov’s group recently, designed and synthesized another ionic
monomer [10]. Denoted M(PEG)TFSI, its unique feature was the 10-repeating-
units-long poly(ethylene glycol) (PEG) spacer connecting the methacrylate group
and TFSI anion, which allowed to dramatically enhance segmental mobility and
thus Li+ transport. Most importantly, the SICP prepared using this ILM
demonstrated good anodic stability (4.5 V vs Li"/Li at 70 °C) and stable cycling
behavior. The one significant downside of that approach, however, was tedious and
elaborate multi-step synthetic pathway required to obtain M(PEG)TFSI monomer
limiting its rapid implementation in production of solid-state LiFePO4 (LFP)-based
LMB:s.

One of the most intriguing works in this realm was done by the group of
Matyjaszewski that employed alkyne-azide click chemistry approach to further
elongate the spacer of PEGylated methacrylate and attach TFSI moiety allowing
highly conductive “one-of-a-kind” ILM [14]. Furthermore, it was demonstrated that
homopolymer of this ILM can be directly used as SICP, and that it was capable of
undergoing continuous 300 h Li plating-stripping in Li|]SICP|Li configuration at 90
°C. On the other hand, no actual Li-cell cycling was demonstrated for this particular
SICP, while the synthesis of this unique monomer still required multiple precursor
preparatory steps prior to alkyne—azide cycloaddition.

In this context, thiol-ene click chemistry has attracted an intensive attention by
researchers for the facile synthesis of polymer due to their high reactivity, good
selectivity and mild reaction conditions [15—17]. Thiol-ene reactions offer several
notable advantages: they proceed with high reactivity and excellent selectivity,
operate under mild conditions, tolerate oxygen and moisture, and are compatible
with large-scale synthesis using readily available starting materials. In recent years,
thioether polymers with diverse functional groups and excellent comprehensive
properties have been synthesized by thiol-click chemistry as an efficient and rapid
synthesis method and employed in LMBs [18-23]. In addition, thiol-ene chemistry
introduces beneficial structural features into the resulting polymers. Tew et al.

synthesized a series of thiol-conjugated polymers via a thiol-ene click chemistry
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and prepared solid polymer electrolyte [22]. It was shown that the introduction of a
sulfur atom can increase the ionic conductivity at room temperature. The relatively
long C-S bond, the lower electronegativity of sulfur, and its moderate coordinating
ability enhance segmental mobility within the polymer matrix [18].

Inspired by the 2018 finding that vinyl-functionalized TFSI anion, namely,
(trifluoromethylsulfonyl)-N-(ethenesulfonyl)imide (vinyl-TFSI or TVA) can be
easily synthesized with high yields and in high purity (in form of potassium salt) as
reported by Gigmes et al. [24], and, moreover, that it is now commercialized (in
form of lithium salt), in this Chapter It is demonstrated that novel, elongated ionic
monomers containing thio-ether group in the spacer’s structure can be obtained in
a facile, straightforward, two-step chemical procedure (Figure 8.1), by means of:

1) “clicking” the easily accessible vinyl-TFSI with a desired hydroxy-thiol (in
this study, two reagents were selected — 2-mercapto-ethanol and 6-mercapto-1-
hexanol) via thiol-ene Michael addition reaction, and;

2) esterifying the obtained compounds using methacryloyl chloride into the
designed ILMs.

Two newly as-synthesized monomers were denoted BMIM ILM1 and BMIM
ILM?2 and further used to prepare a series of poly(ionic liquid)s (PIL)s by means of
their copolymerization with PEGM in different molar ratios (denoted BMIM
coPIL1 and BMIM coPIL2) and their subsequent ionic exchange from organic
cation to Li cation, thus obtaining desired series of SICPs — Li coPIL1 and Li
coPIL2 (Figure 8.2). These materials were thoroughly investigated in terms of their
physical and electrochemical properties, and the best-performing SICPs of two
series were utilized as actual all-solid-state polyelectrolytes within laboratory-scale

Li battery cells in configuration of metallic Li anode | SICP | LiFePO4 cathode.
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Figure 8.1 Facile synthesis of new family of ILMs with thioether spacer utilizing thiol-ene click approach

towards improved SICPs.

8.1 Synthesis of Ionic Monomer

Two ionic liquid-like monomers were designed with a vision to
straightforwardly and effortlessly incorporate sulfur atom within the elongated
alkyl chain connecting polymerizable methacrylate group and anionic TFSI moiety
- ILM1 (eight-methylene-chain) and ILM2 (four-methylene-chain) as can be seen
in Figure 8.1.

First, 1-butyl-3-methylimidazolium (BMIM) vinyl-TFSI was successfully
synthesized using slightly modified previously reported procedure [25] by addition-
elimination reaction between 2-chloroethanesulfonyl chloride and CF3SO>NH»
followed by a series of ion exchange reactions. Ultimately, BMIM organic cation
was chosen due to its convenient solubility properties and ease of handling.

Then, thiol-ene Michael addition was performed via clicking BMIM vinyl-
TFSI with preselected 2-mercapto-ethanol and 6-mercapto-1-hexanol. Michael
mechanism for addition was chosen over more common free-radical addition
mechanism due to the very strong electron-withdrawing effect of TFSI anion
adjacent to vinyl functional group, which prevents effective thiyl radical addition
across this carbon-carbon double bond [26]. Michael mechanism, one the other
hand, allows to easily “click” highly electron-deficient vinyl compounds with the
help of organic base catalysts, such as amines or phosphines (here, diisopropyl
amine was chosen due to its moderate nucleophilicity and high selectivity), via thiol

deprotonation and formation of anionic intermediates [27,28]. Indeed, both
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reactions (with short-alkyl and longer-alkyl hydroxythiols) proceeded with very
high efficiency, ultimately achieving 100% conversion (Figures A17 and A18).
Finally, the as-obtained hydroxy-TFSI compounds were reacted with
methacryloyl chloride in the presence of triethylamine (TEA) acting as a catalyst
and proton scavenger, thus, effectively esterifying respective alcohols into desired

methacrylates (Figure 8.2).

2 9 HO—R—SH How_Se_~3 %
/\ ~ b _ _ _
090 - 0o
o PN N
/\/\N/C:;N/ MeOH, 30°C N_@N
\—/
o)
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BMIM ILM1: R = -(CH,),-

BMIM ILM2: R = ~(CH,)¢-

Figure 8.2 Synthesis procedure of BMIM ILM1 and BMIM ILM2.

These new ionic monomers were denoted BMIM ILM1 and BMIM ILM?2 and
their chemical structure and purity were thoroughly investigated using multiple
analytical techniques, such as 'H, *C, and 'F NMR spectroscopy, elemental
analysis, and differential scanning calorimetry; for more details reader is referred
to Appendix and Figures A19-A21 and A22-A24. Both newly synthesized
monomers appeared as viscous yellowish liquids with Ty of —65.0 °C (BMIM
ILM1) and —58.4 °C (BMIM ILM2).

8.2 Controlled radical polymerization of the synthesized

ILMs

A series of homo- and co-polymerizations of the novel BMIM ILM1 and

BMIM ILM2 monomers were performed via Reversible Addition-Fragmentation
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chain Transfer (RAFT) polymerization technique in DMF solvent using AIBN

radical initiator.
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Figure 8.3 RAFT copolymerizations towards novel Li SICPs.

As shown in Figure 8.3, the range of products of random copolymerization of
BMIM ILM1 with PEGM (in 5 different molar ratios) were denoted BMIM coPIL1,
and a product of random copolymerization of BMIM ILM2 with PEGM was
denoted BMIM coPIL2. To analyze the molecular weights and polydispersity of as-
obtained (co)polymers Gel Permeation Chromatography (GPC) in 0.1 M LiTFSI
solution in DMF was done. As can be seen from Table S1, for all polymers, the
determined Mn values were relatively high, ranging from 30 kDa to 35 kDa (which
were in the range of targeted Mns in RAFT calculations), while determined Mw/Mx
ratios were relatively small, ranging from 1.2 to 1.8 indicating narrow molecular
weight distributions characteristic of RAFT polymerization method.

Lastly, all copolymers were subjected to ion exchange in aqueous solution of LiCl
inside dialysis membranes substituting BMIM cation to Li cation thus obtaining
desired polyelectrolytes denoted Li coPIL1 and Li coPIL2, accordingly. Structures
of synthesized SICPs were confirmed by 'H, 7Li, and '"F NMR and GPC (Table
8.1, Figures A25-A34). All synthesized (co)polymers appeared as soft pink honey-

like materials, that can easily form coatings.
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Table 8.1 Selected coPILs properties.

No Abbrev. Polyelectrolytes synthesis and properties
[PEGMI[ILM]  M,x10° MJ/M? T,  Tq . Anodic
(ratio) (g (°Cy (°cy (S cm™) Stability,
mol-1)° - - (V)
theore experiment 25C 70°C
tical al®
1 Li coPIL1.1 1 1.1 38.0 1.2 -20 255 5.5x10° 4.1x10°°
2 Li coPIL1.3 3 3.05 374 1.3 -45 235 1.1x10° 1.8x10°5 5.1
3 Li coPIL1.4 4 4.30 39.1 1.3 1.2x10%  1.7x10°°
4 Li coPIL1.5 5 5.19 38.8 1.2 -50 230 1.3x10° 1.9x10°
5 Li coPIL1.7 7 713 39.9 1.4 -54 1.3x10°  1.6x10°°
6 Li coPIL2.3 3 3.1 35.4 1.2 -44 185 9.9x107 1.6x10° 4.9

References for
comparison:

2.90 44.6 16 -21 7.5x107  1.0x107 4.0

w

7 copoly(Li
MTFSI)

~

8 copoly(Li 7.00 4160 49 -55 230 1.9x10° 1.1x10° 4.2
MESTTFSI)[1

1]

9 copoly(LiM- 2 2.80 83.9 56 -46 200 3.0x10° 3.8x10° 45
PEG-
TFSI)[10]

“Actual copolymer composition was determined by equation S2 using 'H NMR
spectroscopic analysis.

®By GPC in in 0.1 M LiTFSI solution in DMF at 50°C with PMMA standards.

By DSC, on heating, 5° min™" heating rate.

By TGA, 5° min” heating rate.

“Determined by cyclic voltammetry at 70°C (aluminium carbon coated as the working
electrode and Li foil as the counter and reference electrodes, scan rate 0.1 mV s™).

8.3 Thermal Characterization

Thermogravimetric analysis was conducted in an inert atmosphere, simulating
the working conditions in a battery cell, for both the polymers (Figure 8.4a). The
comparison reveals that Li coPIL1.3 is stable until 235 °C, while Li coPIL2.3 until
185 °C, temperature is high enough to assure the thermal stability. In Figure 8.4b
the differential scanning calorimetry data are shown, which were recorded for the

system Li coPIL1.3 and Li coPIL2.3. Both SICP exhibit a very Ty in the range of
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—45 °C, indicating that the Ty is essentially independent from the length of the chain

of the ionic monomer.
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Figure 8.4 TGA thermograms of the coPILs under air from 25 to 700 °C (a) and DSC traces with a
heating rate of 10 °C min™! (b).

The RAFT random copolymerization of PEGM and ILM1 in different ratios
led to a similar decrease in T, of the obtained Li coPIL1.X copolymers Figure A35-
38). The value ranged in the following order:

Tg in °C: Li coPIL1.1 (=20) < Li coPIL1.3 (—45) < Li coPIL1.5 (—50) < Li
coPIL1.7 (—54)

As the PEGMA monomer content increases, these flexible segments disrupt
interchain packing, increasing free volume, and reducing the intermolecular

interactions that constrain segmental motion causing the decrease of Ty.
8.4 Ionic Conductivity Measurements

Ionic conductivity (o;) as a function of temperature of all synthesized polymers
was studied by EIS. Figure 8.4 summarizes ionic conductivity features of different
coPILs highlighting the influence of copolymer formulation and side-chain

chemistry on the ion transport.
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Figure 8.5 Ionic conductivity (ci) vs temperature (from 20 to 100 °C) of anhydrous polyelectrolyte
samples of Li coPIL1.X series, b) oi (at 25 and 70°C) dependence of Li coPIL1.X series on the content of
PEGM (molar, with respect to ILM), and c¢) oi vs temperature (from 20 to 100 °C) of anhydrous Li
coPIL2.3.

In the field of all-solid-state SICP research, it is generally accepted that two
factors contribute mainly to the ionic conductivity of a PIL: overall segmental
mobility of the polymer and its ability to solvate and coordinate mobile ions. Often,
PEGM is a comonomer of choice due to its well-known beneficial effect with regard
to the abovementioned factors: generally, it reduces the T, of a resulting copolymer
and enhances the mobility of Li cations via coordination with oxyethylene side
chains. Figure 8.5a provides evidence of Li coPIL1.X polyelectrolyte series
benefiting from incorporation of PEGM. Sample Li coPIL1.1 demonstrated lower
opc (5.5%x10% Sem ™ at 25 °C and 4.1x10°° S cm™ at 70 °C) than all other samples
due to the insufficient amount of PEGM; meanwhile, samples Li coPIL1.3 to Li
coPIL1.7 show ionic conductivities of approximately 1.2x1077 S cm™! at 25 °C and
1.7 x 10 S em™ at 70 °C, which can be considered decently high if compared to
the nearest analogues (see Table 8.1, entries 7 —9).

Figure 8.5b was plotted to clearly see the impact of PEGM comonomer
addition to the system: amounts greater than 3:1 (with respect to ILM1) did not lead
to increase in sample’s ionic conductivity either at 25 °C or at 70 °C, a clear plateau
behavior was observed. Thus, for this type of SICP optimum PEGM content is
established to be 3:1 because at this ratio the maximum in opc was achieved, and,
hence, further “dilution” of coPIL would not bring any positive effect but would
negatively impact thermal and electrochemical stability.

As can be seen in Figure 8.5¢, Li coPIL2.3 (copolymer based on slightly
shorter-spacer ILM2) demonstrated conductivity slightly lower than Li coPIL1.3
(9.9x107Sem ! vs 1.1 x 10%S em™! at 25 °C). Considering the content of PEGM
to be optimal in these coPILs (Table 8.1, entries No. 2, 6, 7, and 9) a conclusion

can be made that the chemical nature of an ILM’s spacer plays a significant role
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through influencing the segmental mobility of the system, therefore, governing the
ionic transport:

o copoly(LiM-PEG-TFSI) > o Li coPIL1.3 > o Li coPIL23 > o
copoly(LiMTEFSI).

8.5 Electrochemical Stability, Li Transference Number

and Compatibility with Li Metal

The polymers based on Li coPIL2.3 and Li coPIL1.3 were selected for
subsequent electrochemical testing. This composition was chosen to minimize the
PEGM content, as its ethylene oxide units are known to undergo oxidative
degradation at potentials above ~4.0 V. Reducing the proportion of PEGM therefore
limits the risk of high-voltage instability [30]. The anodic stability of the
electrolytes is evaluated by measuring the current evolution during a stepwise
potential sweep from 4.0 V to 5.5 V vs. Li*/Li, increasing by 0.1 V each one hour
(Figure 8.6a,b).
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Figure 8.6 a,b) Chronoamperometric analysis (current density vs. time profiles) of the Li/PIL/Al-CC
cells subjected to a stepwise potential sweep. c,d) Current density vs. potential plot upon cyclic
voltammetry of Li/PIL/SS cells at a scan rate of 0.1 mV s,

Each voltage step induces an initial current spike followed by a gradual decay
toward a quasi-steady-state value, with no significant current flow of the
investigated electrolytes up to 5.5 V vs. Li"/Li. The Li coPIL1.3 electrolyte shows
a current density below the imposed cutoff of 5 pA ecm 2 up to 5.2 V vs. Li*/Li and
a maximum value of about 5.8 mA cm? at 5.5 V vs. Li"/Li. Conversely, Li
coPIL2.3 shows negligible current flow up to 4.9 V vs. Li"/Li, while at the highest
potential a value of about 7.4 mA cm? is obtained. Overall, Li coPIL1.3 shows
better electrochemical stability, with current flowing below 5 pA cm 2 up to 5.2 V
vs. Li"/Li. As expected, also the cyclic voltammetry (CV) tests of the investigated
electrolytes performed at a scan rate of 0.1 mV s~!, well confirms the data obtained
by the stepwise potential measurement, evidencing no sudden increase in the
current density up to 6 V after 3 cycles (Figure 8.6¢c,d). The promising prospects
of the newly developed SICP electrolyte were further corroborated by evaluating
the lithium-ion transference number (t;;+), determined by the methods of Evans et

al. [31].
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Figure 8.7 Determination of the lithium-ion transference number via a combination of
chrononamperometry and EIS analysis for (a) Li coPIL1.3 and (b) Li coPIL2.3. All measurements were
performed at 70 °C.

The results are presented in Figure 8.7 revealing a lithium-ion transference
number of 0.96 and 0.89 for Li coPIL1.3 and Li coPIL2.3, respectively, which is
fairly close to unity. Slight deviation from unity is frequently observed in SICPEs
and can be an be attributed to minor reactions [32] or the formation of an interphase

at the Li electrode | SICP electrolyte interface and the charge transport across this
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interphase [33]. Overall, values are high enough to prevent the formation and
growth of inhomogeneous lithium dendritic structures and correspondingly
guaranteeing safe and stable long-term operation in LMBs.

In this respect, the compatibility with lithium metal was investigated by
galvanostatic lithium stripping/plating experiments in symmetric Li||Li cells at 70
°C (Figure 8.8). When applying increasingly higher current densities, ranging from
0.05 to 0.4 mA cm? (corresponding to plated/stripped capacities per half-cycle
ranging from 0.05 to 0.4 mAh cm2), a very stable overpotential is observed for Li
coPIL1.3, that is as small as 49 mV at 0.05 mA cm 2 and increases slowly to 243
mV at 0.250 mA cm 2, 287 mV at 0.3 mA cm 2 and 407 mV at 0.4 mA cm 2 (Figure
8.8a). Li coPIL2.3, shows similar results but, when a current density of 0.4 mA cm™
2 was applied, the voltage showed irregular profile and peaks and then dropped.
Aiming at supporting the durability and safe operation of the Li coPIL1.3
polyelectrolyte in lithium metal cells, a prolonged plating/stripping test was
performed at a fixed current density regime of 0.05 mA cm 2. The cell exhibits an
essentially constant overpotential of about 70 mV for more than 1400 h without
observing either an increase in overpotential over time with respect to the initial
value or any abrupt or unexpected current spikes/drifts, which can be related to
irregular dendrite growth (Figure 8.8b). EIS measurements were collected at
selected cycling times, as indicated by the dashed lines, and the corresponding
Nyquist plots are shown below. The semicircle in the low frequency region, which
can be attributed to the combined charge-transfer resistance and interfacial
processes at the Li/electrolyte interface, exhibits only marginal variation over
extended cycling, indicating a stable interfacial resistance and suppressed

interfacial degradation.
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Figure 8.8 Lithium stripping/plating tests conducted on symmetric Li||Li cells employing Li coPIL1.3
and Li coPIL2.3 as the electrolyte at a) varying current densities, ranging from 0.05 to 0.3 mA cm™
(plated/stripped capacity per half cycle: 0.05 to 0.4 mAh cm2); b) selected lithium stripping/plating
cycles of Li coPIL1.3 at constant current densities, T = 70 °C, each stripping and plating step lasted for
4 h (the insets show a magnification of selected cycles at beginning and end of test).

8.6 Electrochemical Behavior in Laboratory-scale

Lithium Metal Battery Cell

This electrochemical response shown in the previous section accounts for a
very good compatibility of the Li coPIL1.3 electrolyte with lithium metal and an
excellent interfacial stability. Both electrolyte systems provide rather stable
overpotentials, as expected for a SICP electrolyte. However, the cells employing Li
coPIL1.3 show generally lower overpotential, due to the higher t;;+ of this
polyelectrolyte. For this reason, Li coPIL1.3 was selected as system in Lil|[LiFePO4
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cells (Figure 8.9). The LFP-based electrode was prepared in the form of a catholyte
using Li coPIL1.3 as an active binder to enhance the interfacial contact between
solid polymer electrolyte and electrode active materials as reported in the
experimental part. The lab-scale Li-metal cell was assembled without any further
treatment of the electrodes or in the absence of any plasticizers/enhancers (e.g.,
solvents, salts). The galvanostatic cycling of the all-solid-state lab-scale cell at 70
°C and increasingly high C rates (C/n, n = 20, 15 10, 5, 3, and back to 15) is
displayed in Figure 5a. For instance, the cell provides a specific capacity of 160
mAh g!, which slightly decreases to 110 mAh g ! at C/3. An excellent coulombic
efficiency that stabilizes after few cycles at around 99% is achieved, highlighting
the good performance of Li coPIL1.3. For comparison, the galvanostatic
performance  of  previously reported  SICP  electrolytes,  namely
Li/copoly(LIMESTTFSI)/LFP and Li/copoly(LiM-PEG-TFSI)/LFP cells, is shown
in Figure A39. Although both systems were tested under similar conditions (70 °C
and comparable C-rates), they display noticeably poorer electrochemical behavior

compared to the Li coPIL1.3—based cell investigated in this work.
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Figure 8.9 Comparison of the performance of Lil|LiFePOs cells employing Li coPIL1.3 as the electrolyte:
(a) evaluation of the rate capability at C rates ranging from C/20 to C/3 (T =70 °C); (b) selected discharge
profiles obtained at the different C rates; (c) plot of the specific discharge capacity upon long-term
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constant current cycling at C/15 (T = 70 °C); (d) selected discharge profiles at C/15 from the 1st to the
100th cycle. All tests were performed within cutoff voltages of 2.5 and 4.0 V.

The corresponding voltage vs. specific capacity profiles at the various C-rates
(Figure 8.9b) show well-defined charge/discharge plateaus, with only minor
polarization increases at higher rates. In addition, a truly solid state battery cell
assembled with the Li coPIL1.3 SICP electrolyte can withstand stable reversible
galvanostatic charge/discharge cycling for hundreds of cycles with a remarkable
capacity retention of 92% at C/15 (Figure 8.9¢). Representative voltage vs specific
capacity profiles collected from cycle 1 to cycle 150 (Figure 8.9d) confirm the
excellent stability of the cell, as the shape and polarization remain essentially
unchanged over extended operation. The nearly overlapping curves demonstrate
that interfacial resistance does not significantly increase over time and that the
electrolyte maintains its structural and electrochemical integrity during prolonged

cycling.
8.7 Concluding remarks

In summary, results detailed in this Chapter demonstrate that the development
of high-performance single-ion conducting polymer electrolytes is not only a matter
of increasing ionic conductivity, but of rationally balancing ion transport,
electrochemical stability, and interfacial compatibility with lithium metal. In this
context, the new family of ionic liquid-like monomers developed here, based on
thioether-containing spacers and accessible through a simple thiol-ene click
chemistry route, provides an effective platform for the preparation of advanced
SICPs with improved transport properties and excellent processability. The
introduction of sulfur atoms and flexible elongated spacers proved particularly
beneficial in promoting segmental mobility without compromising the intrinsic
oxidative stability required for solid-state lithium metal batteries.

Among the investigated materials, Li coPIL1.3 emerged as the most promising
electrolyte, combining high ionic conductivity (10® and 10 S cm™! at 25 and 70
°C, respectively), a lithium-ion transference number close to unity (0.96 at 70 °C),
remarkable anodic stability (>5.0 V vs. Li*/Li), and excellent compatibility with
lithtum metal. When implemented in truly solid-state Lil|LiFePOs cells, this
electrolyte enabled highly reversible cycling, limited polarization even at elevated

rates, and outstanding long-term stability over 200 charge/discharge cycles.
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Overall, the obtained results highlight why SICPs remain such a compelling
direction for next-generation LMBs: by immobilizing the anion, they offer a direct
route toward reduced concentration polarization, more homogeneous lithium
deposition, and intrinsically safer cell operation. In this context, the present study
shows that click-chemistry-enabled molecular design can move SICPs beyond their
traditional conductivity limitations and turn them into realistic candidates for high-

energy, truly solid-state batteries.
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Concluding Remarks

The transition toward sustainable energy systems represents one of the most
pressing scientific and technological challenges of the twenty-first century. In this
context, the development of advanced electrochemical energy storage devices plays
a central role in enabling the large-scale integration of renewable energy sources
and the electrification of transportation. Among the various technologies currently
available, lithium-based batteries have emerged as the most mature and widely
adopted solution, owing to their high energy density, long cycle life, and
continuously improving performance.

In such scenario, this Ph.D. work addressed a central challenge in the
development of all-solid-state lithium metal batteries, namely how to combine ionic
transport, interfacial stability, electrochemical robustness, and scalable processing
within polymer-based electrolytes. Starting from conventional PEO-based systems,
the three years’ work described in the Thesis progressively explored three
complementary design directions: optimization of the polymer matrix and
processing route, molecular engineering of lithium salts, and the development of
single-ion conducting polymer electrolytes. Taken together, these investigations
define a coherent pathway from established PEO chemistry toward more advanced
and application-oriented electrolyte platforms for safer and higher-performance
solid-state Li-metal batteries.

A first major outcome of the thesis was the demonstration that solvent-free
processing can be effectively combined with polymer blending to improve the
performance of PEO-based solid polymer electrolytes. The blending of PEO with
polycarbonates, developed through melt extrusion, enabled the preparation of
homogeneous and scalable electrolytes with reduced crystallinity and improved ion
transport. Within this framework, the PEO400k/PEC 1:1 formulation emerged as
the best compromise in the initial stage, showing enhanced conductivity and
electrochemical stability compared with neat PEO. This platform was then further

strengthened through UV-induced crosslinking, which did not alter the solvent-free
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character of the process but significantly improved the chemical and interfacial
stability of the electrolyte, preventing polymer matrix dissolution and enabling
stable lithium plating/stripping over extended cycling. On this already optimized
basis, the introduction of succinonitrile as a solid plasticizer provided the next
decisive step: by combining crosslinking, composition tuning, and SN
plasticization, the optimized PEO/PEC 7:3 system extended stable operation to 40
°C and enabled practical cycling with both LFP and high-voltage NMC cathodes.
In this way, the thesis established a clear progression from formulation design to
interfacial stabilization, and even to moderate-temperature and higher-voltage
operation within a truly solvent-free polymer-electrolyte platform.

Another important contribution concerned the role of the lithium salt as an
active design parameter rather than a fixed component of the electrolyte. Moving
beyond the benchmark LiTFSI, the thesis demonstrated that targeted anion
engineering can effectively modify the behavior of PEO-based electrolytes. In
particular, the newly developed asymmetric thioether-TFSI lithium salts combined
lower melting points with reduced aluminum corrosion and improved compatibility
with lithium metal, while preserving suitable electrochemical stability. These
results show that salt design can be used not only to improve conductivity through
matrix plasticization, but also to tailor interphases and current-collector passivation,
thereby addressing some of the most persistent limitations of conventional
PEO/LiTFSI systems. In the broader context of solid-state lithium batteries, this is
especially relevant because it highlights that electrolyte optimization cannot rely on
polymer design alone: the conducting salt must be considered equally powerful in
controlling bulk and interfacial properties.

The final, key and more forward-looking part of the thesis focused on
developing single-ion conducting polymer electrolytes. Here, the work moved from
improving conventional salt-in-polymer formulations to addressing a more
fundamental limitation of polymer electrolytes, namely concentration polarization
arising from anion mobility. Through the design of new ionic liquid-like monomers
bearing thioether-containing flexible spacers, and their straightforward synthesis
via thiol-ene click chemistry, a new family of SICPs was developed with markedly
improved transport and electrochemical features. Among them, Li coPIL1.3 proved
especially significant, combining a lithium-ion transference number of 0.96, anodic

stability above 5.0 V vs. Li*/Li, stable lithium plating/stripping for more than 1400
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h, and promising cycling in truly solid-state Lil[LiFePO4 cells with 92% capacity
retention. These findings are important not only because they validate the designed
material itself, but because they demonstrate that the long-standing trade-off of
SICPs between high selectivity and insufficient conductivity can be mitigated
through rational monomer design and synthetically accessible chemistry.

Overall, the results collected in this thesis show that no single modification is
sufficient, by itself, to overcome the complexity of solid-state lithium metal
batteries. Rather, meaningful progress emerges from the combination of several
coordinated advances: dry and scalable processing, structural control of the polymer
host, stabilization of the electrode/electrolyte interface, rational salt design, and
ultimately the transition toward single-ion conducting polymer systems. From this
perspective, the thesis does not simply present a series of separate electrolyte
formulations, but outlines a clear, integrated materials-design strategy that starts
from practical PEO-based systems and progressively expands toward more
sophisticated and higher-performing architectures. Its main impact on the solid-
state battery community lies in showing that polymer electrolytes can be engineered
through modular and scalable approaches to address both technological
requirements and more fundamental transport limitations.

Looking ahead, the materials developed in this work offer several promising
directions for future research. The solvent-free PEO/polycarbonate platform
appears particularly attractive for scale-up and for further validation in larger-
format cells, especially under practical areal loadings and thinner-electrolyte
configurations. The new lithium salts open the way to broader exploration of lower-
melting, less corrosive, and potentially lower-fluorine conducting salts. Finally, the
single-ion conductors developed here provide a strong basis for the next generation
of polymer electrolytes aimed at combining high lithium selectivity with durable
cycling and high-voltage compatibility. In this sense, the thesis contributes not only
to the advancement of specific materials and production process thereof in the
perspective of an effective transition towards market deployment, but also to the
broader understanding of how polymer chemistry, salt chemistry, and process
engineering can converge toward safer, more sustainable, and more competitive all-

solid-state lithijum metal batteries.
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Figure A14. 2D HMBC Spectrum of Li MET-TFSI (DMSO-ds, 25.0 °C).
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Figure A21. F NMR Spectrum of BMIM ILM1 in DMSO-d6 at 25°C.
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Figure A22. '"H NMR Spectrum of BMIM ILM2 in DMSO-d6 at 25°C.
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Figure A23. *C NMR Spectrum of BMIM ILM2 in DMSO-d6 at 25°C.
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Figure A24. ’F NMR Spectrum of BMIM ILM2 in DMSO-d6 at 25°C.
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Figure A25. '"H NMR Spectrum of BMIM PIL1 in DMSO-d6 at 25°C.
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Figure A26. '"H NMR Spectrum of BMIM ¢oPIL1.3 in DMSO-d6 at 25°C.
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Figure A27. '"H NMR Spectrum of Li coPIL1.3 in DMSO-d6 at 25°C.
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Figure A29. 'F NMR Spectrum of Li coPIL1.3 in DMSO-d6 at 25°C
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Figure A31. '"H NMR Spectrum of BMIM coPIL2.3 in DMSO-d6 at 25°C.
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Figure A32. '"H NMR Spectrum of Li coPIL2.3 in DMSO-d6 at 25°C
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Figure A33. 'Li NMR Spectrum of Li coPIL2.3 in DMSO-d6 at 25°C.
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Figure A34. ’F NMR Spectrum of Li coPIL1.3 in DMSO-d6 at 25°C.
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Figure A35. DSC traces of Li coPIL1.1.
DSC /(mWimg)
[2.11] Glass Transition: Li coPIL1.3
1t heating 50C/min 3?;et: j;'g og
0.2 End: -40.5°C
Delta Cp*:  0.625 J/(g*K)
%)
0.1 2
Glass Transition:
. i Onset: -51.5°C
00 2nd heating 50C/min Mid: 45.5°C
End: -40.5°C
Delta Cp*:  0.596 J/(g*K)
0.1 —
3rd heating 100C/min Glass Transition:
0.2 Onset: -50.5°C
- Mid: -43.9 °C
\ ] End: -38.0 °C
03 ‘ Delta Cp*:  0.638 J/(g*K)
1 exo
04

100 50 0 50 100
Temperature /°C

Figure A36. DSC traces of Li coPIL1.3.
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Figure A37. DSC traces of Li coPIL1.5.
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Figure A38. DSC traces of Li coPIL1.7.

185



T T
0
5“? 2\7‘—/
O=Eli=0
NS @
0] E'; O
CFy
copoly(Li M-PEG-TFSI)

Specific capacity (mAh g

Specific capacity (mAh g

160

140 -

120 {

100
80—-
60—-
40-

20

PRt T R S T T
C

@ Charge
< Discharge
< Coulembic efficiency

T T T T T T T T

100

80

60

20

0 30 60 90

200

]
o AT AT e PTTTTTTT o O Y e ]
180 - R R T T T IS

160 o
140{ .
120 -
100 -
80
60: @ Charge

Cycle number

20

Discharge _

L T L T L T L T

0 20 40 60 80
Cycle number

Figure A39. Specific capacity versus cycle number profile of
Li/copoly(LIMESTTFSI)/LFP cell (top) and Li/copoly(LiM-PEG-TFSI)/LFP cell
(bottom) at different charge/discharge rates at 70 °C. Provided for comparison.
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