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ABSTRACT (ENGLISH)

In order to develop novel solid polymer electrolytes to improve safety of lithium-ion battery,
star-shaped and linear comb-like block copolymers (BCP) were synthesized to explore the
impact of macromolecular architecture on both morphological order and lithium ion transport.
These star-shaped BCPEs, containing around 30 wt-% of ion conductive phase, displayed
organized nanostructures with reduced tortuosity, increasing ion conductivity eightfold
compared to linear counterparts. Non-equilibrium morphologies prepared via
photopolymerization-induced microphase separation (PIMS) mediated by either a
macromolecular chain transfer agent (macroCTA) or the above-mentioned pre-synthesized
BCP, were also investigated. The kinetics of forming these intricate morphologies were
assessed through time-resolved SAXS. The solid polymer electrolyte (SPE) derived from PIMS
was directly prepared on the lithium metal anode by in-situ photopolymerization, as well as on
LiNosMo.1Co.102 or LiFePO4 cathode. Assembled half cells exhibited outstanding battery
performance attributed to an enhanced electrolyte/electrode interface and the mechanical

strength of the SPEs.

RESUME (FRANCAIS)

Afin de développer de nouveaux électrolytes solides polymére pour améliorer la sécurité des
batteries lithium ion, des copolymeéres a blocs en peigne (BCP) linéaires et en étoile ont été
synthétisés pour explorer I'impact de l'architecture macromoléculaire sur I'ordre morphologique
et sur le transport ionique. Ces BCP en étoile, contenant environ 30 % en masse de phase
conductrice d’ions, ont montré des nanostructures organisées avec une tortuosité réduite,

augmentant la conductivité ionique d’un facteur huit par rapport aux homologues linéaires.

Des morphologies hors équilibre induites par la séparation microphasique induite par la
photopolymérisation (PIMS), préparées a partir d’un agent de transfert de chaine
macromoléculaire (macroCTA) ou des copolymeéres a blocs susmentionnés, ont également été
¢tudiées. La cinétique de formation de ces morphologies complexes a été évaluée par SAXS a
résolution temporelle. L'¢lectrolyte polymere solide (SPE) issus du procédé PIMS a été
directement préparé sur 1'anode en lithium métal par photopolymérisation in-situ, ainsi que sur
les cathodes LiNosMo.1Co.102 et LiFePOs. Les demi-cellules assemblées ont présenté des
performances exceptionnelles attribuées a une interface électrolyte/¢lectrode améliorée et a la

résistance mécanique des SPE.
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GENERAL INTRODUCTION (ENGLISH)

The imperative to maintain a global climate balance goes hand in hand with the demand for
clean energy solutions. Renewable energies are environmentally friendly and help to preserve
local ecosystems. Lithium batteries offer significant potential for storing energy generated by
these renewable yet intermittent systems. However, several challenges must be tackled,
including improving safety, achieving high energy density, reducing costs, and enhancing the

ability for multiple charge-discharge cycles and extended lifespan.

Block copolymers electrolytes (BCPEs) — a subclass of solid polymer electrolytes (SPEs) is
currently being explored to replace traditional liquid electrolytes, thus offering the prospect of
safer operations for the next generation of lithium batteries. BCPEs are valued for their
combined mechanical and conductive properties. However, the presence of network defects,
such as dead ends (discontinuous path), grain boundaries, and post-processing effects, often

hampers the ionic conductivity of BCPEs, impeding ion transport and increasing resistance.

The focus of this thesis is to explore novel ways of regulating self-assembly process in BCPEs
with the aim of effectively decoupling their mechanical and conductive properties while
maintaining efficient ion transport. Our hypothesis is hinged on the fact that reducing defects
in the morphology of BCPEs through meticulous design of macromolecular architecture and
optimization of fabrication process would tremendously enhance and optimize the performance

of BCPEs in batteries.

Chapter 1 sets the stage by first putting together pieces of knowledge on lithium batteries
working principles and state-of-the-art of BCPEs. At the same time, this chapter highlights the
appeal of PEO-based BCPEs, especially those with comb-like structures, due to their low glass
transition temperature (Tg), chain flexibility, and ability to solubilize lithium salts while
maintaining electrochemical stability against lithium metal. It underscores the complexity of
BCPE architecture and the need to unravel the relationship between structure and properties.
Questions regarding the influence of block positional arrangements and arm density in star
BCPEs are raised. The chapter acknowledges the challenges in comparing BCPEs with

complex architectures with their linear counterparts.

Based on the existing knowledge gaps concerning the morphology of BCPEs and the
correlation with performance, chapter 2 presents a method for synthesizing two series of comb-

like and 4-arms star comb-like BCPEs through reversible addition fragmentation transfer
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(RAFT) polymerization. By comparing stars to linear counterparts, this study offers insights
into the correlation between complex macromolecular structures and resulting morphology in
BCPEs with comb-like PEO outer blocks. This chapter, focused on controlled synthesis,
illuminates the importance of BCPE architecture on tortuosity in relationship with ionic

conductivity.

Chapter 3 explores an innovative approach to improve the mechanical and conductive
properties of comb-like PEO, diverging from traditional crosslinking methods. It is based on
the addition of pre-synthesized BCPs developed in Chapter 2 to the photopolymerization of
oligo(ethylene glycol) methyl ether acrylate (OEGA), leading to non-equilibrium
morphologies. The relation between the polymer blend morphologies and the solid electrolytes

properties are discussed.

Chapter 4 introduces a novel approach, photo-RAFT polymerization induced microphase
separation (PIMS), to fabricate flexible solid polymer electrolytes (SPEs) with a disordered yet
percolating morphology. This process involves the inclusion of soft phase into hard phase via
in-situ block copolymer synthesis, offering an alternative to traditional BCPEs. For that
purpose, lithium conducting poly(ethylene glycol) methyl ether acrylate-co-styrene)
P(OEGMA-co-Styrene) macromolecular chain transfer agent (macroCTA) are introduced as
reactive block in radical photopolymerization of isobornyl acrylate (IBoA). The chapter
investigates the structural development of these SPEs with varying compositions of linear and
star comb macroCTA via small-angle X-ray scattering (SAXS) experiments. The rapid kinetics
of the photo-PIMS process, coupled with its potential for electrode integration, present a
promising avenue for SPE development. Demonstrating the feasibility of the approach, the
SPEs derived from PIMS were directly applied onto the lithium metal anode, as well as the
high-voltage LiNosMo.1Co.102 cathode (LiFePOs was also employed for performance
comparison). Assembled half cells exhibited good battery performance, attributed to an

enhanced electrolyte/electrode interface and the mechanical strength of the SPEs.

Overall, this thesis offers valuable insights into the intricate world of BCPEs and their potential
to optimize energy storage technologies. These findings would contribute to the development

of advanced solid polymer electrolytes for more efficient and reliable lithium metal batteries.
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INTRODUCTION GENERALE (FRANCAIS)

L'impératif de maintenir un équilibre climatique mondial va de pair avec une augmentation de
la proportion de solutions énergétiques propres. Les énergies renouvelables sont respectueuses
de I'environnement et contribuent a préserver les écosystémes locaux. Les batteries au lithium
offrent un potentiel significatif pour stocker I'énergie générée par ces systémes intermittents.
Cependant, plusieurs défis doivent étre relevés, notamment l'amélioration de la sécurité,

l'obtention d'une densité énergétique €levée, la réduction des cofts et la stabilité.

Les ¢lectrolytes solides a base de copolymeres a blocs (BCPEs) sont une sous-catégorie des
¢lectrolytes polymeres solides (SPEs) et sont actuellement explorés pour remplacer les
¢lectrolytes liquides traditionnels et offrir ainsi la perspective d’un fonctionnement plus str
pour la prochaine génération de batteries au lithium. Les BCPEs sont développées pour leur
faculté a combiner propriétés mécaniques et conductrices en un seul matériau. Cependant, la
présence de défauts structuraux a 1’échelle nanoscopique, tels que des joints de grains et des

effets de post-traitement, limite souvent la conductivité ionique des BCPEs.

L'objectif de cette these est d'explorer de nouvelles méthodes de controle du processus d'auto-
assemblage dans les BCPEs dans le but de découpler efficacement leurs propriétés mécaniques
et conductrices tout en maintenant un transport ionique efficace. Notre méthodologie repose
sur la réduction des défauts dans la morphologie des BCPEs grace a une conception minutieuse

de l'architecture macromoléculaire et du processus de fabrication.

Le chapitre 1 pose les bases bibliographiques en réunissant des connaissances sur les principes
de fonctionnement des batteries au lithium et 1'état de 1'art des BCPEs. Il met en évidence
l'attrait des BCPEs a base de PEO, en particulier celles ayant des structures en peigne, en raison
de leur faible température de transition vitreuse (Tg), de leur flexibilité¢ de chaine et de leur
capacité a solubiliser les sels de lithium tout en maintenant une stabilité ¢lectrochimique face
au lithtum métallique. Le chapitre souligne la nécessité d’étudier la relation entre la complexité
de l'architecture des BCPEs, leur structuration et les propriétés finales. Des questions
concernant l'influence des arrangements des blocs et de la densité des branches dans les BCPEs
en forme d'étoile sont soulevées. Le chapitre met en évidence les défis liés a la comparaison

des architectures complexes avec leurs homologues linéaires.

Afin d’étayer les connaissances existantes concernant la corrélation entre la morphologie des

BCPE et leur performance en tant qu’¢lectrolyte solide, le chapitre 2 présente la synthése de
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copolymere a blocs en forme d'étoile a 4 branches avec des blocs PEO en forme de peigne par
polymérisation par addition fragmentation réversible (RAFT). Les structures
macromoléculaires complexes et la morphologie résultantes dans les BCPEs sont étudiées et
comparées a celle de leurs homologues linéaires. Ce chapitre met en lumiére 1'importance de

l'architecture BCPE sur la tortuosité des morphologies en relation avec la conductivité ionique.

Le chapitre 3 explore une approche originale pour améliorer les propriétés mécaniques et
conductrices des €lectrolytes PEO en forme de peigne, s'éloignant des méthodes traditionnelles
de réticulation. L'ajout de BCPs, précédemment synthétisés dans le chapitre 2, au processus de
photopolymérisation de 1’oligo(éthyléne glycol) méthyl éther acrylate est étudié. Ceci conduit

a des morphologies hors équilibre qui menent a des modifications des propriétés des BCPEs.

Le chapitre 4 introduit une approche innovante, la microséparation de phase induite par photo-
polymérisation RAFT (Photo-PIMS), pour fabriquer des électrolytes polymeres solides
flexibles avec une morphologie désordonnée mais percolante. Ce processus implique
l'inclusion de phases conductrices et de phases mécaniquement robustes, offrant une alternative
aux BCPEs traditionnels. Le chapitre présente 1’évolution structurelle de ces SPEs en fonction
du temps grace a des expériences de diffusion des rayons-X aux petits angles (SAXS) et en
faisant varier I’architecture du polymére initial (étoile ou linéaire). Le procédé photo-PIMS, de
par la possibilité d'étre utilisé in-situ pour la production des batteries et sa cinétique rapide,
présente une voie prometteuse pour le développement des SPEs. Démontrant la faisabilité de
l'approche, les SPEs obtenus par photo-PIMS ont été directement appliqués sur une anode de
lithium métallique, ainsi que sur une cathode LiNo.sMo.1Co.102 (LiFePO4 a également été utilisé
pour la comparaison des performances). Les demi-cellules assemblées ont montré de bonnes
performances, attribuées a une interface €lectrolyte/¢lectrode améliorée et a la tenue mécanique

des SPEs.

Les résultats de ce travail de thése permettent d'apporter de nouvelles connaissances sur BCPEs
a 1'équilibre et hors équilibre et mettent en avant leur potentiel a optimiser les technologies de
stockage d'énergie. Ces résultats contribueront au développement d'électrolytes polymeres

solides de derniére génération pour des batteries au lithium plus efficaces et fiables.
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Chapter 1

State of the Art on Nanostructured Polymer Electrolytes
for Li-Ion Batteries
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Synopsis

This chapter starts with a recapitulation on the need to adopt clean and renewable technologies
as a way to alleviate carbon footprint of the energy sector. With major focus on Lithium ion
batteries as one of the foremost electrochemical energy storage devices, I have briefly

discussed the working principles of such secondary batteries, as well as the challenges of solid-

state battery development.

In the following sections, I will present the perspective on nanostructured block copolymer
electrolytes that results from equilibrium and non-equilibrium assembly obtained via different
fabrication methods. The aim is to provide the reader with a more comprehensive and in-depth
understanding of morphologies generated through these different fabrication methods, the key

influencing parameters and the correlation of generated morphology to electrolyte properties.

Furthermore, it is expected that this will inform the reader on the state-of-the-art strategies for

designing robust electrolytes with decoupled mechanical and conductive properties.
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1 INTRODUCTION

Climate change is one of the most pressing issues facing our planet today.! The burning of
fossil fuels, such as coal, oil, and natural gas, is the primary cause of greenhouse gas emissions,
which are contributing to the warming of the earth's atmosphere and the resulting changes in

weather patterns, sea levels, and ecosystems.

According to the UN Department of Economic and Social Affairs (UNDESA) and the French
Institute for Demographic Studies (INED), the world’s population is estimated to hit
approximately 10 billion marks by 2050 and the planet will have to sustain over 11 billion
people by the end of the 21 century. As a result, demands for energy would skyrocket amidst
depleting fossil fuel resources. Moreover, the actions against climate change necessitates the
wider adoption of sustainable energy solutions to supplant well-established fossil fuel-based
solutions.! To provide energy for the future and secure our planet, the shift towards renewable

energy represents the only viable and best solution.

Renewable energies are produced from natural, sustainable sources such as the sun, wind,
water, and geothermal heat. These sources are abundant, clean, and do not produce any
emissions that contribute to climate change. In contrast, fossil fuels are a finite resource that
not only contribute to climate change but also deplete natural resources. By transitioning to
renewable energy, we can reduce our dependence on fossil fuels, decrease greenhouse gas

emissions, and help to mitigate the effects of climate change.

Despite the many benefits of renewable energy, there are still some challenges that need to be
overcome. One of the main challenges is that renewable energy sources are not yet cost-
competitive with fossil fuels — the infrastructures have a high initial cost of installation and
maintenance. However, as the technology prospects improve and economies of scale are
achieved, the cost of renewable energy is expected to decrease. Additionally, governments can
provide financial incentives and subsidies to support the development and switch to renewable

energy.

Another challenge is the intermittency of the energy sources. Solar and wind energy, for
example, are dependent on weather conditions, which means that the energy production is not

constant and predictable. For the emergence of a new energy economy, it is imperative to tackle




these challenges — optimization of renewable energy systems, integration of renewable energy
(large-scale solar and wind farms) into the existing energy grids as well as the development of
new and efficient low-cost energy storage systems to store the energy produced by renewable

sources for later use.?

Energy storage systems can be classified into several categories, including mechanical,
chemical, thermal, and Electrochemical storage.> Mechanical energy storage systems include
pumped hydroelectric storage, in which water is pumped uphill to a reservoir during periods of
low demand and then released downhill through a turbine to generate electricity during periods
of high demand, flywheels*, which store energy in a rotating mass. Compressed air energy
storage is another example of a mechanical storage system, in which air is compressed and
stored in an underground cavern or repurposed natural gas storage facility, and then released
to drive a turbine and generate electricity.’ Thermal energy storage systems include sensible
heat storage, in which heat is stored in a material with a high heat capacity, and latent heat
storage, in which heat is stored in a material that undergoes a phase change, such as melting or
freezing.® One example of a thermal energy storage system is a molten salt thermal energy
storage system, in which a mixture of salts is heated during periods of low demand and then
used to generate electricity during periods of high demand by passing through a heat exchanger
to produce steam and drive a turbine. Electrochemical energy storage systems (EESS) convert
chemical reactions into electrical energy.” They include capacitors, super capacitors, batteries
and fuels cells. Figure 1 shows the Ragone plot roughly describing the power vs energy

densities” that can be accessed from these EESS.

* Power or Energy density is a measure of how much power or energy respectively, that can be produced by a
battery of a given size and weight.
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Figure 1. Ragone plot showing the typical energy density (Whkg!') and power density
(W kg 1) range of electrochemical energy storage systems: fuel cells, batteries, supercapacitors,
and conventional capacitors. Taken from literature.®

Batteries are relatively easy to install and maintain, and are becoming increasingly affordable
as technology improves. However, the lifespan of batteries is limited, and they can be
expensive to replace. Batteries come in many different forms, including lead-acid batteries,
lithium-ion batteries, redox flow batteries to mention but a few. The type of chemical reactions
that occur in a battery depend on the specific materials used in the electrodes and electrolyte.
Lithium-ion batteries are the most widely used type of battery for energy storage because they
have a high energy density, long life cycle, and low self-discharge rate.’ Apart from
optimization of the energy storage capabilities, one of the most critical challenges in the
advancement of lithium batteries is the unsustainable and unethical acquisition of mineral
resources. ' This obstacle continues to hinder their widespread integration into the energy grid
and have accelerated the investigation of alkali metal ion batteries as in Sodium ion (Na") and
Potassium ion (K*) batteries, or multi-valent metal ion as in Magnesium ion (Mg?*), Calcium
ion (Ca*"), Zinc ion (Zn*") and Aluminum ion (AI**) batteries.!! These so-called post-lithium-
ion battery technology offer advantages like relative greater abundance, lower costs, and
sustainable supply chain, offer a promising opportunity to tackle resource concerns effectively.
However, replacing Li-ions with Na-, Mg-, or Al-ions requires deep revision and re-exploration

of the cathode and electrolyte materials and electrochemistry of such batteries.!?




2 LI-ION BATTERY

2.1 HOW DOES IT WORK

In the last three decades, lithium battery technology has dominated the global battery market '*
making it the foremost researched rechargeable battery system owing to their capacity to
deliver high energy density of ~272 Wh kg! compared to Sodium ion and Potassium ion
batteries with density of 231 Wh kg! and 218 Wh kg! respectively.!* Lithium ion batteries
(LIBs) consists of two electrodes having different potentials and separated by an ionically
conductive material called an electrolyte as shown in Figure 2. The electrodes can be externally
connected via a device circuit which allows the spontaneous flow of electron from the more
negative to the more positive potential while ions are exchanged between electrodes through
the electrolyte to maintain charge balance. The continuous flow of electrons, known as electric
current (/), over a period leads to the build-up of charges within the electrode. The quantity of

these accumulated charges in milli ampere hour (mAh) can be determined using equation 1.

Q=Ye =Ixt 1
LIBs are regarded as secondary batteries because voltage can be applied in the opposite
direction to reverse the process thus recharging the battery.!> 16 A typical anode of LIB is made
of graphite, while the cathode is made of a lithium-containing compound such as lithium cobalt
oxide (LiCoQ.), lithium manganese oxide (LiMn,0s) or lithium iron phosphate (LiFePOs), to
mention a few. The electrolyte is classically a liquid or gel that conducts lithium ions between
the anode and cathode, and the separator is a material that prevents the anode and cathode from

coming into direct contact with each other.
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Figure 2. Schematic representation of principle of operation of lithium battery. The illustration
shows the discharging process, where the electrons move from the negative anode to the
positive cathode while powering a device. At the same time, lithium-ions are moving from the
electrolyte to the cathode to create a charge balance. During charging, the reverse process
occurs. Redrawn from literature.!’

Typical redox reactions occurring at the cathode (in this case LiCoOz) and anode (in this case

graphite) are as follows:!®

Cathode LiCoO, & Li;_,Co0, + xLit + xe™ 2
Anode 6C + xLi* + xe™ & Li,Cq 3
Total LiCo0, + 6C & Liy_,,Co0, + Li, Cs 4

The cell voltage (AE)' of LIBs varies depending on the specific materials used in the electrodes
and the electrolyte. The energy capacity (in Wh) * of LIBs can be calculated from equation 5.

Energy capacity = Q X AE 5
Recent efforts to optimize energy capacity of LIBS have led to the development of conversion-
based® electrodes like silicon anodes'®, sulphur cathodes in lithium-sulphur batteries?°, and O-

redox cathodes in lithium-air batteries?!. This is because they provide a higher specific capacity

T Cell voltage of a lithium-ion battery refers to the electric potential difference between the positive and negative
electrodes within a single cell of the battery.

! Energy capacity refers to the maximum attainable capacity of a cell, regardless of size, chemistry, age, etc.

$ Conversion-based electrodes refer to one where lithiation/delithiation goes through a different mechanism
known as "alloying" or "conversion".
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compared to the intercalation-based™ ones like graphite, LiCoO,, LiFePOs etc (refer to Figure
3) 14,22
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Figure 3. Gravimetric energy density vs volumetric energy density plot of various types of
rechargeable batteries: Lead acid, Nickel-cadmium (Ni-Cd), Nickel-metal hydride (Ni-MH),
Lithium ion (Li-ion), Lithium metal (li-metal), Lithium-oxygen (Li-O»), and Lithium-sulphur
(Li-S) batteries. Taken from literature.?’

Lithium metal batteries (LMBs) is another promising variant of the lithium rechargeable
battery technology wherein lithium metal completely replaces the anode commonly used in
LIBs.?* % Lithium metal is very light (0.53 g cm ) and has an extremely low redox potential
versus standard hydrogen electrode (—3.04 V), thus can facilitate a large operating voltage
when paired with essentially any cathode.?® The theoretical capacity of a metallic Li anode is
often touted as 3842 mAh g !, but it's crucial to clarify that this value represents the capacity
of lithium as a charge carrier, not the Li anode itself.!* To fulfil the potential of the Li anode,
it is crucial to achieve fully reversible lithiation/delithiation during battery cycling. When this
condition is met, the mass of Li in the anode precisely matches the amount needed to fully

lithiate the cathode material, resulting in a so-called negative to positive (N : P) capacity ratio

™ Intercalation-based electrodes refer to one where lithium ions are inserted between the layers of graphite
during charging and discharging.




of 1:1.2% Excess of Li metal is often utilized to compensate for irreversibly ion losses during
battery cycling and achieve a high cycle life for the battery. Therefore, the capacity 3842
mAh g! is rarely achieved because the entire anode cannot be completely utilized during

discharge.

Despite the relatively higher capacity reported for Li metal batteries, it is not safe to use due to
its high chemical reactivity that results to multiple issues such as rough electrodeposition of
lithium ions, uncontrolled parasitic side reactions with the liquid electrolyte and dendrite-

27, 28

induced short circuits. Overcoming all these challenges is crucial to harnessing the

potential benefits of LMBs.

2.2 DIFFERENT TYPES OF ELECTROLYTES

2.2.1 Liquid Electrolytes

The most common liquid electrolyte (LE) used in lithium batteries is a non-aqueous lithium
salt solution such as lithium hexafluorophosphate (LiPF) salt dissolved in organic carbonates
like ethylene carbonate (EC), dimethyl carbonate (DMC), propylene carbonate (PC), diethyl
carbonate (DEC), ethyl methyl carbonate (EMC), etc.>> A common characteristics of these
organic solvents is their strong ability to coordinate with lithium salt and they are differentiated
by their unique properties like: dielectric constant (), viscosity, electrochemical stability
particularly against the cathode and anode during cell operation, operating temperature range,
and thermal flash point.?” During the operation of LIBs, a solid electrolyte interphase (SEI)
layer forms on the surface of the electrodes, due to side reactions with the liquid electrolyte.
The solid electrolyte interphase (SEI) is a protective layer that develops on the electrodes of a
Li-ion battery, primarily during the initial cycles. Once formed, the SEI layer acts as a barrier,
preventing excessive chemical reactions between the electrodes and the electrolyte. This
protective allows selective lithium ion migration while preventing further electrolyte

degradation.

The presence of a stable SEI layer is crucial to ensuring efficient battery operation, but
controlling its formation and growth can prove challenging due to its complex mechanisms of
formation involving competitive pathways occurring on time scales ranging from

picoseconds?®® to days.3!: 32 The common practice of combining appropriate lithium salts with




carbonate solvents in different proportions aims to leverage their distinct properties and

optimize overall formation and performance of SEI has become increasingly popular.!

For instance, Zhang et al.’*

electrolytes of LiClO4, LiBF4, and LiPFs salts in PC and 1:1 EC/DMC. LiClOg4 exhibits high
ionic conductivity (5.6 mS cm™! in PC, 8.4 mS cm’! in EC/DMC) and has the advantage of

compared the ionic properties of different combination of

potentially forming less resistive SEI layers compared to LiPFs and LiBF4, as it avoids LiF
decomposition. However, it suffers from thermal instability, reacting with solvents at elevated
temperatures and being explosive. On the other hand, LiBF4 offers better thermal stability and
is less sensitive to moisture than LiPFs. However, its adoption in the industry is limited due to
lower ion conductivity (3.4 mS cm! in PC, 4.9 mS cm™ in EC/DMC), approximately 40%
lower than LiPFe (5.8 mS cm™! in PC, 10.7 mS ¢m™! in EC/DMC), and the high resistance of
SEI formation from the LiBF4 electrolyte. Occasionally incorporating small amount of

electrolyte additive can help improve the stability of the SEI layer.343

Organic fluoro-solvents are considered highly promising electrolyte solvents for high voltage
stability, surpassing carbonate solvents.>” A report by Zhang er al® showed that the
substitution of EMC with fluorinated ethyl methyl carbonate (F-EMC) and EC with fluorinated
cyclic carbonate (F-AEC) greatly improved the voltage limits of the electrolyte. This is because
fluorinated molecules possess higher oxidation potentials, attributed to the potent electron-

withdrawing effect of the fluorine atom.

For safety reasons, when LEs are used in LIBs, a separator is needed to prevent the electrodes
from coming into contact and causing a short circuit. Though the separator increases internal
cell resistance, which also takes up valuable space inside within the battery, optimizing the
separator design in LIBs can impact several battery performance parameters, including cycle
life, energy and power density, and safety.?® LIBs are designed to vent automatically under
busy conditions, due to drastic increase in internal cell pressure caused by overheating. The
inability of the cell to vent under extreme pressure could lead to a pressure build up and
subsequent explosion.®>#? Also, if the liquid electrolyte escapes during venting into a searing
external cell environment, it can inflame. The reason is that this type of electrolytes are
extremely flammable thus necessitating the redesign of battery casing to prevent electrolyte

leakage.*! Also, dissolution of cathode material in liquid electrolytes is an existing problem




responsible for quick aging and capacity fading of LIBs.*? Given these safety and performance
concerns, polymer electrolytes (PEs) have been investigated as potential replacement for

LEs 34 43-45

2.2.2  Polymer electrolytes

Non-volatility and nonflammability property of higher molar mass polymers make them ideal
and safer for use as electrolytes.*!: 4 They have good processability and flexibility that can
easily be applied to battery manufacturing process. PEs often comprises of polymers fortified
with an appropriate lithium salt and in some cases, solvents, and fillers, capable of transporting

charged species such as ions or protons across the molecular matrix.

Among the polymers, ones containing strongly electronegative atoms like Oxygen, Nitrogen,
Fluorine, and Chlorine on the backbone are of interest because they can interact with the metal
cations of metallic salts to form salt-polymer complexes.* Furthermore, segmental motion of
the chains (both inter- and intra-chain motion), facilitates the movement of complexed Li* ions
through the bulk of amorphous polymeric electrolytes, as depicted in Figure 4. In 1975, P.V
Wright first reported the complexation of poly(ethylene oxide) (PEO) with alkali salts with
conductivities near 102 S cm™! when the melting temperature (66 — 75 °C) of the polymer was
exceeded.*’ Later in 1978, M.A Armand demonstrated their application as electrolytes for
batteries.*® Since then, other polymers like Poly(oligo ethylene oxide methacrylate)
(POEGMA), Poly(oligo ethylene oxide acrylate) (POEGA), poly(trimethylene carbonate)
(PTMC), polyethylene carbonate (PEC), polycaprolactone (PCL), Polyketone (PK),
poly(vinylidene fluoride—hexafluoropropylene) (PVdF-HFP), poly(vinyl chloride) (PVC),
poly(acrylonitrile) (PAN), poly(acrylic acid) (PAA), poly(ethyl methacrylate) (PEMA), to

mention a few have also been investigated in this context.*6: 49-54




Figure 4. Illustration of assisted mobility of Li" ion by segmental chain motion, inter- and
intra-chain ion-hopping between coordinating sites in polyethylene oxide-based polymer.
Redrawn from literature.*®

PEO is essentially a semi-crystalline polymer which exhibits a dominant amorphous phase with
activated chain segments (above T, = -41°) beneficial for ionic transport. However, at low
operating temperatures, the formation of crystalline domains results in low ionic
conductivities.?” > To repress crystallinity and increase the percentage of the amorphous phase
of PEOQ, it is important to break up the symmetry of long-range order to improve polymer chain

dynamics.>® Various strategies have been employed to achieve this, such as the addition of non-

57-61 62, 63 64-67

volatile plasticizer or nanofiller, polymer blends, grafting short ethylene oxide

68-72 or

(EO) oligomers onto polymer backbones, cross-linking PEO based polymers,
synthesizing block copolymers”7°. In line with these strategies, completely amorphous
electrolytes with even higher conductivities can be produced for very high salt concentrations
where the materials could rather be considered a polymer-in-salt electrolytes (PISE) than a salt-

in-polymer electrolytes.*¢

Incorporating inorganic fillers into PEs can significantly boost mechanical performance as
well. This approach offers a dual advantage: firstly, it effectively enhances the overall ionic
conductivity by hindering polymer crystallization. Secondly, it preserves the exceptional
flexibility and malleability of the polymer base.®® Recent findings suggest that incorporating
fillers promotes stable interfaces between electrodes and electrolytes through even dispersion
of ceramic particles.? 8! In this context, the PEs are termed composite polymer electrolytes
(CPEs). Inorganic fillers utilized in CPEs can be categorized as either passive or active. The
term "passive" refers to ceramic fillers without Li*, such as ALLO3%% 83, Si0,34, TiO,%, ZnO8¢

and ZrO,*. Conversely, the term "active" describes ceramic fillers containing Li*, including,




Li1+xAleez-x(PO4)3 (LAGP)Sg, Li3N89’ 90, LisLa3zZr012 (LLZO)91'93, LijxAlxTio. X(PO4)3
(LATP)** %, LisxLaysxTiO3 (LLTO)%, LiAlO,°"- %8, among others.

A significant concern that has hindered the competitiveness of PEs when compared to LEs is
their inadequate interfacial contact with electrodes and limited ionic conductivity at room
temperature (RT). The latter problem could be linked to the crystalline characteristics and
constrained molecular mobility within the polymer matrices in this temperature range. In this
regard, PEs could be formulated to contain significant amount of solvent trapped within the
polymer matrix. This is considered as gel polymer electrolyte (GPE) and ionic transport is
facilitated by a combination of solvent flux and segmental motion thus providing it with quite
good conductivity at RT.” However, these types of electrolytes have similar flammability poor
mechanical integrity and find use in applications in which mechanical strength is not crucial.
There are several literatures that offer more details on GPE, herein, the review by Zhu et al.'®

1s recommended.

Regarding the practical implementation of PEs in lithium-ion batteries (LIBs), several
attributes are necessary to attain optimal performance. Among these, a crucial requirement is
achieving high ionic conductivity at RT. Typically, LEs containing lithium salts can achieve
an ionic conductivity ranging from 1 mS cm! to 10 mS cm!, while solid polymer electrolytes
(PEs) strive for a minimum ionic conductivity of 0.1 mS cm™ at RT, a goal that often presents
challenges in most instances.!®! Additionally, a high Li* transference number (¢+) is desirable,
indicating a significant Li* mobility (m? V-!'s'') compared to other ions. #+ is essentially a
comparison of the relative mobilities of cations and anions (x+ and u- respectively). For a simple

dual-ion salt in a PE, the cation transference number, 7+ is calculated as follows;*®

Uy
t, = ——
o 6

Since ion diffusion D (m?s?), and ion mobility x4, have a proportional relationship as

102

established by Einstein’s equation, '~ it is sufficient to rewrite equation 6 in diffusion terms.




Therefore, by leveraging self-diffusion coefficients determined from pulsed field gradient
NMR, one can calculate the value of 7+ for PEs with ionic salt that are NMR-active.
Nonetheless, a more accessible way to measure the value of 7+ is the method combining direct
current (dc) polarization and impedance spectroscopy, known as the ac/dc method, as
suggested by Bruce ef al.'® Such experiment is performed on a symmetric Li|PE|Li cell to
obviate erroneous contributions due to ion concentration gradients. The cell is subjected to a
relatively small dc polarization (~ 10 m¥) for a couple of hours, which creates an electric field
across the PE. This causes the migration of charged ions within the electrolyte. By gauging the
current decay from the start (/p = initial current) to the end of experiment (I, = steady state
current), as well as the impedance response before (Ry = initial internal resistance) and after
(Rss = initial internal at steady state), the contribution of each ion to the total current can be

determined according to equation 8.

_ Iss(AV=IgRg)
L= =00
Io(AV—IgsRss)

When the #.i+ is low, there is significant local polarization that leads to uneven deposition of
cations.!® 195 This condition detrimentally affects the cycle life and power density of the
battery. Furthermore, anions are not utilized at the electrodes; their accumulation over time can
potentially lead to their decomposition, causing detrimental effects on the cell.!% Generally,
PEO-based PEs exhibit a 7.i+ value below 0.5 (see Figure 5), indicating greater mobility of

anions than lithium ions.!?’
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Figure 5. Evolution of the Li" transference number (#.i+) with molar mass of PEO electrolyte.
Taken from Literature!%%.

A i+ approaching 1 will effectively reduce concentration polarization in electrolytes during
the charge/discharge cycle. This, in turn, leads to the potential for achieving higher energy
densities.!?”” One viable method for achieving restricted anion mobility involves anchoring the
anion to the polymer backbone, thereby establishing what is known as a single-ion conducting

polymer electrolyte.!!°

Another crucial requirement is that the PEs must exhibit an adequate electrochemical stability
window (ESW), which signifies the disparity between the electrolyte's oxidation and reduction
potentials. In order for batteries to exhibit desirable charge and discharge performance, the PEs
need to operate within a designated voltage range of the electrodes.!!! For instance, the
oxidation and reduction potential of the PE must be up to 5 V and - 0.5V, respectively to ensure

minimal degradation during the course of battery operation.!!?

Lastly, the polymer electrolytes should exhibit robust mechanical strength to effectively inhibit
the growth of lithium dendrites and be suitable for large-scale manufacturing processes.
According to the prediction by Newman and Monroe, the strength (in terms of storage moduli)
needed to suppress Li-dendrite growth is at about G’ > 1 GPa!'3 which is by far out of reach
for soft PEO/salt electrolytes. Designing mechanical robust PEs poses a big challenge because
mechanical properties and ionic conductivity exists in a duality, efforts to optimize either one
of the properties would trade off the other.!!'* !5 Therefore, it is necessary to decouple the
mechanical properties of polymer electrolyte membranes from the ionic conductivity. One

approach to achieve this is to create phase-separated polymer electrolytes — where one of the




phases conducts ions and the other enhances the mechanical rigidity of the heterogeneous
polymer electrolyte. Hitherto, strategies like self-assembly of pre-formed block copolymer?’ or
more recently in-situ block copolymer self-assembly by polymerization-induced microphase
separation processes (PIMS)!!'® have been reported to generate such nanostructured

electrolytes.

3 BLOCK COPOLYMERS AS SOLID POLYMER
ELECTROLYTES

One of the many approaches that have been explored to increase percentage of amorphous
phase in PEO electrolytes with the aim of increasing ion conductivity and mechanical

performance is blending PEO with other polymers to combine their unique properties®*¢’

or
covalently bonding a second distinct block of polymer to PEO.?”> 28 Some polymers are
immiscible due to the repulsive interaction between mixed components and this is exacerbated
by high degree of polymerization, N.!''7 As a result, a macroscopic phase separation can occur,
leading to distinct regions with bulk properties similar to those of pure polymers. This can be
a major drawback for blend electrolytes.!'® To circumvent the risk of macroscopic electrolyte
failure and to enhance synergistic performance, it becomes essential to reduce phase separation
to the nano-scale. This is why the use of block copolymers becomes particularly intriguing, as
they offer the potential to achieve this goal.

Block copolymers (BCPs) consist of two or more chemically homogeneous polymers joined
together by covalent bonds. The net repulsion between the immiscible blocks induces
microphase-separation and self-assembly processes that give rise to ordered morphologies with
periodically spaced nanoscopic domains.”® 1

To utilize BCPs as electrolytes for lithium batteries, two primary strategies are employed to
incorporate lithium ions into the ionic-conductive block based on PEO. One approach involves
doping BCPs with suitable lithium salts, as seen in dual-ion block copolymer electrolytes
(Dual-ion BCPEs).!20-123 Alternatively, only the anions can be immobilized on one of the

blocks, resulting in single-ion block copolymer electrolytes (Single-ion BCPEs)!?#+126 (see

Figure 6 for illustration).
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Figure 6. Illustration of Dual-ion BCPEs and Single-ion BCPEs. In this image, short dashed
lines represent the ionic coordination with the PEO-based backbone.

3.1 DUAL-ION BLOCK COPOLYMER ELECTROLYTE BASED ON COMB PEO

In the context of designing PEO-based dual-ion BCPEs, utilization comb PEO (i.e., polymers
with oligomeric PEO side chains) have become particularly of interest. The idea behind this is
that oligomeric PEO side chains would be highly dynamic, less crystalline and would thus
favour a high level of ionic motion compared to linear PEO. Butzelaar et al.'?” investigated the
impact of side chain length and graft density. Their results revealed a significant reduction in
PEO crystallinity, with a decrease of 98% observed for side chains containing 11 EO units, and

a reduction of 39% for those with 54 side EO units, in comparison to pure PEO.

Another criterion is the choice of lithium salt which plays a pivotal role in PEO-based polymer
electrolytes (PEs), as not all lithium salts exhibit robust dissociation and consequently high ion
mobility. Hence, a critical consideration for choosing an appropriate salt involves possessing a
delocalized negative charge and low basicity. Notably, perfluoroalkyl sulfonic-type conducting
salts, such as lithium trifluoromethane sulfonate (LiTF)!2%, lithium bis(fluorosulfonyl)imide
(LiFSI)!?, and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)!*, stand out for their
remarkable solubility, ionic conductivity, and electrochemical stability.

The first major report of dual-ion BCPEs was demonstrated by Vicent et al. in 1987 for
polystyrene-b-poly(butadiene-grafi-PEO)-b-polystyrene triblock copolymers combined with
combined with LiTF salt.'?° The middle poly(butadiene-grafi-PEO)/LiTF segment functioned
as the conductive component, while polystyrene (7, = 100 °C) served as the mechanical block.
The electrical conductivities of films made from these materials exhibited sensitivity to the
preparation method, particularly the choice of casting solvent. The most favourable

conductivities, typically around 10 S cm™! at RT, were achieved when solvents capable of




inducing microphase separation were utilized, resulting in concurrent enhancements in the
mechanical properties of the system. Meanwhile, other stiff high-7, block, such as poly(4-
vinylpyridine)'3!, poly(lauryl methacrylate)!?!, poly(methyl methacrylate)’> 132, poly(benzyl
methacrylate)’”® among others have been explored to impart dimensional stability to the

material to BCPEs.

Niitani ef al.'*® investigated the properties of a BCPE consisting of polystyrene-b-
poly((ethylene glycol) methyl ether methacrylate)-b-polystyrene (PS-POEGMA-PS) doped
with LiClO4 (EO: Li=20). The study focused on comparing two contrasting characteristics,
stress at break (in MPa) and ionic conductivity (in S cm™'), at RT, while varying the weight
fraction of POEGMA. Figure 7 displays the evolution of these properties. At RT, the maximum
ionic conductivity of 10 S.cm™! is achieved when the POEGMA content is at least 80%. The
stress at break declines significantly with an increase in the proportion of the conductive block,

dropping from 58 MPa (10% POEGMA) to 3 MPa (75% POEGMA).
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Figure 7. Effects of POEGMA content of PS-5-POEGMA-b-PS BCP on ionic conductivity
and film strength.!3 (Copyright 2005. Elsevier B.V.)

3.2 SELF-ASSEMBLY OF BLOCK COPOLYMER ELECTROLYTES (BCPES)

Flory-Huggins theory explains the basis for the thermodynamics of polymer mixing and there
are several literatures that offer more details on this theory.!3#13¢ For brevity, we will highlight

only the essential theoretical construction needed to explain this work. The interaction energies




between the components in the block copolymer can be characterized with the Flory-Huggins

€c,. 0

interaction parameter “y”, given as.

Xap = (Z/kT) [SAB - % (€aa + SBB)] 9

In equation 9, 45 and g4 describes respectively the interaction parameter and interaction
energy between polymer A and B. Z represents the coordination number, i.e., the number of
nearest neighbors per repeat unit in the lattice. When there is a net attraction between the
polymer pairs, x4 < 0. On the other hand, a positive x5 represents an effective repulsion

between the polymer pairs.

Block copolymers (BCPs) self-assembly into well-defined morphologies is mainly driven by
the balance between enthalpic and entropic contribution in the system. The free energy of

mixing for a block copolymer is given as,

MFpie = kT [Eing + 52 In(1 - §) + pras(1 - 0) 10

The first two logarithmic terms are entropic contribution of the Helmholtz free energy of
mixing while the third term is enthalpic contribution which depends on the interaction
parameter. For a given volume fraction of each polymer block (@), the enthalpy of the system
will scale as y,5 and entropy as 1/N. Therefore, the product yN is a relevant parameter used
to describe BCP phase segregation behaviour and has been estimated to have an inverse
temperature dependence.”” By merely adjusting @, N, block chemistry, as well as
macromolecular architecture, unique self-assembled morphologies such as spheres (SPH),
cylinders (CYL), gyroids (GYR), and lamellae (LAM) can be obtained. Self-consistent mean-
field phase diagram of di-block copolymer (di-BCP) is shown in Figure 8.
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Figure 8. Self-consistent mean-field phase diagram of diblock copolymer, Hofman et al.'>’

The phase behaviour of block copolymer can be described by three regions with reference to
the segregation strength (yN): the strong segregation limit (SSL) for yN> 100, weak
segregation limit (WSL) for yN< 10 (entropy dominates) and right between it is the
intermediate segregation regime (ISR) for 10 < yN < 100.”> At some point when yN = 10, the
system is in a transition state and the temperature of occurrence is described to be order-
disorder transition temperature (7opr). A typical di-BCP system exhibit a symmetric phase
behaviour, i.e., for similar yN values, the equilibrium phases at @4 and 1- @4 exhibit the same

structure, but with an inverted arrangement.!3’

3.2.1 Influence of salt-doping on the morphology of BCPEs

In dual-ion conducting BCPEs wherein neutral BCPs is doped with suitable lithium salt, ion
conduction is facilitated by the local solvation of cations and anions. The local ion solvation
drastically increases the incompatibility between both blocks of BCP often described by the
effective Flory-Huggins parameter y.;***%° Experimental observations have revealed that salt-
doping of BCPs can create ion-induced morphological variation,'#! and increased domain
spacing.’® 14 143 The magnitude of these doping effects has a strong relationship with salt
concentration in the solvating block. While some works have reported a linear scaling of ys

with salt concentration,'** calculations of y,, from scattering data’ imply that the relationship

of x,, with salt concentration is indeed nonlinear, especially at higher salt concentrations.




Furthermore, the full range of phase behaviour caused by the addition of ions in BCPs cannot

be captured solely by a single effective parameter y,,'** but by defining also a fitting parameter

— the ionic solvation radius.'* In some case, where ion solvation of the salt is affected by both
blocks, the copolymer system would not be amenable to phase separation, therefore it would

remain in a mixed state.!32

3.2.2 Influence of BCPE Architecture

The use of advanced synthetic techniques has allowed for the design of BCPEs with complex
architectures, providing new opportunities to take advantage of their unique morphologies.
Numerous BCP chemistries and diverse macromolecular architectures have been investigated
for their potential as electrolytes, as depicted in Table 1.

Table 1. Brief overview of notable BCPE architectures explored as electrolytes. Ion conducting

blocks (blue) contain mainly PEO or comb-PEO while the associating block (red) represent a
varied range of high-7, polymers

Conducting block Hard block Architecture Schematic ref
Poly[oligo(oxyethylene) Poly(lauryl 121
methacrylate methacrylate)
Poly(vinylbenzylmethoxy di-block 00002000® | |45
Poly(ethyleneoxide)ether) Polystyrene
Poly(ethylene oxide) Polystyrene 74,77
146,
Poly((ethylene glycol) Polystyrene 147
Poly((ethylene glycol) 133
methyl ether methacrylate) Polystyrene
Poly (oligo ethylene glycol) Poly(benzyl . 73
tri-block
methyl ether methacrylate methacrylate) copolvmer N
Poly(ethylene glycol) Poly(methyl POty 7
methyl ether methacrylate methacrylate)
Poly(acryloisobutyl
Poly(ethylene oxide) polyhedral oligomeric 148
silsesquioxane)
Poly((ethylene glycol) Polystyrene miktoarm e | ¥
Poly((ethylene glycol) tapered block 150
methyl ether methacrylate) Polystyrene copolymer Tr——
Poly(ethylene glycol) Polvstvrene 1nver§f0tceg)ered 150,
methyl ether methacrylate Yoy m— B
copolymer




Poly((ethylene glycol) 152
methyl ether methacrylate) Polystyrene
Poly1[(4-cyano-4'-

Poly[lmceﬁl)or)lil)é-tﬁziy(eltgg]lene biphenyl) oxy] star block 153
&Y Y decatyl methacrylate copolymer
Poly-(methoxy-poly Poly[(4-cyano-4'-

(ethylene glycol) biphenyl) oxydecatyl 154
methacrylate) methacrylate
hyper-
Poly(ethylene glycol) Polystyrene branched block 153
methyl ether methacrylate
copolymer

AB di-block is the simplest type of BCPs, making its symmetric phase diagram (except for
BCPs with highly polydisperse molar masses'>®) from SCFT (self-consistent field theory) a
fundamental basis for understanding the phase behaviour of BCPs. However, incorporating a
third component or a different macromolecular chain architecture in BCPs makes it challenging
to create a SCFT phase diagram. This is because the covalent connection of blocks can impact
self-assembly due to changes in translational and configurational entropy.!!” Fortunately,
thanks to the efforts of materials theorists, SCFT phase diagrams are now available for ABA
triblocks, >’ 138 multiblocks,'>® diblock-arm stars,!¢° triblock-arm stars,'®! miktoarm stars,'®"
162 branched diblocks,'®* 14 and multigraft combs!'®®. Although the topology of the phase
diagrams remains relatively unaffected by differences in architecture, the phase boundaries can

shift significantly with composition.!¢®

Six-arm diblock star PS-b>-POEGMA BCP with discotic liquid crystal core have been reported
to exhibit ionic conductivities that are eightfold greater than those of the corresponding linear
BCPE. This enhancement is attributed to the increased flexibility of their arms and the long-
range molecular orientation by combining the advantages of star architecture and liquid
crystals.!>? Lee et al.'® showed that three-arm PEO connected to a PS block in a miktoarm
BCP configuration simultaneously increased conductivity and modulus compared to their
linear analogue. They explained that such miktoarm arrangement promoted long-range narrow
lamellar morphology due to densification of the chains, thus enhancing ion-chain dynamics. In
a recent study by Chakraborty e al.'*® it was found that arranging PEO chains in a triblock
copolymer configuration with poly(acryloisobutyl polyhedral oligomeric silsesquioxane) as the

external block effectively hinders plastic deformation.




3.3 CONDUCTIVITY OF BLOCK COPOLYMER ELECTROLYTES.

When lithium ions move from one electrode to the other, the transport is governed at two levels:
intragrain and intergrain transport. Intragrain transport refers to the conduction that occurs
within the boundaries of individual grains, while intergrain transport relates to the connectivity
of conducting pathways across these grain boundaries.** 7 Therefore, the morphology and
grain alignment (see illustration in Figure 9) play a crucial role in determining the ionic
conductivity (in-plane or through-plane), represented by o. This principle also applies to

properties associated with the other phase in BCPE, such as mechanical strength.

Mechanical strain
Electric Field
Magnetic Field

Molecular Design

Poorly ordered grains Highly ordered grains
Figure 9. Illustration of methods for grain enlargement and alignment in BCPs.

Ideally, the conductivity of the BCPE (o) is expected to increase with the conductivity of the
pure conducting phase (op) and the volume fraction of the conducting phase (@.). However,
other factors such as the tortuosity factor (1) and morphological factor (f) can also impact
conductivity. 7 represents the ratio of the effective path length required for ion transport to the
thickness of the electrolyte and f describes the global grain alignment in the direction of the
electric field. Initially, Sax and Ottino developed a widely adopted model based on effective
medium theory to calculate fin the context of diffusion of small molecules in randomly oriented
morphologies relevant to block copolymer materials.!®® This model is widely used to predict

conductivity in block copolymer materials (see equation 11).#

o="Lg.a, 11
Where o is the conductivity of the pure conductive phase of the BCPE. Values of fand t! for
various morphologies were reported in Table 2.4 However, it is important to note that the
values reported therein reflect an ideal case of perfect global alignment of grains with respect

to the x, y, and z directions of a cartesian coordinate system. In real systems, a couple of factors




causes BCPEs to deviate from the effective medium theory. Factors such as 1) dead zone effects
— reduced segmental motion and decreased ion solvation at interface between the conducting
non-conducting phases, 14 16% 170 jj) grain boundary effects — lack of alignment at boundary
between two grains (characteristic size ~ 10 — 100 nm),'”! 172 iii) electrolyte processing effects

172,173 could depress the effective

— unfavourable re-orientation of ion-conducting pathways,
mobility of ions. Altogether, these effects emphasize the importance of retaining long-range
ordering as well as 3D continuity of conducting pathways. Bouchet e al.'*® reported on the
existence of a ‘dead zone’, excluded from ionic transport, at the PS/PEO interface of PS-b-
PEO-b-PS triblock copolymer. The thickness of this zone was experimentally determined to

include about 45 EO units (ca 1.6 nm).

Traditional methods using mechanical handling,!”#17¢ electrical,!””- 17® and magnetic field "
182 have been explored to enforce grain alignment of BCPs with decent level of successes. In
the same vein, bottom-up approaches like macromolecular engineering of block components
have demonstrated similar successes. For example, tapered BCPEs (refer to Table 1) and
BCP/Homopolymer blend electrolytes have been utilized to overcome dead zone effects as
well as to promote bi-continuous 3D structures with higher ionic conductivities and mechanical
performance.!>% #3185 Lamellar morphologies of star BCPEs have also shown to exhibit higher
ionic conductivities compared to their linear analogues'>? '8¢ which is reportedly connected to

the long-range ordering of the ionic paths that transcends grain dimensions.
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Table 2. Morphology and Tortuosity factors for transport in ion-conducting block copolymers
with specified morphology. Taken from literature 44
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4 POLYMERIZATION INDUCED MICROPHASE SEPARATION
(PIMS)

The prevailing literature on BCPEs has primarily focused on influencing the equilibrium states
of these materials using diverse approaches. These strategies encompass adjustments in
molecular design, blocking chemistry, degrees of polymerization (N), and blocking ratios,

among others.

Typical BCPEs of lack long-ranged continuity except ones featuring gyroid morphology. The
gyroid morphologies are typically limited by a specific range of block volume fractions in
which they occur.!8” Moreover, typical BCPEs require cumbersome processing steps prior to
final integration in batteries, and may be amenable to post-processing effects that may original
impact morphology. To this end, investigation into new processes to create nanostructures that
feature two co-continuous, percolating domains are critically required. In recent times, there
has been an endeavour to engineer SPEs that mirror the bi-continuous gyroid morphologies

observed in BCPEs by polymerization-induced micro-phase separation (PIMS).

4.1 WHATIS PIMS?

PIMS refers to the fact that the in-situ synthesis of block copolymer in bulk is associated with
simultaneous self-assembly; as growing of second block is concomitant to self-assembly, the
phase separation is induced by polymerization (see Figure 10).!38 The specific nature of the
phase separation induced by this process depends on factors such as the reaction kinetics, the
thermodynamics of the system, and the starting composition of the material. By understanding
and controlling these factors, researchers can manipulate the phase behaviour of materials and

develop new materials with desired properties.

In 1996, Hellmann et al. first reported on the evolution of phase patterns during radical
polymerization of styrene containing dissolved polybutadiene (PB).!%° The reaction led,
intermediately, to blends of yet ungrafted PB, of the homopolymer PS, and of graft copolymers
PB-g-S varying in the number of PS grafts per PB chain, effectively prompting phase
separation and subsequent phase inversion at distinct stages of the process. Later, Motokawa's

group provided valuable insights into the dynamic behaviour of poly(methyl methacrylate)-




block-polystyrene (PMMA-b-PS) block copolymers during synthesis and sheds light on the
formation of various microstructures, contributing to a deeper understanding of microphase

separation phenomena.!% 11 A

sequence of transformation was observed, starting from a
homogeneous solution, progressing to a disordered state, then forming a Lamellar (LAM)
structure, further transforming into a Hexagonally Packed Cylinders (HEX) configuration, and
finally achieving a Body-Centered Cubic (BCC) arrangement through chain extension
polymerization of styrene from the end of PMMA macromolecular chain transfer agent
(macroCTA. A macroCTA is a reactive block synthesized by reversible deactivation radical
polymerization (RDRP), most often by reversible addition fragmentation transfer

polymerization (RAFT), exhibiting chain end functionality able to chain extend the

polymerization of a second monomer by RAFT polymerization.

PIMS has attracted significant attention in recent years since the following the work of
Hillmyer et al.'®? due to its potential for creating advanced materials with tailored properties.

It has been explored for various applications, including nanoporous membranes,!®3-1%

biomedical membranes,>*’ and energy storage devices.!!6 201-207

4.2 PIMS SPE FOR BATTERY

Till date, investigations have documented the fabrication of solid polymer electrolytes (SPEs)
using the Polymerization-induced micro-phase separation (PIMS) technique, utilizing initiators
of radical polymerization that are triggered by either thermal decomposition (thermal-
RAFT)!16.201-205 or photon activation (photo-RAFT)?%6:207 as shown in Table 3. The fabrication
protocol for solid polymer electrolyte necessitates a meticulous choice of chemistry to achieve
specific performance properties. A common trend in these studies is the utilization of PEO
polymers (PEO-TTC) with reactive trithiocarbonate chain end (TTC) as macroCTAs. The PEO

nanophase exhibits a strong ionic affinity towards ionic salts.
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Figure 10. Scheme for SPE fabrication by PIMS mediated by a macroCTA.

The work by Hillmyer and Lodge serves as an early exemplar, elucidating the application of
PIMS for SPE design through RAFT polymerization initiated by a thermally activated benzoyl
peroxide initiator.!!® Initiating with a precisely calculated blend of styrene/divinyl benzene
monomers, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (BMITFSI) ionic
liquids (IL), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and PEO-TTC (depicted in
Figure 10), they effectively achieved the formation of a dual-phase network after polymerizing
for at least 20 h at 120 °C. The network consisted of a crosslinked polystyrene rigid phase
alongside an ion-conductive PEO/ionic moieties phase (IL/LITFSI) following the execution of
the PIMS procedure. Through the use of hydroiodic acid for chemical etching of the PEO
phase, the inherent 3-D interconnected structures of cross-linked polystyrene (PS) within the
SPE resulting from the PIMS process can be unveiled (Figure 11b). It is noteworthy that the
conducting domains consisting of PEO are primarily continuous, allowing for ionic
conductivity to approach its theoretical maximum. Moreover, minor adjustments in the cross-
link density of the PS phase by adding divinyl benzene crosslinker (DVB) does not impact the
conductivity of the material, because mechanical and transport properties are decoupled via
microphase separation. Finally, the PIMS SPEs demonstrated exceptional mechanical stability
at high temperatures (G' > 10® Pa at T <200 °C, Figure 11d) in comparison to linear PEO-b-

PS electrolytes (G'= 108 Pa at T = 90 °C)?%, which experience a significant decrease in elastic
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modulus beyond 100 °C. This was attributed to the crosslinked nature of the electrolytes which

helps it remain solid at elevated temperature, where the conductivity is maximized.

9 PEO-CTA
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Figure 11. a) Reaction scheme used to prepare polymerization induced microphase separation
solid polymer electrolytes (PIMS SPEs) b) The morphology of the PIMS-fabricated SPE
sample, utilizing PEO-CTA with a molecular weight of 28 kg mol ! and 21 vol% BMITFSI,
examined prior to etching (TEM) and after etching (SEM) of the PEO and BMITFSI
components using a 57 wt% aqueous hydroiodic acid solution. c) Ionic conductivity as a
function of temperature for PIMS SPEs prepared with 5 kg mol™! PEO-CTA (CTA = chain
transfer agent). Open symbols: Samples prepared with BMITFSI. Filled symbols: Samples
prepared with a 1 M mixture of LiTFSI in BMITFSI. Overall salt concentrations are 5 (A), 7
(A), 21 (oand m), and 40 vol % (o). d) Temperature-dependent linear elastic response of PIMS
SPEs prepared with 28 kg mol ™! PEO-CTA and no ionic liquid (o) and with 21 vol % BMITFSI
(®) (Adapted from the work of Schulze et al. 17%).
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Table 3. A summary of PIMS SPEs investigated to date.

MacroCTA Matrix Tonic Method 6 /Sem™! G'/Pa Year Comment Ref
Component
BMITFSI 4 o 9 Electrolyte for lithium Schulze
PEO-TTC S/DVB LATEST Thermal-RAFT ~ 1.7x 104 @ 30°C  1x10° 2014 o T
PEO-TTC S/DVB BMITFSI Thermal-RAFT N/A 1x10° 2015 Mechanistic study l\gfg}tfoszh
PEO-TTC S/DVB [Hf;iﬂgisﬂ Thermal-RAFT 3.0 x 104@40°C  5x107 2016  Electrolyte for fuel cells g“;lﬁodf
PEO-TTC S/DVB SN/LITFSI  Thermal-RAFT 2.0 x 107 3x108 2017  Plectrolyte for lithium- Chopade
ion batteries etal.
PEO-TTC  IBOA/TMPTA  BMITFSI Photo-RAFT 3.0 x 107 2108 0pp  Dractical demonstration - Lee ef
in supercapacitor al.
S/DVB 4 . Electrolyte for fuel cells Liu et
PEO-TTC /Acetonitrile POM Thermal-RAFT 4.0 x 107 @ 50°C na 2022 and lithium-ion batteries al ?%
POEGMA-TTC 15 o /TMPTA  BMITFSI Photo-RAFT 1.2 x 104 2x108 2023  ractical demonstration — Melodia
(linear) 1n supercapacitor et al.
Abreviations:

S: Styrene, DVB: Divinyl Benzene, IBoA: Isobonyl Acrylate, TMPTA: Trimethylolpropane triacrylate, PC: Propylene carbonate,
BMITFSI: 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide. SN: Succinonitrile, POM: Polyoxometalates.

N/A: not applicable.
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A mechanistic study on how this nanoscale morphology is formed in such thermal-RAFT PIMS
process was presented by McIntosh ef al.?*> They performed a series of in-situ, time-resolved
experiments — small-angle X-ray scattering, conductivity, rheology, and polymerization kinetic
— to monitor the electrolyte evolution from a macroscopically homogeneous liquid to a

microphase-separated solid (Figure 12).
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Figure 12. Comparison of a) SAXS, b) conductivity, ¢) mass yield, and d) rheology in-situ
experiments for a sample prepared with 21 vol % BMITFSI. /,, is the maximum scattered
intensity of the structure factor peak at wave vector g,. The solid black lines in panel b) were
used to determine time at which conductivity plateaus. The dash-dot lines indicate the
characteristic time scale associated with each experiment. ¢) SAXS data for samples prepared
with 5 kg/mol PEO-CTA, 21 vol % BMITFSI, and S/DVB, with varying concentration of
DVB. Note that the radical initiator AIBN was not used in the preparation of these samples.
Reduced cross-linker content leads to materials exhibiting Bragg-like diffraction and long-
range order. ¢) Temperature-dependent conductivity as a function of DVB concentration. Error
bars represent one standard deviation based on three or more samples. (Taken from the work
of Mclntosh et al.?%?).
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These time-resolved experiments revealed that at 7= 1 h, discrete flocs of cross-linked polymers
are formed. The local viscosity and elastic modulus increased continuously until it reaches the
apparent gel point at # = 1.7 h. At this point, the growing block polymer already formed well-
defined domains and the individual chains would not be able to rearrange after gelation. This
suggested that the interconnection of the network was a direct result of chemical cross-linking
the diblock polymer before the order-disorder transition (ODT) preceded by strong isotropic
concentration fluctuations. This conclusion was validated by analysing the scattering pattern
of samples with varying mole fractions of the cross-linking agent (DVB) in the monomer
mixture. The observations revealed that reducing crosslinker leads to better defined

morphology.

In the same polymeric system, Chopade et al.?*® replaced the ionic species of BMITFSI with
[HEIm][TFSI] protic ionic liquid. The goal was to strategical adapt the PIMS approach to
fabricate SPEs suited for fuel cells. Following this, their investigations ventured into
incorporating succinonitrile (SN) as a plasticizer and LiTFSI salt as the chosen ionic specie.?*
This methodology transformed the conducting pathways based on PEO into a fully amorphous
structure, thereby enabling facile ion transport. This led to a conductivity of approximately

0.35 mS/cm and an elastic modulus of around 0.3 GPa at a temperature of 30°C.

In a ground-breaking study, Lee et al. demonstrated the fabrication of 3D printed
nanostructured electrolytes specifically designed for symmetric carbon supercapacitors (Figure
13a and Figure 13b).2% They implemented photo-RAFT for PEO-TTC chain extension with
isobornyl acrylate (IBoA) and trimethylpropane triacrylate (TMPTA) monomers, within a
mixture of BMITFSI IL. This process rapidly generated a second bi-continuous phase of
poly(isobornyl acrylate-stat-trimethylpropane triacrylate) (P(IBoA-staz-TMPTA)) within
minutes (Figure 13c), leveraging the fast kinetics associated with photopolymerization
processes. The resulting solid polymer electrolyte (SPE) exhibited good electromechanical
properties, including a high shear modulus (G' > 10® Pa) and an impressive conductivity of
3x10* S cm! at RT (22°C), as shown in Figure 13d and Figure 13e respectively. It is perhaps
important to note that conductivity reported is due to BMI* and TFSI" ions. The utilization of
photo-PIMS offers distinct advantages over thermal-PIMS processes in terms of design
flexibility, fabrication time, scalability, and direct industrial application. Subsequently,

Melodia et al. expanded the possibilities for SPE development by employing non-crystalline
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POEGMA-TTC in lieu of semi-crystalline PEO-TTC to enhance macromolecular chain

dynamics at RT.?%7
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Figure 13. a) 3D printing process used to fabricate SPE(60,20) into an Australia-shaped
geometry, total build stage width is 60 mm b) Powering an LED using the assembled 3D printed
SPE supercapacitor ¢) Vinyl bond conversion vs time during exposure to violet light (Amax =
405 nm, Iy = 2.06 mW c¢cm?) for each SPE formulation d) storage modulus (G”) with increasing
temperature for SPEs with 7peo = 20 and varied BMITFSI IL content e) ionic conductivities as
a function of temperature f) capacitance retention of a symmetric carbon supercapacitor with
the SPE(60,20) electrolyte. (Taken from the work of Lee et al.?%).




5 CONCLUSION

As previously mentioned, PEO-based BCPEs have garnered significant attention due to their
typical advantages such as a low 7g, chain flexibility, effective dissociation of lithium salt and
electrochemical stability against lithium-metal. Notably, there has been a growing focus on
comb PEO systems as they exhibit diminished crystallinity in contrast to their linear PEO

counterparts.

Existing literature regarding BCPEs provides substantial evidence that altering the architecture
of these copolymers can profoundly influence their eventual morphology, mechanical traits,
and even conductivity. Nevertheless, a multitude of questions regarding the intricate interplay
between complex architectures and BCPE properties still linger. Inquiries such as the potential
influence of block positional arrangements (both outer and inner blocking) of the conducting
phase within these architectures, as well as the consequences of arm density on the
characteristics of star BCPEs, remain unresolved, to name just a few. Meanwhile, accurate
comparison of architectures with their linear analogues can pose a slight challenge because of

the intricacies of the synthetic approach for macromolecules with such complex architecture.

The main objective of the present PhD thesis is to unravel ways of regulating self-assembly in
BCPEs which major focus on the relationship between structure-property block copolymer

templates.
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Chapter 2

Improved Solid Electrolyte Conductivity Via
Macromolecular Self-Assembly: From Linear to Star
Comb-Like P(S-co-BzMA)-b-POEGA Block Copolymer
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Synopsis

Star block copolymer electrolytes with lithium ion conducting phase are investigated in the
present work to assess the influence of this complex architecture compared to the linear one,
on both, bulk morphology and ionic conductivity. For that purpose, the controlled synthesis of
a series of poly(styrene-co-benzyl methacrylate)-b-poly[oligo(ethylene glycol) methyl ether
acrylate] (P(S-co-BzMA)-b-POEGA) block copolymers (BCPs) by RAFT polymerization was
performed from either a monofunctional or a tetrafunctional chain transfer agent (CTA)
containing trithiocarbonate groups. We emphasized how a small amount of styrene (6 mol-%)
improved drastically the control of the RAFT polymerization of benzyl methacrylate mediated
by the tetrafunctional CTA. Transmission electron microscopy (TEM) and small angle X-ray
scattering (SAXS) demonstrated a clear segregation of the BCPs in the presence of lithium
salt. Interestingly, the star BCPs gave rise to highly ordered lamellar structures compared to
the linear analogue. Consequently, the reduced lamellae tortuosity of self-assembled star
BCPs improved the lithium conductivity by more than 8 times at 30°C for~30 wt-% of POEGA

conductive phase.
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The morphological characterization by SAXS and TEM was carried out in collaboration with

Monika Krol and Janne Ruokolainen at Aalto University in Finland.
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1 Introduction

Lithium ion batteries have gained increasing interest over the years as mobile energy storage
for electric vehicles (EVs), personal electronic devices, etc.! Development of low cost, high
energy density and safe batteries have been the core of many research endeavours since the last
three decades. Indeed, organic solvent based liquid electrolytes, classically used in
commercialized lithium ion batteries, constitute a hazard due to leakage and flammability. To
tackle that issue, solid polymer electrolytes (SPEs) with tunable mechanical properties are
considered.? The most commonly investigated polymer is the low glass transition temperature
(Ty) and semi-crystalline poly(ethylene oxide) (PEO).> However, its lithium ion conductivity
remains low compared to liquid electrolytes. Improved ion transport can be achieved at
temperatures above melting temperature, activated by an increased macromolecular segmental
motion* and a reduced crystallinity.> Lower PEO crystallinity can be realized at room
temperature by breaking up the long-range macromolecular symmetry. This can be achieved
by either utilizing PEO with comb or star macromolecular architectures or incorporating
inorganic nanoparticles.>’ Comb-like architecture can be obtained by polymerization of
oligo(ethylene glycol (meth)acrylate) (OEGA or OEGMA) macromonomer to provide polymer
backbone grafted with short pendant ethylene oxide (EO) oligomers.® Star-shaped PEO has
also demonstrated a reduced degree of crystallinity and melting temperature (7,,) compared to
the linear PEO.® That is resulting from the globular structure in a star-shaped polymer which
hinders arm packing for crystallization.” Nevertheless, the loss of crystallinity induces a loss
of mechanical properties. In this context, the use of block copolymer electrolyte (BCPE) has
been considered in order to achieve a compromise between mechanical and ion transport
properties.!’ Indeed, BCPEs containing at least one Li*-conductive polymer block and one
high-7; block are expected to simultaneously exhibit good levels of ionic conductivity and
mechanical strength. Major studies throughout the years focused on linear BCPE systems based
on PEO, especially the polystyrene-block-poly(ethylene oxide) (PS-b-PEO) copolymers where
ionic conductivity, mechanical properties and microphase separation have been extensively
studied.!'"!® Devaux et al. showed that lowering both melting temperature (75,) and degree of
crystallinity via the comb-like architecture of POEGMA-b-PS block copolymer improve
lithium conductivity compared to the linear PEO-b5-PS.!" The influence of side chain length
and graft density was studied by Butzelaar et al.. *° They demonstrated for a library of polymers
featuring different PEO side-chain lengths a drastic reduction in PEO crystallinity by 98% for




11 side EO units and by 39% for 54 side EO units in comparison to pure PEO.?’ Regarding
the high-7; block, PS is largely used but other high-7 blocks have been studied. For instance,
BCP of poly(methyl methacrylate) (PMMA) and POEGMA were reported by Ruzette et al.
where they demonstrated that microphase separation can be induced in a controlled manner by
the incorporation of lithium salt.?! Such BCPEs showed higher conductivity than the statistical
analogue copolymers.?! Later, triblock copolymer based on poly(benzyl methacrylate)
(PBzMA) and POEGMA (EO = 9) were synthesized as BCPE; this study also revealed that
the phase separation of BCP is triggered by the addition of lithium bis(trifluoromethane)-
sulfonylimide (LiTFSI) salt.??

Star BCP have attracted increasing attention in various applications due to the compact and
stabilizing steric structure, which may lead to peculiar morphological and rheological
properties.?> 2* Few reports have described the use of star BCP as solid electrolytes in lithium
ion batteries,>>?° but only two studies have compared the performances with their linear
analogues in details. In the first study, a miktoarm BCPE consisting of 3-arms PEO connected
to a PS block was shown to promote long-range narrow lamellar morphologies with high
conductivities whereas the linear analogue showed swirly broader lamellar morphology with
lower ionic conductivities.”® In the other study, six-arms star PS-5-POEGMA BCP with a
discotic liquid crystal core reportedly exhibit longer range ordered morphology and ionic
conductivity 8 times higher than that of the corresponding linear BCPE; however, the presence

of the discotic liquid crystal core in the star copolymer hinders an accurate comparison.®

The interest of the present work is to combine star architecture with comb-like character of
POEGA in order to investigate the effect of such architecture on morphology and on lithium
ion conductivity of the self-assembled BCPEs. For that purpose, we first undertook the
synthesis of linear and star high-7; first block by reversible addition fragmentation transfer
(RAFT) polymerization via a core-first approach (Scheme 1). Two different chain transfer
agents (CTA), either monofunctional or tetrafunctional, were used to copolymerize benzyl
methacrylate (BzZMA) with increasing fraction of styrene (S) to achieve the best control of
polymerization. The second block of poly(oligo(ethylene glycol) methyl ether acrylate)
(POEGA) was then synthesized by chain extension of the linear or star P(S-co-BzMA)
macromolecular chain transfer agent (macroCTA) to produce the desired BCPs. Finally, solid

electrolytes were prepared by mixing the BCPs with lithium




bis(trifluoromethanesulfonyl)imide (LiTFSI) salt to investigate their morphology by SAXS

and TEM in relationship with their ionic conductivity.
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Scheme 1. Schematic illustration of the synthesis route to synthesize lc-(Aw)xBy and sc-(Aw)xBy
block copolymers (BCP) by RAFT polymerization using either TTC-1 monofunctional CTA
or TTC-4 tetrafunctional CTA. The A block corresponds to the P(S-co-BzMA) block and B
block to POEGA. The subscripts w represents the weight fraction of the BZMA compared to S
in the macro-CTA, the subscripts x and y correspond respectively to the weight fractions of
P(S-co-BzMA) hard block and POEGA soft block in the AB block copolymer. The prefix lc-
and sc- depicts the linear comb-like or star comb-like architecture.




2 Synthesis and Characterization of Block copolymers

2.1 P(S-co-BzMA) Macromolecular Chain Transfer Agent
In the present work, RAFT polymerization of benzyl methacrylate (BzZMA) was first carried

out via two different chain transfer agents (CTA), either the monofunctional trithiocarbonate
(TTC-1) or the tetrafunctional trithiocarbonate (TTC-4) in order to produce linear or star
polymers (Scheme 1). Both CTA are non-symmetrical trithiocarbonate exhibiting identical
stabilizing Z-group (-CH2(CH2)10CH3) but different R-initiating groups (Scheme 1). The
tetrafunctional CTA contains the R group in the core to preserve the star architecture whatever
the degree of livingness (Scheme 1). The polymerization was performed in bulk with constant
initial [CTA]/[AIBN] ratio and constant value of AIBN concentration across all synthesis
(Table 1). Number-average molar mass (M,) and dispersity (D) of samples taken during
polymerization were determined using SEC-MALLS and plotted as a function of the overall
weight monomer conversion (Figure 2). By using the TTC-1 monofunctional CTA, a linear
evolution of M, versus conversion is observed on Figure 2(left), for BzMA
homopolymerization but the values are slightly higher compared to theoretical ones (Mnskc-
MALLS/ Mh,theo ~ 1.15 for PBZMA). Such discrepancy between experimental and theoretical M,
is even more pronounced on Figure 2(right) when RAFT polymerization is carried out with the
TTC-4 tetrafunctional CTA (Mnsec-maLLs/ Miheo ~ 1.57 for PBzMA), along with higher
dispersity values. This cannot be ascribed to bias in SEC measurement as M, were determined
by MALLS and not relative to any standard calibration. As previously reported in the literature,
this trend is characteristic of a low chain transfer constant (Cy = kex/kp) in RAFT
polymerization.’® The leaving R group plays a role on the exchange rate and especially the
fragmentation step. Note that both CTAs display two different R  groups:
(C(CN)(CH3)CH2CH2COOH) for TTC-1 monofunctional CTA and (-C(CH3),CO>CH>-) for
TTC-4 tetrafunctional CTA. Based on profiles reported in reference 3°, one can conclude from
Figure 2 that BZMA RAFT polymerization mediated with TTC-1 is associated with Cy above
1 while Cy is probably far below 1 for TTC-4.
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Figure 1. Schematic description of synthetic process for the macroCTA.
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Figure 2. Evolution of Mymarrs and dispersity of P(S-co-BzMA) copolymers versus the
overall monomer weight conversion (X, see Eq S4) for various initial molar fractions in
BzMA: ® fzm4,0 =0, A fBz114,0 =0.19, O fpz114,0 =0.38, @ f2014,0 =0.50, A fa-014,0 =0.75, © fr-da0
=0.94, m fz.m4,0 =1. (Left) Theoretical trend is represented with dotted lines (Eq S14) are
represented with dotted lines (Table 1).

In order to favor fragmentation of the initial CTA, we decided to introduce styrene as
comonomer since styrenic monomers are less stabilized compared to the R-group of TTC-4.
Monomer feed molar composition was varied from 1 to 0 in BZMA to synthesize a series of
P(S-co-BzMA) statistical copolymers and PS homopolymer from both TTC-1 and TTC-4
CTAs. Table 1 shows a summary of the compositions of the initial monomer feed (fs.ma.0) and
of final purified copolymer (FBzma) together with values of molar mass and dispersity of the

copolymers. Figure 2 shows that by adding as little as 6 mol% of styrene in the feed monomer
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composition (fzx4 = 0.94), the experimental My sec-maLLs values of star copolymers match
perfectly with theoretical values and dispersity values are reduced to 1.3. Thus, the introduction
of low fraction of styrene induces an increase of Ci; value, thus enabling to control the synthesis
of star copolymers based on PBzZMA. It should be noted that the M, values of the series of P(S-
co-BzMA) copolymers and PS homopolymer perfectly match the theoretical M, values by

using both monofunctional and tetrafunctional CTAs (Figure 2 left).
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Figure 3. Evolution of the size exclusion chromatogram (RI trace) with monomer conversion
for star (up) and linear (down) copolymers at different feed ratios.

The SEC chromatograms depicted in Figure 3 show monomodal traces for linear and star P(S-
co-BzMA) copolymers synthesized at different monomer feed ratios (fsma 0 from 1 to 0.38),
as well as for linear PBZMA homopolymer. The shift of SEC traces towards lower elution
volume upon increasing monomer conversion together with linear evolution of M, confirms
control of RAFT polymerization. On the other hand, the lower shift of SEC traces of star
PBzMA (Figure 3) is in accordance with low C; value of the tetrafunctional CTA towards
methacrylate monomers, as discussed above. The semilogarithmic kinetic plot of the overall
monomer conversion versus time is linear for each monomer feed composition (Figure 4) and
for both mono and tetrafunctional CTAs. This means that there is a constant number of
propagating radicals in the systems. As the fraction of BzZMA in monomer feed (fB.ma,0)

decreases, the apparent average rate constant of copolymerization (<k,>[P®]) is significantly




decreased. The value of the average rate constant of copolymerization (<kp>) depends on two
criteria:’!  values of reactivity ratios and values of individual rate constant of
homopolymerization (k, (S) = 87 L mol™! s! and (k, (BzMA) = 390 L mol ™! s! at 25°C

according to reference (see Figure S16).32

Table 1. Final Composition and Macromolecular Features of the P(S-co-BzMA) macro-CTA
Synthesized by RAFT Copolymerization in Bulk

c e f
é SBaMAL® %” (:l) (1\,0/:) Wl (Ii:';:;; ) ](‘Z:ZZ;; Pyiarrs macroCTAS
100 300:1 30 65 100 138 217 151 s-Aro
094 3001 30 60 098 128 123 1.25 s-Aoss
Lo omsto7s 13 ose 151 152 115 s-Aoss
O | 051 3501 2 76 071 155 134 1.25 s-Aot
= | 038 3751 315 68 06 135 122 1.30 s-Ane2
021  350:1 490 57 043 13 80 139 s-Avas
0 500:1 960 52 0 110 122 1.20 s-Ao
— [0 301 3 6 100 33 38 1.10 IAro
O | 038 3000 27 76 059 31 28 1.06 I-Aoso
= 0 44001 95 52 0 25 2 1.04 I-Ao

“ fBzma 018 the molar fraction of BZMA in the initial monomer feed (See Eq S5in SI).

b [TTC]o is the concentration in trithiocarbonate functions, [TTCJo = [TTC-1] 0= 4 x [TTC-4]o and [M]o =
[S+BzMAJo. [AIBN]o=1.98 mmol.L"!, [TTCJo /[AIBN]o =10.

¢ Overall weight conversion of both S and BZMA monomers (Eq. S4 in SI).

4 Wama (See Eq S12 in SI) is the weight fraction of BZMA in the copolymer after purification determined from
FBavay molar fraction measured by 'H NMR (See Eq S11 in SI).

¢ M theo 15 calculated from Eq S15 in SI

M values obtained from the SEC analysis with RI/MALLS detectors (see determination of dn/dc values for each
copolymer in Table S4)

& 5- and /- represents the star and linear P(S-co-BzMA) copolymers respectively, and the subscript is the weight
fraction of BZMA (Wszma) in the purified macroCTA.
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Figure 4. Semi-logarithmic plots of overall molar monomer conversion (Xm) versus time for
RAFT copolymerization of S and BZMA from either TTC-1 (top) or TTC-4 (bottom) CTA at
different monomer feed ratios (Table 1): ® f3:1140 =0, A f32114,0 =0.2, O fz114,0 =0.38, ® fpn14,0
=0.50, A fBzp14,0 =0.75, © fp-p4,0 =0.94, W fa-114,0 =1. Dotted lines are linear fits.

Two sets of values for reactivity ratio of styrene and BzZMA are reported in the literature: s =
0.46 £ 0.02, rg-ma = 0.52 + 0.08,% and rs = 0.27 + 0.14, ra-m4 = 0.86 + 0.36 for nitroxide-
mediated polymerization (NMP).>* In the present work, we determined reactivity ratio of
S/BzMA with extended Kelen-Tiidos (e-KT) method (see Figure S18 and equations in
supporting information). We considered the composition of the purified copolymers (Fszmay,
Eq S11) which was measured by 'H NMR in CD>Cl, for better accuracy compared to
measurements in CDCl; as signal of CHCl3; overlaps with aromatic protons (Table S1). Data
of Figure S18 provided values of reactivity ratios of rs = 0.70 = 0.20 and rpx4 = 0.67 + 0.09.

In order to assess the distribution of comonomer along the polymer chain of macroCTA, the




experimental fraction in BZMA in the monomer feed (fs-ma, Eq S6) was monitored with time
and plotted over the overall molar monomer conversion (Xm, Eq S3) (Figure 5). Such data
could be fitted with Skeist equation as another method of determination of the reactivity ratios
but in the present case the number of experimental points was too low for an accurate fitting.
Figure 5 shows a quasi-constant fraction of BzMA comonomer during RAFT
copolymerization in the absence of significant drift in monomer composition at least for
monomer conversion below 80 % applied in the present work. As polymer chains are supposed
to grow simultaneously in RAFT polymerization for sufficiently high value of Ci, the
homogeneous distribution of both monomers along the copolymer chain is expected to be
similar for all chains. In addition, it is interesting to note that the plots of theoretical fs.ma
(dotted lines in Figure 5), calculated from reactivity ratios determined by the extended Kelen-
Tiidos method in the present work (rs = 0.70 = 0.20 and rp-u4 = 0.67 = 0.09), fit well with
experimental data. On the other hand, a higher deviation between fitted plots and experimental
data is observed for fg.ma below 0.5 when applying values of reactivity ratio of rs = 0.27 £

0.14, ram4= 0.86 + 0.36 from literature 3* (see Figure S17).
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Figure 5. Evolution of BZMA fraction in monomer feed with X, conversion. A fgzma0=0.19,
B fsnvin0 = 038, @ foomao = 0.50, A feamao = 0.75, @ feamao = 0.94. The dotted line
corresponds to the fit of fgzma versus conversion calculated from Eq S8 by using reactivity
ratios of present work (rs = 0.70 = 0.20 and r.ma = 0.66 + 0.09).

In order to confirm the synthesis of statistical copolymers, the 7, evolution of the star
macroCTAs vs. feama,0 was investigated by DSC. The series of P(BzZMA-co-S) copolymers

(Figure 6) exhibited indeed a single glass transition temperature (7,) peak appearing between




Ty values of both homopolymers (7g,pezma = 63°C, Tg,ps = 100°C). The T increased with

decreasing weight fraction of BzMA (Waszma) in agreement with theoretical (7gheo)

calculations from the Fox-Flory equation (Eq 1, see Figure 7) as expected for statistical

copolymers.
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Figure 6. Glass transition temperature (Tg) of star P(S-co-BzMA) copolymer with increasing

content of styrene.
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The dotted line corresponds to the theoretical Ty calculated from Eq 1.

2.2 Characterization of star architecture.
Based on the work of Zimm and Stockmayer,*® the number of arms, f, for star polymers with
monodispersed arm length can be determined from the contraction factor, g, defined in Eq 2

and Eq 3.

4= 3 ff; 2 5
1/
o= (o) | 3

[n]s and [n]; represents the intrinsic viscosities of the star and linear polymer respectively, at
the same molar mass M, and ¢ is known as the viscosity shielding ratio which describes the
draining behaviour of the polymer in solution.’® The ¢ value were reported to generally fall in
the range of 0.5 to 1.5.% The branched structure of star PS synthesized by RAFT
polymerization from TTC-4 CTA (s-Ao in Table 1) was assessed from the determination of the
contraction factor by comparison with linear standard PS samples (see experimental part).

Kinetic samples taken at different intervals during synthesis of the star PS were analysed by




SEC with an online viscosimeter. The logarithmic plot of intrinsic viscosity against molar mass

(Log [n] vs Log M) were plotted for each chromatogram as depicted in Figure 8.
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Figure 8. Mark-houwink-sakurada plot for star PS, s-Ay, at different monomer conversion with
molar mass range 13.7 — 128.7 kg.mol"! (coloured traces/symbols and red linear regression)
overlaid with the chromatogram from RI detector to indicate eluting population. Linear PS
standards, commercially available for Polystyrene Standard Service PSS supplier (synthesized
by anionic polymerization) with molar mass in the range 2.9 — 290 kg.mol™! were used as a
basis for comparison (black symbol and black linear regression).

The linear regression of the experimental values provided an average value of the Mark-
Houwink-Sakurada exponent ([n] = KM%) equal to a-ps = 0.58 for star PS and a.ps = 0.67 for
linear PS. This is related to a lower hydrodynamic volume (71 ~[n]M) occupied by star polymer
due to their higher compaction compared with linear polymers of the same molar mass.
Therefore, lower a value of star PS confirms the branched character of the polymers
synthesized from TTC-4 CTA. For each slices of LogM, the quadratic equation that results
from Eq 2 and Eq 3 was solved for values of € equal to either 0.5, 1.0 or 1.5 in order to plot the
value of number of arms fas a function of molar mass (Figure 9). Whatever the chosen € value,
fis above 2, which indicates that PS synthesized from TTC-4 are not analogous to linear PS.
For the intermediate €= 1 value, f ranges between 2.8 and 3.8 (Fig S9). Consequently, in the
further part of the work, the macroCTA synthesized from TTC-4 CTA will be considered as
star polymers and the ones synthesized from TTC-1 CTA as linear polymers (see Scheme 1

and Table 1).




A OO N®
—
|
|
|
[ |

Number of arms, f

w

o

o

]

>

>

> o
> o
>

>
>
>
>
>

N
P B

4.0 4.5 5.0 5.5
Log M
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2.3 P(S-co-BzMA)-b-POEGA Block copolymers.

Block copolymers (BCP) consisting of a hard block of statistical copolymer of styrene and
benzyl methacrylate, and a soft ion-conductive block of poly(oligo(ethylene glycol) methyl
ether acrylate) (POEGA) were synthesized by chain extension of linear and star first blocks
described in the previous part (see Table 2). RAFT polymerization of OEGA was performed
in bulk using P(S-co-BzMA) as macro-CTA and AIBN as initiator (Scheme 1). This protocol
implies a good solubility of the macro-CTA in OEGA. This is the interest of PBzZMA or P(S-
co-BzMA) copolymers which are soluble in OEGA while solubilisation of PS in OEGA
requires the addition of 1,4-dioxane solvent (see experimental part 5.3.1). '"H NMR of both s-
Aoz star precursor and associated sc-(Aoc2)o.s0Bo2o star comb-like block copolymer is
displayed in Figure 10. The weight fraction of POEGA in BCP was derived from molar
fraction of POEGA calculated from the '"H NMR integrals (see Eq S19, Table 2). Interestingly,
DOSY NMR of sc-(Ao.62)0.80Bo.20 block copolymer displays only one diffusion coefficient
correlated with 'H NMR signals of both P(S-co-BzMA) and POEGA moieties (Figure 10).
This confirms the successful preparation of block copolymers, which was corroborated by the

shift of SEC traces towards higher values of LogM between initial macroCTA and final BCP




from both linear and star precursors (Figure S20 - Figure S23). However, it should be noted
that upon targeting intermediate OEGA conversion from star P(S-co-BzMA) macroCTA in
bulk with high initial ratio of [OEGA]/[macroCTA], the final polymer was not soluble (gel-
like) and could not be accurately analyzed by SEC (sc-(Ao.62)0.23Bo.77 sample in Table 2). This
can be explained by star—star coupling by radical-radical combination reactions producing high
molar mass hyper-branched structures, as previously reported for R-core mediated RAFT
polymerization.’

Table 2. Features of the AB Linear Comb-like and Star Comb-like Diblock Copolymers
Synthesized from the macro-CTA reported in Table 1

macroCTA _[OBGA), Conv. WroeG4® Macs Mrauavs DmaLLs BCP«
[macroCTAl, (o) (kg'mol!) (kg mol)

I-Ay 102 77¢ 0.68 59 41 1.20 Ic-(Ao)o.32Bo.s
I-Ag.59 41 94¢ 0.29 48 41 1.10 Ic-(A0.59)0.71Bo.29
s-Ao.62 1525 54 0.77 530 n.a.? na? | sc-(Avs2)o23Borr
§-Ao.62 175 98¢ 0.27 219 414 1.31 sc-(Ao.62)0.73Bo.27
§-Ao.62 1525 13 0.20 153 155 1.22 sc-(A0.62)0.80Bo.20
§-Ao.43 1523 4 0.16 95 109 1.31 sc-(Ao.43)0.84Bo.16

“ Wrogaa is the weight fraction of POEGA in the block copolymer after purification, as determined from the molar
fraction calculated from '"H NMR spectra (see Eq. S19).

b Theoretical molar mass determined from Eq. S16.

¢ s- and /- represents the star and linear polymers respectively.

4 The SEC analysis was not applicable as the solubility of samples was too low and refractive index signal at very
low intensity to be reliable.

¢ Experiment performed in solution (1:1 v/v 1,4 dioxane:OEGA).




b) CH,Cl,

~
o

~on
ES

Leo
(X}
—
2
3

I
)
Log D (m?/s)

o (ppm)

Figure 10."H NMR spectra of a) s-Aos2 and b) sc-(Ao.62)0.80Bo20 in CD2Cla ([polymer] = 10
mg-mL!). Numbers correspond to the integrals of signals. ¢) DOSY NMR Spectrum: diffusion
coefficient (D) versus chemical shift (9) of sc-(Ao.62)0.80Bo.20.

3 Conductivity versus morphology.

The temperature-dependent ion conductivities which is a critical parameter for application in
solid state batteries, was evaluated by EIS measurements. Conductivity versus temperature
curves are shown in Figure 11. As expected, in all samples, conductivity decreased with
decreasing temperature due to a reduced segmental chain mobility at lower temperatures.
Another observable trend was that conductivity increased with increasing volume fraction of

the POEGA conducting phase, ¢ (see inset graph in Figure 11, Table S4). The conductivity of




sc-(Ao.43)0.84Bo.16 copolymer was significantly lower, probably due to a weakly percolating

POEGA conducting phase with such low ¢,.

The conductivity data versus temperature were fitted with either the Vogel-Fulcher-Tammann
(VFT) or the Arrhenius models, thus pointing out different ion transport mechanisms. The VFT
model depicts a coupling between the polymer chain segmental motion and the ion transport

that scales with temperature. *® Its expression is

g = Oo€Xp (_ R(TliTo)) ’ :

where B is the pseudo activation energy for ion transport, 6o is a prefactor related to the number
of charge carriers present in the electrolyte, R is the gas constant, and 7y is the Vogel
temperature. 7) is a reference temperature at which the configurational entropy of the polymer
matrix becomes zero and is empirically related to the polymer 7,. On the other hand, the
Arrhenius model is associated to a Grotthuss mechanism of ion transport.>® The corresponding

expression is

Eq

0 = 0pexp (— E) ,

with Ea being the activation energy, which differs from the VFT pseudo-activation energy. The
model selection was based on the shape of the conductivity curves on the Arrhenius plot, as
described hereafter. Data collected on the BCPEs with the larger POEGA blocks (cf. Table 2),
i.e. sc-(A0.62)0.23B0.77, sc-(A0.62)0.73B0.27, sc-(A0.62)0.80B0.20, and 1c-(Ao)o.32Bo.6s, were fitted with
the VFT model to account for the curvature on the Arrhenius plot, thus indicating a significant
role of the POEGA segmental motion on the ion transport. The values of 7y (in °C) are
presented in Table S3 together with the corresponding conductive block 7, measured by DSC.
The T ranges between 40 and 60 °C below the 7, which agrees with the empirical value of
50 °C reported in the literature.’® The two BCPEs with shorter POEGA blocks (cf. Table 2),
i.e.,, sc-(Ao43)ossBo.is and lc-(Aos9)0.71Bo2o do not exhibit evident curvatures, then the
Arrhenius model was used to fit the data. Considering those two samples, linear and star comb-
like BCPEs, one can expect that POEGA segmental motion is limited due the reduced block
molar masses which remain anchored to the high 7, domains. Since the morphology of the self-
assembled BCPEs is known to play a role in ion conductivity, the bulk morphologies of the
BCPE films were investigated using SAXS and TEM.
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Figure 11. Temperature-dependent ionic conductivity derived from the EIS measurements of
BCPEs: (A) sc-(A0.62)0.23B0.77, (©) sc-(A0.62)0.73B0.27, (7)) sc-(Ao.62)0.80Bo.20, (©) sc-(Ao.43)0.84Bo.16,
(A) 1c-(Ao)o.32Bo.ss, (77) 1c-(Ao.59)0.71Bo.29. Solid lines represent Arrhenius fits and the dashed
lines represent VFT fits. Inset graph shows plot of ¢ versus ¢. of conducting phase for star
comb-like (red) and linear comb-like (blue) BCPEs.

SAXS profiles were collected for linear and star comb-like BCPs for temperatures ranging
from 25 to 100 °C. Linear BCPs show no structural peak (exemplified with sample /c-
(A0.59)0.71Bo.29 in Figure S26a), while star BCPEs show a broad single peak (exemplified with
sample sc-(Ao.62)0.80Bo.20 in Figure S27a) thus indicating poor phase separation of the BCPs.
After blending the BCP with LiTFSI salt (at ratio [EO]/[Li] =15), low intensity structural peaks
were observed at 25 °C indicating phase separation of the individual blocks. Upon annealing at
100 °C, slightly shifted higher intensity structural peaks could be observed indicating stronger
phase separation. Several reports have indicated that addition of lithium salt increases the
effective Flory—Huggins interaction parameter (y.;) between the polymer blocks as well as the

stiffness of the chains comprising the ion-conducting domain.**-42

In order to follow any
possible phase transition that may be associated with temperature-dependent changes, in-situ

SAXS measurements were performed while cooling stepwise to 30 °C (see Figure S26b and




Figure S27b). However, there was no drastic re-definition of the structural patterns thus

signifying that the samples retain their morphologies after annealing.

The following structural characterization was performed on BCPEs, after a temperature
annealing at 100 °C, by SAXS (Figure 12) and bright field TEM (Figure 13). For star comb-
like series, the scattering profiles of sc-(Ao.62)0.73Bo.27 and sc-(Ao.62)0.80Bo.20 BCPEs (Figure 12a)
show primary peaks at g*~ 0.15 nm ! and ¢*= 0.16 nm™! respectively with higher order peaks
positioned at 2g*, 3¢*, 4¢* and 5¢* which are signatures of lamellar microstructure (LAM).
The characteristic LAM periods were calculated from d =2z / ¢* and given as d =41 nm
and 39 nm respectively. In case of sc-(Ao.43)0.84Bo.16, low intensity and broad structural peaks
at g*, 2q*, 3g¢* indicates also a LAM pattern, with d = 58 nm. TEM pictures collected on those
tree samples confirm the SAXS findings, displaying evident LAM morphologies (Figure 13b-
d). Nevertheless, TEM images bring additional information on the quality of the ordering.
Indeed, samples sc-(Ao.62)0.73Bo.27 and sc-(Ao.62)0.80Bo.20 feature long-range LAM ordering. On
the other hand, sc-(Ao.43)0.84Bo.1¢ BCPE ordering is limited and punctuated with inverted
hexagonal cylinders (HEX') phases (see arrow markers in Figure 13d). This later feature might
act as dead ends thus impeding ion transport. The scattering curve collected on sample sc-
(A0.62)0.23B0.77 (Figure 12a) shows a broad primary peak, ¢* = 0.14 nm ™! and secondary peak at
V7 g*. The secondary peak indicates that the morphology is not LAM and the TEM image
(Figure 13a) shows evident spherical objects dispersed in the POEGA conducting phase. A
characteristic sphere-to-sphere distance, d =45 nm is estimated from the Bragg relation d =

2n/ q*.

For the linear comb-like BCPE series, the TEM image collected on sample /c-(Ao)o.32Bo.68
(Figure 13e) shows an evident HEX morphology with a majority POEGA conducting phase.
This is confirmed by SAXS (Figure 12b) with structural peaks positioned at g* = 0.17 nm™!,
2¢*, N7¢* and VI3¢*. A cylinder-to-cylinder distance d = 43 nm is calculated with
d = 47/\3¢*. The SAXS profile measured on sample lc-(Aos9)0.71Bo29 (Figure 12b) displays
peaks at ¢*= 0.18 nm !, 2¢*, 3¢*, and 4¢* indicative of a LAM morphology with d = 35 nm.
This is also in agreement with the TEM image (Figure 13f) exhibiting swirly short-range

ordered lamella.
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Figure 12. SAXS profiles of BCPEs at 30 °C after cooling. a) star comb-like BCPE b) linear
comb-like BCPE.
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Figure 13. TEM images for annealed star comb-like BCPE (Top) and linear comb-like BCPEs
(bottom) prepared by mixing LiTFSI and BCP with varying ratio of final conducting volume
fraction of POEGA/LiTFSi conducting phase (¢¢). a) sc-(Ao.62)0.23Bo.77, ¢ = 0.78 (Sphere), b)
sc-(A0.62)0.73B0.27, dc=0.27 (LAM), c) sc-(Ao.62)0.80B0.20, e = 0.20 (LAM), d) sc-(Ao.43)0.84Bo.16,
¢c =0.15 (LAM and HEX’), e) 10-(Ao)0,32Bo,6g, and f) lC-(A0,59)0,71B0,29, ¢c =0.68 (HEX) and ¢c
= 0.29 (LAM) respectively. Black arrows show regions of hexagonal cylinders (HEX’) with
POEGA minority phase.

Despite a rather similar composition the star BCPEs sc-(Ao.62)0.73Bo.27and sc-(Ao.62)0.80Bo.20 and
the linear /c-(Ao.59)0.71B0.29 display a stark difference. The star BCPEs exhibit straight and long-
range LAM morphologies (Figure 13b and Figure 13c¢), resulting from dense self-assembly of
multiple arms of the star BCPE. Similar results have been reported for miktoarm star PS-b-
(PEO); BC by Lee et al.*® Consequently, this reduced tortuosity leads to a higher ionic
conductivity compared to the linear /c-(Ao.59)0.71Bo.20 BCPE. To further depict the influence of
morphologies on ionic conductivity, we assumed that (i) the overall mobility of ions in the
electrolytes is facilitated by the segmental motion of the EO side chains and hence conductivity

can be correlated to ¢, as discussed previously; (i1) the POEGA phase in the BCPEs considered

separately presents all the same ionic conductivity, 6o at a specific salt concentration. Based on

these assumptions, o, the BCPE conductivity, can be define as'*

A\



f
O-:;¢CO-05 3

where 1 is a local tortuosity factor, i.e., the ratio of the effective pathway required for ion
transport through the electrolyte thickness, and fis a morphological factor to quantify the global
grain alignment in the direction of the electric field. Values of 3! for LAM, HEX and BCC
(spheres) morphologies have been reported in literature based on effective medium theory (see
First, POEGA conductivity values, oo was evaluated at 30 °C via Eq 3 by using the
experimentally measured conductivity, o, of sc-(Ao62)0.23Bo.77 and lc-(Ao)o32Boss and the
theoretical values of fi! of sphere and HEX morphologies as reported in Table 3. sc-
(Ao.62)0.23B0.77 and Ic-(Ao)o32Bo.ss samples were chosen as references because the observed
morphologies (spheres and HEX respectively) feature continuous POEGA conducting majority
phases. Also, Balsara and coworkers have shown that the conductivity models fit better the

experimental values at higher ¢_.'* POEGA conductivity values, oo of 1.87 x 10 and 2.05 x

10 S.cm™ were obtained respectively from sc-(Ao.62)023B0.77 (spheres) and lc-(Ao)o.32Bo.es
(HEX). Both values are relatively close thus reinforcing the previous assumptions. Also, as
expected, this indicates that star and linear architectures do not significantly impact the ion
conductivity of the majority POEGA phase, when POEGA is the BCP outer blocks. Hereafter,
the oo average value of 1.96 x 10 S.cm™ at 30 °C will be used. We note in passing the storage
moduli of sc-(Ao.62)0.23Bo.77 and Ic-(Ag)o.32Bo.ss were very close ~1 MPa at room temperature

(Figure S31 and Figure S32).
Table 3).%

First, POEGA conductivity values, oo was evaluated at 30 °C via Eq 3 by using the
experimentally measured conductivity, o, of sc-(Aos2)0.23Bo.77 and lc-(Ao)o.32Boss and the
theoretical values of fi! of sphere and HEX morphologies as reported in Table 3. sc-
(Ao.62)0.23Bo.77 and Ic-(Ao)o32Bo.ss samples were chosen as references because the observed
morphologies (spheres and HEX respectively) feature continuous POEGA conducting majority
phases. Also, Balsara and coworkers have shown that the conductivity models fit better the
experimental values at higher ¢_.'* POEGA conductivity values, oo of 1.87 x 10 and 2.05 x
10 S.cm™! were obtained respectively from sc-(Ao.62)023B0.77 (spheres) and lc-(Ao)o.32Bo.es

(HEX). Both values are relatively close thus reinforcing the previous assumptions. Also, as

expected, this indicates that star and linear architectures do not significantly impact the ion




conductivity of the majority POEGA phase, when POEGA is the BCP outer blocks. Hereafter,
the oo average value of 1.96 x 10 S.cm™ at 30 °C will be used. We note in passing the storage

moduli of sc-(Ao.62)0.23Bo.77 and Ic-(Ao)o.32Bo.ss were very close ~1 MPa at room temperature

(Figure S31 and Figure S32).

Table 3. Morphology Factor, f, and Tortuosity, z, for the morphologies of interest*?
Morphology f T
LAM 2/3 1
HEX 1 (2-¢.)
BCC 1 (3-¢.)2

In order to evaluate the influence of the nanometer morphology, the conductivity of each
BCPEs, o, were normalized by ¢.a,, which theoretically equals to fr 7, representative of a
given model morphology following Eq 3 and First, POEGA conductivity values, co was
evaluated at 30 °C via Eq 3 by using the experimentally measured conductivity, o, of sc-
(A0.62)0.23Bo.77 and lc-(Ao)o32Boes and the theoretical values of fr'! of sphere and HEX
morphologies as reported in Table 3. sc-(Ao.62)0.23B0.77 and Ic-(Ao)o.32Bo.6s samples were chosen
as references because the observed morphologies (spheres and HEX respectively) feature
continuous POEGA conducting majority phases. Also, Balsara and coworkers have shown that

the conductivity models fit better the experimental values at higher ¢_.'* POEGA conductivity

values, oo of 1.87 x 10% and 2.05 x 10* S.cm™! were obtained respectively from sc-
(Ao.62)0.23B0.77 (spheres) and /c-(Ao)o32Boss (HEX). Both values are relatively close thus
reinforcing the previous assumptions. Also, as expected, this indicates that star and linear
architectures do not significantly impact the ion conductivity of the majority POEGA phase,
when POEGA is the BCP outer blocks. Hereafter, the 6 average value of 1.96 x 10 S.cm™ at
30 °C will be used. We note in passing the storage moduli of sc-(Ao62)0.23Bo.77 and lc-

(Ao)0.32Bo.6g were very close ~1 MPa at room temperature (Figure S31 and Figure S32).

Table 3. All the experimental values of fr ! are displayed in Figure 14, in addition, for
comparison, the theoretical value of ft™! = 2/3, for LAM, is plotted as short dashed line (black)
across the ¢, region where LAM phases were observed. In Figure 14, experimental 7/ of sc-
(A0.62)0.73B0.27, sc-(Ao.62)080Bo2o and Ic-(Aos9)o.71Bo2g are significantly lower than the

theoretical 2/3. An explanation for those deviations is that defects, such as grain boundaries




and lamellar fluctuations, constitute extra tortuosity, thus z >1.2%> 4 Tortuosity factors, T, can
be then evaluated from the experimental ¢ and Eq 3, considering f=2/3. Values of t = 3.2, 3.1
and 28.2 are obtained respectively for star (sc-(Ao.62)0.73B0.27, sc-(Ao.62)0.80Bo.20) and linear (/c-
(A0.59)0.71B0.29) BCPEs. The larger values found for the linear BCPE can be explained by the
swirly lamellar observed by TEM (see Figure 13f). Indeed, star BCPEs encompasses unique
macromolecular self-organization that affect the structural range and connectivity of ordered

grains so that the ionic pathway is less tortuous than the linear ones.
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Figure 14. Normalized Conductivity (c/(¢.c0) = fr'!) at 30°C as a function of ¢. for star (e)
and linear ( A) BCPEs. The solid black line (- - -) corresponds to theoretical values ft! for

lamellar in First, POEGA conductivity values, 60 was evaluated at 30 °C via Eq 3 by using the
experimentally measured conductivity, 6, of sc-(A0.62)0.2380.77 and Ic-(A0)o.3280.6s and the theoretical values
of fr-1 of sphere and HEX morphologies as reported in Table 3. sc-(A0.62)0.2380.77 and Ic-(A0)o.3280.68
samples were chosen as references because the observed morphologies (spheres and HEX respectively)
feature continuous POEGA conducting majority phases. Also, Balsara and coworkers have shown that
the conductivity models fit better the experimental values at higher ¢c.!* POEGA conductivity values, 60
of 1.87 x 10-4 and 2.05 x 10-4 S.cm-1 were obtained respectively from sc-(A0.62)o.2380.77 (spheres) and /c-
(A0)o.3280.6s (HEX). Both values are relatively close thus reinforcing the previous assumptions. Also, as
expected, this indicates that star and linear architectures do not significantly impact the ion conductivity
of the majority POEGA phase, when POEGA is the BCP outer blocks. Hereafter, the 60 average value of
1.96 x 10-4 S.cm-1 at 30 °C will be used. We note in passing the storage moduli of sc-(A0.62)0.2380.77 and /c-

(A0)0.3280.68 were very close ~1 MPa at room temperature (Figure S31 and Figure S32).

Table 3.




4 Conclusion

Two series of P(S-co-BzMA)-b-POEGA block copolymers of comb-like star and linear
architecture were successfully synthesized by RAFT polymerization. The addition of a small
amount of styrene (minimum 6%) was needed to control BZMA polymerization mediated by
the tetrafunctional chain transfer agent. S and BzZMA comonomers were homogeneously
distributed along the polymer chain for a wide range of monomer feed ratios (fs.ma,o from 0 to
0.94) to produce statistical star copolymers with tunable properties. Mark-Houwink-Sakurada
plot and determination of the g contraction factor confirmed the star-like architecture of the PS
macroCTA. The block’s phase segregation was induced by addition of lithium salt and
lamellar, hexagonal cylinder and sphere phases have been observed by TEM and SAXS. As
expected, the conductivity increased with the volume fraction of POEGA/LiTFSI conducting
phase, however a strong dependence on the self-assembled morphologies is observed.
Focussing on the quality of the lamellar morphology produced by star and linear BCPEs a
correlation can be done between the generated tortuosity and ionic conductivity. Indeed, the
star comb-like BCPs with ~30 wt-% of POEGA/LiTFSI conductive phase gave rise to highly
ordered lamellar structures compared to the swirly lamellae of linear analogue. Consequently,
the reduced lamellae tortuosity of self-assembled star comb-like BCPs improved the lithium

conductivity by more than 8 times at 30°C.

5 Supporting Information

5.1 Materials

Benzyl Methacrylate (BzMA, Sigma-Aldrich, 96%) was passed through a silica gel column to
remove monomethyl ether hydroquinone inhibitor. Styrene (S, Sigma-Aldrich, 99%"),
Azobis(isobutyronitrile) (AIBN, Sigma-Aldrich, 98%), Oligo(ethylene glycol) methyl ether
acrylate (OEGA, DPn = 8-9, average My = 480 g.mol!, Sigma-Aldrich) were used as
purchased. Pentaerythritol  tetrakis[2-(dodecylthiocarbonothioylthio)-2-methylpropionate
(tetrafunctional chain transfer agent named TTC-4, Sigma-Aldrich, 97%), 4-cyano 4-
[(dodecylsulfanylthiocarbonyl)-sulfanyl]-pentanoic acid (monofunctional chain transfer agent

named TTC-1, Sigma-Aldrich, 97%), Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI,




Sigma-Aldrich, 99%" anhydrous), Tetrahydrofuran (THF, Sigma-Aldrich, 99%"), Ethanol
(EtOH, VWR, 96%"), linear PS standards (Polymer Standards Service GmbH).

5.2 Synthesis of linear and star macro-CTA of P(S-co-BzMA)

Polymerizations were performed with a total of 8 g of monomers, varying the initial molar
fractions of BZMA and S from fg.ma,0 = 0 to 1 as described in Table 1. In a typical experiment,
s-Ao.e2 for synthesis of star macro-CTA, AIBN (2.5 mg, 1.63 102mmol, 0.1 eq), TTC-4
(61.0 mg, 4.07 x 102 mmol TTC-4 = 1.63 x 10" mmol of trithiocarbonate TTC function, 1 eq),
BzMA (4.00 g, 2.27 x102mol, 139 eq), and S (4.00 g, 3.85 x 102 mol, 236 eq) were mixed in
a 25 mL round bottom flask and sealed with a septum. The reactant mixture was degassed with
nitrogen bubbling for 20 min in an ice bath. A sample was withdrawn under nitrogen at time #
= 0 for kinetic. The round bottom flask was placed into an oil bath at previously heated to 75
°C to start the reaction. Kinetic samples were collected at regular intervals under nitrogen flow
for NMR and SEC analysis. The reaction was stopped at = 31.5 h by cooling down in an ice
-water bath and by introduction of oxygen in the crude mixture. Purification was done by
addition of 1 vol. equivalence of THF to solubilize the crude mixture and precipitation into
10 vol. equivalence of EtOH at room temperature. Purification was performed twice to ensure
complete removal of unreacted monomer and precipitated polymers were recovered via
vacuum filtration and dried under vacuum for 72 h. Individual conversions of monomers (x-114
and xs) were calculated from 'H NMR spectra (see Eq S1, Eq S2 and Figure S15). The
equations for the calculation of the overall molar (Xn) and weight (Xyw) conversion in both S
and BzZMA monomers are detailed in Supporting Information along with the calculations of the

fractions of BZMA units in the P(S-co-BzMA) copolymer.

5.3 NMR analysis for monomer conversion

NMR spectra were recorded using a Bruker 400 MHz spectrometer at 25 °C with 32 scans and
a time delay D1 of 5 seconds. 'H NMR measurements were performed at frequencies of 400
MHz. DOSY NMR spectra were recorded at 30 °C with 6000 scans and a time delay D1 of 2
seconds. Deuterated chloroform (CDCl3) and deuterated dichloromethane (CD>Cl,) were used
as solvent respectively for crude and purified polymer. All products were dissolved with

concentrations between 10 and 20 mg/mL.
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Individual conversions of monomers (xs-ma and xs) were calculated from 'H NMR spectra

using the aromatic group (copolymer and monomers) in BZMA and S as internal standard,

Eq. S1 and Eq S2 respectively.

XBzMa =

Xs

11, BZMA(5.6ppm)]0/ 111, 15 (7.5 — 6.4ppm) — 111, S(5.8ppm)]0

111, Bzmas.6ppm)| /|11, 15 (7.5 = 6.4ppm) = 111, S(5.8ppm)]
t t

111, 5(5.8ppm)| /|11, 15 (7.5 = 6.4ppm) = 111, S(5.8ppm)
t t

S1

11, BZMA(5.6ppm)]O/ 111, 15 (7.5 — 6.4ppm) — 118, S(5.8ppm)]0

S2

Iy, BzM A(5.6ppm) corresponds to the integral of one vinyl proton of BzZMA at 5.6 ppm,

Iy, 1s (7.5 — 6.4ppm) corresponds to the integral of all 5 polymeric protons and 6

monomeric protons of the aromatic groups of BzZMA and S plus 1 vinyl proton of S,

Iy, S(5.8ppm) corresponds to the integral of one vinyl proton of S (5.8 ppm, 1H). it is

important to say that the NMR of the kinetics were performed in CDCl; (7.25 ppm) and

contributes = 5 % error to the calculation.
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Figure S15. Individual molar conversion of benzyl methacrylate and styrene over time
during RAFT polymerization.




The final overall molar and weight conversions (X, and X, respectively) were calculated from
the individual monomer conversions according to Eq S3 and Eq. S4 (n, and m, respectively
corresponds to the initial number of moles and the initial mass of each monomer).

_ (XBzma X Nopzma) + (X5 X Mg 5)

X
" (nO,BzMA + no,s)

S3

_ (XBzma X Mo pma) + (X X Mg 5)

(mO,BzMA + mo,s)

X, S4

The initial molar fraction corresponds to the initial number of moles from the mass of each

monomer (see Eq S5).

(mO,BzMA / MBZMA)
(mO,BzMA/ Mgoma) + (Mo s/ Ms)

S5

f BzMA,0 —

The experimental fraction of BZMA (fszma) in the monomer feed at time, ¢ was calculated from

Eq Sé6.

I1h, BzMA(5.6ppm)

fBzma = ( S6

11H,S(5.8ppm) + 11y, BZMA(5.6ppm))
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Figure S16. Estimation of the average rate constant of copolymerization (<k, >) at 25°C for
styrene and benzyl methacrylate radical copolymerization based on Eq S7.




Tomafeoma + 2fzmafs + 1sfé

fBzMA g fs S7

<k,>=

In Figure 3 and Figure S17, the theoretical values of fs-ma are calculated step-by-step from Eq
S8.

_ fBzMA,x—dx - FBZMA, theo * dx
(fBzMA,x—dx - FBZMA, theo dx) + (fS,x—dx - FS ' dx)

S8

f BZMA,x

With x the monomer conversion and dx as the change in monomer conversion (dx set at 0.1)

and by using Lewis-Mayo equation (Eq S9) for determination of Fszma, theo-

2
Tgzma X fezma™ t fezma X fs

FBZMA theo. — S9
, : 2 2
TzMA X fezma T2 X fpama X fs+ 15 X fs

Figure S17. Evolution of BZMA fraction in monomer feed with X conversion. A fgmao =
0.19, M fz,ma0 = 0.38, @ famao = 0.50, A feamao = 0.75, @ feamao = 0.94. The dotted line
corresponds to the fit of fs.ma versus conversion calculated from Eq S8 by using reactivity
ratios of reference 3 (rs = 0.27 = 0.14, rma = 0.86 £ 0.36).

The molar fraction of the BZMA monomer incorporated into the copolymer (Fsvap) Was
calculated from the individual monomer conversions (xg,ma and xs) and the initial number of

moles of monomer (no, 8,ma and nos), according to Eq S10.




Xpzma X NMopzma

Fpamap =

Xpzma X Mopzma T Xs X Ny S10

The molar fraction of BZMA in the copolymer after purification (FBzma,« and Feamay)) was
calculated from '"H NMR in CDCl3 and CD:Cl: respectively is given by Eq S11. The integral
of the peak from 5 ppm to 3 ppm corresponds to 2 protons of PBZMA in the copolymer and
the integral of the peak from 7.5 ppm to 6.4 ppm corresponds to the 5 protons of benzyl group
of PBzMA and PS. CDCl; constitutes an error of = 5% owing to the presence of hydrogen peak
at 7.26 ppm.

111 ppzma UnNits

FBzMA,y = [ Sll

Lig,pzma Units + Ly ps units]

The weight fraction of BzZMA in the copolymer (Wg.vma) was obtained from Eq S12,
considering the molar fraction of the BZMA monomer (Fzm4,) in the purified copolymer
measured in CD;Clo and the molar masses of each monomer (Mpyyq =

176 g.mol™! and Mg = 104 g.mol™1).

(FBZMA,)/ X MBZMA)
(FBzMA,y X MBZMA) + ((1 — Fgzmay) X Ms)

Weomay = S12

5.3.1 The Extended Kelen-Tiidos (e-KT) method

The copolymer composition (Fpzu4) of the purified polymer was determined in CD>Cl>. The
reactivity ratios are estimated through linear regression of the experimental data fitted by the

relationship of equation S13.

n= [rBZMA+(%)]X(_% S13

__G __F . — . L
Where = ) (= ) with @ = (Fpin X Epax) /2,
F F
(B4 )1 (24gs) where z = 2(0"XpzM4)
z2 In(1-xg)

G = and F =
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Figure S18. Plot of Eta, n| vs Zeta, { from Eq S13.

5.4 Synthesis of linear and star P(S-co-BzMA)-b-POEGA block
copolymer

MacroCTA of P(S-co-BzMA) previously synthesized were used for the bulk RAFT
polymerization of OEGA using AIBN as initiator (Table 2). In a typical experiment sc-
(A0.62)0.80B0.20, (0.9 mg, 5.57 x1073 mmol), macroCTA: s-Aoe2 (1.7 g, M = 122 kg.mol'!, 1.39
x102mmol =5.57 x10-2 mmol TTC), and OEGA (10.2 g, 21.3 mmol) were inserted in a 25 mL
round bottom flask and sealed with a septum. The reactant mixture was left to stand for 50 min
under stirring conditions. In the case of PS macroCTA, the polymerization was performed in a
solution mixture of OEGA and 1,4-dioxane (1/1, v/v) due to insolubility of PS in OEGA. The
reaction mixture was degassed with nitrogen bubbling for 30 min in an ice bath. A sample was
withdrawn under nitrogen at time ¢ = 0. The round bottom flask was placed into an oil bath at
previously heated 75 °C to start the reaction. The reaction was stopped at £ = 50 min for sc-
(Ao0.62)0.80Bo.20 (or up to 2 h for sc-(Ao.62)0.23B0.77) by cooling down in an ice-water bath and by
introduction of oxygen in the crude mixture. Note that synthesis of sc-(Ao.62)0.73Bo.27 was
performed with 50 vol-% of 1,4-Dioxane based on OEGA to enable the decrease of the initial
OEGA content while enabling solubilisation of macroCTA. Purification was done by addition
of 5 vol. equivalence of THF to solubilize the crude mixture and dialyzed over distilled water

using 50kDa regenerated cellulose membrane. Dialysis was carried out over 6-water cycles to




ensure complete removal of unreacted OEGA monomer and dialyzed sample is lyophilized.
Conversion of OEGA was determined from Eq S17 by taking the integral of one aromatic

proton (7.5 — 6.4 ppm) of P(BzMA-co-S) first block as internal standard.

5.5 Size Exclusion Chromatography (SEC).

Measurements were performed on a bank of 4 Shodex columns (KF801, KF8025, KF804 and
KF806) each 300 mm x 8 mm at 30 °C with THF eluent controlled by a Malvern pump
(Viscotek, VE1122) at a flow rate of 1.0 mL.min"!. The SEC apparatus is equipped with a
refractive index (RI) detector (Viscotek VE3580), a Wyatt Heleos II Multi Angle Laser Light
Scattering detector (MALLS, 18 angles, Ao = 664.4 nm), an online viscometer (Wyatt Viscostar
311-V4) and a UV-visible detector (Viscotek-Malvern VE3210). Toluene was used as a flow
marker. Sample concentrations were limited to the range of 1.5 — 4.5 mg mL"! and dissolved
samples were filtered through polytetrafluorethylene (PTFE) membranes with a pore size of
0.45 pum prior to injection. The refractive index increments (dn/dc) of each polymer for MALLS
analysis are reported in Table S4 and Table SS.

The values of refractive index increment (dn/dc) of the copolymers in THF was calculated
using Eq S14 as found in literature.* dn/dcpg s = 0.151mL g™, dn/dcyg =
0.185 mL g™*, and dn/dcpopc, = 0.062 mL g~ were respectively taken from references. 4%
“8 The dn/dc describes how much the refractive index of a copolymer solution changes with
respect to the concentration of the solute. Calculated values of dn/dc of P(S-co-BzMA)
macroCTA and P(S-co-BzMA)-b-POEGA block copolymer were are reported respectively in
Table S4 and Table S5 determined by Eq S14. These values are expected to match experimental

ones according to literature.*

dn _w (dn) W <dn)
dCmacrocra BaMAy dc/ppzma Sy dc/ps
S14
dn W (dn) W (dn)
dcge macroCTAy \dc macroCTA POEGAY \dc POEGA

The experimentally determined molar mass (Mnmarrs) were compared to the theoretical
number-average molar mass (Mn,heo) 0f the macroCTA and BC calculated from Eq S15 and

S16 respectively.




Mmys +m
My, theo macroCTA = Myppe + Xw( 05 0,BzMA) ols

Nor1C

Xpeca X [OEGA],
Mn,theo BCP = Mn,MALLS,macroCTA + [macroCTA]o S16

Table S4: Summary of Initial Monomer Feed Composition, Final BZMA fraction in the
copolymer calculated from different methods, values of refractive index increment and
Macromolecular Features of the P(S-co-BzMA) macro-CTA Synthesized by RAFT
copolymerization in bulk

dn
macroCTA | fpomao' Xn? Xob  Fpamap® Fpomaa® Fromay® (Effﬂg}i:) (nglﬁgfsli
I-A10 1 - 62 1 1 1 0.151 38
I-Ag.59 0.38 - 76 0.39 0.43 0.46 0.169 28
I-Ay 0 - 52 0 0 0 0.185 22
s-A1.0 1 65 65 1 1 1 0.151 217
5-Ao.98 0.92 60 60 0.93 0.96 0.97 0.152 123
5-A0.86 0.74 74 73 0.73 0.75 0.78 0.155 152
s-Ao.71 0.51 77 76 0.47 0.50 0.58 0.160 134
s-Ao.62 0.38 69 68 0.36 0.44 0.49 0.163 122
5-A0.43 0.21 59 57 0.24 0.30 0.31 0.170 80
s-Ag 0 52 52 0 0 0 0.185 122

'BzMA molar fraction in the initial feed.

2 Overall molar conversion of monomers, Eq S3.

3 Overall weight conversion of monomers, Eq S4.

4 Faoma g is the molar fraction of the monomer into the copolymer calculated from individual monomer conversion
determined by NMR-CDCl;, Eq S10.

5 Molar fraction of the monomer into the copolymer after purification determined by NMR-CDCl3, Eq S11.

¢ Mole fraction of the monomer in the copolymer after purification by NMR-CD:Clz, Eq S11.

7 Refractive index increments of the copolymer determined from Eq S14.

8 M,, values obtained from the SEC analysis with a MALLS detector.




5.6 Synthesis of P(S-co-BzMA)-b-POEGA block copolymer.
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Figure S19. Chain extension of POEGA from linear macro-CTA. (a) PBzMA and P(BzMA-
co-S) macroCTA in bulk polymerization. (b) PS macro-CTA in solvent polymerization (1,4-
dioxane, 1:1 v/v). Polystyrene was insoluble in OEGA monomer, hence solvent polymerization
was the only feasible route for block copolymerisation.

The molar conversion of OEGA monomer during block copolymerization (xoega) was
calculated from 'H NMR in CD:Cl; given by Eq S17, taking the integral of one aromatic proton
(7.5 — 6.4 ppm) of P(BzMA-co-S) first block as internal standard.

[IlH, 0EGA(5.9ppm)] t/[llH, P(S—co—BzMA)] ¢

Xopga =1 —

1
[IlH, OEGA(5.9ppm)]O/[11H, P(S—co—BzMA)]O S17
The molar fraction of POEGA in the block copolymer after purification (Foega) was calculated
from 'H NMR in CDCl is given by Eq S18. Where I1y macrocra+orca 1S the summation of
the integral of 1 aromatic proton of P(S-co-BzMA) and 1 proton of POEGA.e and 37 protons
of POEGA in the final BCP. I,y ggga(s—3ppm)is obtained by subtracting peak from 5 ppm to

3 ppm corresponding to 2 protons of PBzZMA in the starting macroCTA from BCP and dividing
by 37 protons of POEGA.

_ [IlH,OEGA(5—3ppm)]
FOEGA - [

S18

11H,macroCTA+0EGA ]

The weight fraction of OEGA in the block copolymer (Worca) was obtained from Eq S19,
considering the molar fraction of the OEGA monomer (Forg4) in the purified BCP measured

in CD2Cl. Where Mp(s_co—pzma) = (176 g mol™" X Fg ) + (104 g mol™ X Fs) and

MOEGA == 480 g mOl_l.




WPOEGA,y =

(Forca X Mogga)

(Forca X Mogga) + ((1 — Fogca) X MP(S—CO—BZMA))

Normalized Differential Weight Fraction

Figure S20. SEC-MALLS traces of 1-AgmacroCTA (—) and lc-(Ao)0.32Bo.6s Block copolymer

(=)

Figure S21. SEC-MALLS analysis of 1-Agso macroCTA (—) and lc-(Ao.59)0.71Bo.29 Block

copolymer (- - -).
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Figure S22. SEC-MALLS analysis of s-Ag.¢ macroCTA (—) and sc-(Ao.62)0.80Bo.20 Block
copolymer (- - -).

1.2 1

1.0 1

0.8 +

0.6

0.4

Normalized Differential Weight Fraction

0.2 +

0.0 +

1
4.0 4.5 5.0 5.5 6.0
Log M

Figure S23. SEC-MALLS analysis of s-Ag43 macroCTA (—) and sc-(Ao.43)0.84Bo.16 Block
copolymer (- - -).




Table S5. Features of the AB Linear Comb-like and Star Comb-like Diblock Copolymers
Synthesized from the macro-CTA reported in Table 1.

Macro-CTA W pppes® d';/fggoly (kMg niheo 'j) I‘zﬁgfn‘;(’)"l{‘f)” Dsec avis BCP
I-Ay 0.68 0.101 59 41 1.20 Ic-(A0)0.32Bo.6s
I-Ayp.59 0.29 0.114 48 41 1.10 lc-(A0.59)0.71B0.29
s-Ao.62 0.77 0.085 530 n.a. n.a.? se-(Ao.62)0.23Bo.77
s-Ao.62 0.27 0.138 219 414 1.31 sc-(Ao.62)0.73Bo.27
s-Ao.62 0.20 0.147 153 155 1.22 sc-(Ao.62)0.80Bo.20
s-A0.43 0.16 0.145 95 109 1.31 sc-(Ao0.43)0.84Bo.16

“ Wrogaa is the weight fraction of POEGA in the block copolymer after purification, as determined from the molar
fraction calculated from '"H NMR spectra (see Eq. S19).

b Theoretical molar mass determined from Eq. S14.

¢ s- and /- represents the star and linear polymers respectively.

4 The SEC analysis was not applicable as the solubility of samples was too low and refractive index signal at very
low intensity to be reliable.

5.7 Preparation of Block Copolymer Electrolytes (BCPEs) films.

Electrolyte solutions were prepared by mixing as prepared BCPs with an equivalent amount of
LiTFSI salt ([EO]/[Li] = 15) in THF (0.39 g/mL). Polymer electrolyte films for conductivity,
TEM and X-ray scattering were made by solvent-casting the electrolyte solution onto a
stainless-steel disc. Samples were allowed to dry in the vacuum oven for 24 h. Thereafter, the
samples could be peeled off as free-standing films (see Figure 24) with typical thickness range,
L =90 —470 um. The volume fraction of conducting phase, ¢., was estimated from Eq S21 by
using the densities of POEGA homopolymer (1.54 g cm ™), PS (1.05 g cm ™), PBzMA (1.17 g
cm ) and LiTFSI (1.33 g cm3).>° The density of the BCP was calculated using Eq S21. The
density of the POEGA homopolymer was estimated using Van Krevelen’s method, and the
details of this calculation are shown in Table S5.%° The resulting values of @ are given in Table

Sé.




Figure 24: Exemplary pictures of self-standing transparent films (¢ 16 mm, L= 100 pm)
derived from block copolymer electrolyte sc-(Ao.62)0.80Bo.20.

Table S6. Volume fraction of the BCPE conducting phase calculated with Eq S21

Polymer [EOV/[Li] 2
lc-(A0)o.32Bo.6s 15 0.67
lc-(A0.59)0.711Bo.29 15 0.29
sc-(Ao.62)0.23Bo.77 15 0.78
sc-(Ao.62)0.73Bo.27 15 0.27
sc-(Ao.62)0.80Bo.20 15 0.20
sc-(Ao.43)0.84Bo.16 15 0.15

The volume fraction of conducting phase of BCPE was calculated from Eq S20.

Myu/p
¢c=1—( o ) $20

Mg 1irrsi/ PaB+LiTFs

Where p is used to denote density. The density of the copolymer was calculated from Eq S21.
P12 = p1p2(My + M)/ (p1 M, + poMy) S21




Table S7. Van Krevelen method for estimating density of POEGA®

Number of molag Volurlne \Z?aaril;n&lslg
groups (cm’ mol™) mol)
-CH2- 9 16.37 147.33
(-CH<) 1 10.80 10.80
0=C< 1 21.46 21.46
-O- 10 10.67 106.70
CH3 1 24.58 24.58
Total - - 310.87
OEGA 1\./1[W 430
(g mol)
Density (g cm™) 1.54

5.8 Differential Scanning Calorimetry (DSC).

DSC was performed using the Q100 from TA instruments under a N> atmosphere. For each
sample, the temperature regime was initially stabilized at -80 °C for 5 min, heating and cooling
was done within -80 and 120 °C with a rate of 5 °C.min"!. The heat capacity change in the
second heating scan was used for the determination of the glass transition temperature (7).

In Figure S25, the DSC curves of the BCPEs show low 7, values associated to the POEGA
and LiTFSI phase increasing from -51 °C to -23 °C with decreasing content of conductive
phase. At the lowest conductive phase content, a 7, around 80 °C, associated to the P(S-co-

BzMA) is observed.

BCPE

J 5¢-(Ag.62)0.23B0.77
le-(Ag)g.32Bo 68

5¢-(Ag.62)0.73Bo.27

5¢-(Ag62)0.80B0.20

Heat Flow (W.g™")

60 40 20 0 20 40 60 80 100
Temperature (°C)
Figure S25. DSC heating curves collected on star and linear BCPEs presented in Table S8.
The lower Tg values are attributed to the POEGA and LiTFSI phase and are reported in Table
S3.




5.9 Electrochemical Impedance Spectroscopy (EIS).

Free-standing BCPE films were previously dried in the vacuum oven for 24 h and stored in the
glove box (see Figure S16). The films (8 mm g, thickness, L = 90 — 470 um) were sandwiched
between two blocking gold electrodes plates in CESH-e (Enhanced Controlled Environment
Sample Holder) cells (o 6.35 mm) and EIS measurement using Biologic Potentiostat (equipped
with EC-Lab software package) at frequency from 1 Hz to 1 MHz with an oscillating voltage
of 50 mV. Subsequently, these cells were preconditioned in a temperature chamber (Binder
KBS53, 230V 1~ 50Hz) for 2 h at 90 °C to anneal the films. After the preconditioning was
finished, measurements were carried out by gradually decreasing the temperature in 20 °C steps
from 90 °C to -10 °C with each temperature being maintained for 2 h to attain a thermal
equilibrium. The ionic conductivity (c; S cm™) was determined by ¢ = L/RA where R is the

measured resistance, L is the film thickness and A4 is the area of the electrode.

Table S8. Vogel temperature, To, determined from VFT fitting together with the corresponding
glass transitions, Tg, of the POEGA and LiTFSI phase (B/Li" block); both collected on the
highest conductive star and linear BCPEs. All BCPEs featured a constant salt concentration
[EOJ/[Li+] =15. The associated DCS curves are displayed in Figure S25 and VFT fitting in
Figure 5.

Polymer Ty (°C)? T, B/Li* block (°C)
lc-(A0)0.32Bo.6s -86.3 -40.3
sc-(Ao.62)0.23Bo.77 -99.0 -50.8
sc-(Ao.62)0.73Bo.27 91.2 -46.6
sc-(Ao.62)0.80Bo.20 -84.0 -22.8

®Values of Tp are determined by fitting conductivity data with VFT model in Eq 3.

5.10Small Angle X-ray Scattering (SAXS).

Small angle X-ray scattering SAXS measurement was performed on Xenoxs Xeuss 3.0
equipped in Cu Ko radiation source (A = 1.54 A) and Eiger2 R 1M by Dectris 2D detector. The
sample to detector distance was 1.1 m. Pristine samples were sealed in the heating stage
between two Kapton foils. The scattering data was collected at chosen temperature points
during heating/cooling cycle (25, 100, 90, 70, 50, and 30 °C) under vacuum to track any
possible temperature induced changes in self-assembly. Films were heated/cooled down with
rate 5 °C/min. Virtual detector mode was used, acquiring three images in horizontal plane (240

s exposure time for each). Each temperature point was measured twice after maintaining for 1
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h to attain a thermal equilibrium. Data was subjected to standardized correction including
background subtraction and azimuthal averaging of the 2D scattering data to obtain 1D SAXS
profiles. Temperature dependent scattering curves were plotted as a function of scattering

vector q; its magnitude is given by g = 4z sin6/A, where 26 is the scattering angle.
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Figure S26. Representative example of SAXS of in-situ annealing for Ic-(Ao.59)0.71Bo.29 a)
linear BCP b) linear BCPE. Temperature sequence: 25, 100, 90, 70, 50 and 30 °C.
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Figure S27. Representative example of SAXS of in-situ annealing for sc-(Ao.62)0.80Bo.20 @) star
BCP b) star BCPE. Temperature sequence: 25, 100, 90, 70, 50 and 30 °C.

S5.11Transmission Electron Microscopy (TEM).

Ultra-thin sections (~70 nm) for TEM characterization was prepared from previously solvent
casted BCPE films. Samples were annealed at 100 °C for approximately 1 h. Subsequently,
samples were fixed to a pin and cut at — 80 °C with Diatome 25 ° diamond knife on a Leica
EM UCT7 cryo-ultramicrotome. Sections were collected and transferred on 300 mesh copper
grid coated with lacey carbon. Prepared grids were immersed in liquid nitrogen and cryo-
transferred to microscope in order to prevent moisture accumulation. CryoTEM measurements
were performed on Schottky field-emission cryo-electron microscope JEOL JEM-3200FSC at
300 kV accelerating voltage, while keeping the temperature of the examined specimen at — 187

°C. The micrographs were acquired in bright field mode using zero energy loss omega type
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filter with a slit width 20 eV and with slight under focus. Images were recorded via Gatan

Ultrascan 4000 CCD camera.

Figure S30. TEM images for annealed linear comb-like BCPE: lc-(Ao.59)0.71Bo.29, ¢ = 0.29
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5.12Rheology measurements

Rheology measurements were performed on Anton Paar modular compact rheometer (MCR-
302) with a torque range from 0.5 nNm to 230 mNm and integrated active thermal management
system. Self-standing films (130 - 200 um) was sandwiched between two 8 mm @ parallel plate
geometry at a constant shear stress of 25 Pa and a frequency of 5 Hz. The measurements were

performed in temperature range 25 -100 °C.
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Figure S31. Rheological properties of linear comb-like BCPE with 67 vol% of conducting
phase: le-(Ao)o.32Bo.es
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Figure S32. Rheological properties of star comb-like BCPE with 78 vol% of conducting phase:
sc-(Ao.62)0.23Bo.77
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Chapter 3

Block copolymer-derived Nanostructured Solid
Electrolyte based on comb-like PEO
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Synopsis

In this chapter, a one-step protocol exploits the use of pre-synthesized linear and star
Poly (styrene-co-benzyl methacrylate)-b-Poly [poly (oligo ethylene oxide methyl ether)
acrylate)] BCPs synthesized in chapter 2 to modulate in-situ the nanostructuration of
poly(oligo (ethylene glycol) methyl ether acrylate) (POEGA) solid electrolyte synthesized by
photopolymerization. The final material can be described as a nanostructured solid polymer
electrolyte with kinetically arrested glassy domains in an ion conductive matrix of
homopolymer. We have demonstrated that a variety of morphologies could be controlled by
adjusting lithium salt content. More importantly, embedding BCP in the POEGA matrix acted
as physical crosslinkers that simultaneously enhance the mechanical strength (~7 %) while

maintaining a good level of ionic conductivity .

Star comb BCP

>< Rigid phase  lonic phase

~

. . .
.3
N
o ?
=0EGA
o =LiTFSI e

Linear comb BCP

111



The morphological characterization by TEM was carried out in collaboration with Monika Krol
and Janne Ruokolainen at Aalto University in Finland. SAXS experiments were performed at

ALBA synchrotron Barcelona, Spain.
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1 Introduction

PEO is the most investigated polymer electrolyte, exhibiting good stability against Li metal
and high solubility for various Li salts.! Nevertheless, its ionic conductivity is low compared
to liquid electrolytes, and it lacks the mechanical strength required to impede the growth of Li
dendrites.? * PEO’s ionic conductivity is facilitated by macromolecular segmental motion in
the amorphous region of the polymer.*> As explained in chapter 1, various strategies have been
employed to increase the amorphous phase in PEO and break up the long-range
macromolecular symmetry such as utilizing PEO with comb or star macromolecular
architectures, cross-linking, polymer blending, copolymerization and addition of nano-fillers.>-
19 Nonlinear PEO are preferred over linear ones because of their lower viscosities and reduced
crystalinity.!% ! Even though crosslinking PEO chains disrupts the formation of crystallite and
increases mechanical strength,'? this methods restricts chain dynamics and can limit the
possibilities for recycling. Discovering alternative methods to enhance the bulk strength of
PEO, reduce crystallinity, improve chain dynamics, without compromising recyclability would

represent a significant breakthrough in the advancement of solid-state batteries.

In chapter 2, we have demonstrated how the macromolecular architecture of star comb block
copolymer electrolyte (BCPE) encompass unique self-organization that affect the structural
range and connectivity of ordered grains so that the ionic pathway is less tortuous than the
linear ones. BCPEs suffer from a notable drawback in which the equilibrium morphology
frequently faces disruption due to network defects, such as dead ends occurring at grain
boundaries. These defects interrupt the conducting pathways, consequently elevating resistance
to ion transport.!* An approach to mitigating this limitation involves ensuring that the
conductive block becomes the majority phase. Another challenge lies in the substantial time,
effort, and volume of solvents required for the preparation of BCPEs. In response to this issue,
significant attention is currently focused on the development of scalable, mechanically

reinforced solid-state electrolytes that simultaneously offer maximized ionic conductivity.

In this chapter, we were inspired by the thesis work of Xavier Pascassio-Comte (IPREM/UPPA
PhD 2016) on photopolymerized encapsulant based on block copolymer for photovoltaic
panels,'* where it was demonstrated that poly(methyl methacrylate)-b-poly(n-butyl acrylate)-
b-poly(methyl methacrylate) (PMMA-b-PnBA-b-PMMA) triblock copolymer and n-butyl

acrylate (nBA) monomer can form complex hierarchical morphology during
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photopolymerization. Therefore, we aimed to undertake fabrication of solid polymer
electrolyte (SPE) wusing pre-synthesized block copolymers as additives in the
photopolymerization of ion-conductive monomer. The appeal of this photopolymerization
technique lies in its ability to expedite the fabrication process and complete non-utilization of

solvent, rendering it particularly attractive.

To do that we have photo-polymerized the ion conductive oligo(ethylene oxide) methyl ether
acrylate (OEGA) monomer in presence of the P(S-co- BZMA)-b-POEGA linear or star comb-
like block copolymers (BCP) synthesized in chapter 2 and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt (refer to Figure 1). We show herein the
morphological evolution of the blend before and after polymerization using small angle x-ray
scattering (SAXS) techniques as well as transmission electron microscopy (TEM). Our primary
objective was to uncover any underlying morphological difference that can be attributed to the
different architectures of BCP used. Finally, we try to correlate the SPE structures to their

mechanical and conducting properties.

Star comb BCP
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Figure 1. Schematic illustration of the polymer electrolyte membrane (SPE) fabrication, using
linear or star comb-like BCP.
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2 Results and Discussion

2.1 Preparation and characterization of initial formulations

We formulated the resin to be photopolymerized considering the requirements of good
interplay between conductivity, low crystallinity as well as sufficient mechanical strength
necessary for applications as SPE in lithium-ion batteries. Oligo (ethylene oxide) methyl ether
acrylate (OEGA) was therefore carefully selected as the monomer for creating the ionic
conductive matrix of poly(oligo(ethylene oxide) methyl ether acrylate) (POEGA) by
photopolymerization. Preformed linear and star comb-like BCP (represented as Ic-
(A0.59)0.71Bo.29 and sc-(Ao.s2)0.73Bo.27 respectively, see Chapter 2) of poly(styrene-co-benzyl
methacrylate)-b-poly[ oligo(ethylene oxide) methyl ether acrylate)] were selected to be
included ab-initio in OEGA-based resin. Synthesis of Ic-(A0.59)0.71Bo.29 and sc-(Ao.62)0.73Bo.27
BCPs having 29 and 27 wt.% of POEGA block respectively was achieved by RAFT
polymerization and have been extensively discussed in chapter 2 (as presented in Table 1).!3
For clarity, x, y and z subscripts in code (Ax)yB. represents the weight fraction of PBZMA in
P(S-co-BzMA) hard block, total weight fraction of P(S-co-BzMA) hard block, and weight
fraction of POEGA in the block copolymer, respectively. For emphasis, the SEC elution
chromatograms plotted against Log M shown in Figure 2 and Figure 3 confirms the chain
extension of the starting macroCTA to form block copolymers. Small fraction of residual first

block is observed for star comblike BCP (Figure 3).

Table 1: Macromolecular characterization of BCPs. See Chapter 2 supporting information
for more details.

P(S-CO-BZMA) POEGA Mn, THEO Mn, MALLS

BCP
[Wt%] [Wt%] [kg mol'']  [kg mol']
sc-(Ao0.62)0.73B0.27 0.73 0.27 281 414 1.31
le-(Ao.59)0.71Bo.29 0.71 0.29 44 41 1.10
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Figure 2. SEC-MALLS analysis of /-Agso macroCTA (—) and /c-(Ao.59)0.71Bo.29 block
copolymer (- - -)
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Figure 3. SEC-MALLS analysis of s-Aos2 macroCTA (—) and sc-(Ao.s2)0.73Bo.27 block
copolymer (- - -).

Typical electrolyte formulation was composed of OEGA monomer, /c-(Ao.59)0.71Bo.29 or sc-
(A0.62)0.73Bo.27 BCP, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt, and 2.4,6-
Trimethylbenzoyldi-Phenylphosphinate (TPO-L) photoinitiator. The description of
formulation used in this work is presented in Table 2. In terms of nomenclature, electrolyte
formulated with the linear or star comb-like BCP are called L-SPE-X% or S-SPE-X%
respectively in this chapter. X is used to represent the weight percentage of soft phase present

in the resin. Moreover, when lithium salt is added in the formulation the [EO] to [Li] molar
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ratio is indicated to the name in subscript, L-SPE30-92% then means electrolyte composed of
the linear comb-like BCP, OEGA and a [EO] to [Li] ratio of 30. Introduction of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt in-situ in the electrolyte formulation obviates
the post-polymerization salt doping steps that are compulsory for typical BCPEs, however, it
disturbed the solubility of the entire system.

Table 2. Summary of the composition of the resins in terms of the volume percent of
conducting phase.

Exp Code? BCP - Phase® Phase® ®cond

[TPOL] [Li*] Wt%)  (Wt%)

KA115  L-SPE-82%  lc-(A059)0.71Bo.29 330 - 18 82 -
KA112  L-SPE30-92%  Ilc-(A0.59)0.71Bo.29 330 30 8 92 091
KA110 L-SPE5-92%  lc-(Ao59)0.71Bo.29 330 15 8 92 0.91
KA118  S-SPE-85%  sc-(Ao.62)0.73Bo27 330 - 15 85 -
KA120  S-SPE30-92%  sc-(Ao.62)0.73Bo.27 330 30 8 92 0.91
KA123  S-SPE15-92%  sc-(Ao.62)0.73Bo.27 330 15 8 92 0.91

®The prefix L and S represents the BCP architecture (linear and star respectively). Subscripts represents the EO/Li
ratio in SPEs.

P(S-co-BzMA) constitutes the hard phase of the electrolyte.

‘POEGA or POEGA+LIiTFSI constitutes the soft phase of the electrolyte.

4@cond is the volume fraction of conducting phase in the initial resin according to equation S1. Density of POEGA,
P(S-co-BzMA), LiTFSI are taken as 1.05 g cm™, 1.12 1.05 g cm™, and 1.33 1.05 g cm™ respectively.

The formulation started by the solubilization of the block copolymers in OEGA. Although the
ratio of incompatible hard block is high (P(S-co-BzMA), ~70%), the copolymer was readily
solubilized. However, the addition of the lithium salt in the mixture resulted in the formation
of a cloudy solution (Figure 4a). SAXS experiments was performed on electrolyte
formulations (with and without LiTFSI) by means of a glass capillary (Figure 4b-c). L-SPE-
82% and S-SPE-85% resins free of lithium salt appeared as clear solution with no scattering
features indicating the good initial solubility of the BCP in OEGA monomer (Figure 4b and
Figure 4c). On the other hand, formulations L-SPE30-92% and S-SPE30-92% appeared as
opaque and the SAXS curve indicated a spherical form factor, which confirmed the assembly
of the BCPs into micelles upon introduction of LiTFSI in the formulation. It is known that
LiTFSI is largely immiscible with P(S-co-BzMA) and thus is excluded from the hard phase. '®
17 The ethylene oxide (EO) units of OEGA monomer and POEGA block of the BCP easily
coordinate with lithium-ion and therefore solvates the salt to form the ion-conducting phase.
Therefore, the segregation of [OEGA/POEGA/LITFSI] phases and P(S-co-BzMA) phases

results in formation of micelles with soft corona and hard core. When the concentration of
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LiTFSI is increased ([EO]/[Li] = 15), the formulation mixture becomes too viscous and could

not be introduced into the capillary for SAXS analysis.
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Figure 4. (a) Glass capillary (0=1,5 mm, length = 80 mm) filled with electrolyte formulation.
SAXS profiles of the liquid reaction mixture obtained at t = 0 showing micellar self-assembly
upon addition of LiTFSI salt. (b) SAXS of starting formulation of L-SPE-82% and L-SPE30-
92% (c) SAXS of starting formulation of S-SPE-85% and S-SPE30-92%. SAXS data was fitted
(red line) with a hard sphere model shown in the q range between 0.03 and 1 nm'.

SAXS data were analyzed in the Guinier region (lower ¢ region), with a simple power-law
model, defined in equation 1. /(g) is the scattering intensity as a function of ¢, the wave vector

and 7 is the power law exponent.

I(q) =q" 1
Ideally, the numerical value of 7 is gotten by taking the slope of the guinier regime (lower ¢
region) in a Log /(g) vs Log q plot. In Figure 4b, scattering patterns of L-SPFE30-92% display
power-law decays of » = 0 in intensity reflecting power-law scaling features for dispersed

spheres (Figure 4c). On the other hand, formulations with S-SPE30-92% show a slight deviation

from n = 0 (refer to Figure 4c) which indicates perhaps the presence of aggregated spheres.

Using insights gained from the power law, we employed the hard sphere model to fit the SAXS
curves (see red lines in Figure 4b and Figure 4c).!® This model is frequently employed to
characterize the interparticle structure factor in systems consisting of spherical particles subject
to interactions governed by hard sphere (excluded volume) principles. Doing so, we obtained
the radius, » of the hard spheres in L-SPE30-92% and S-SPE30-92% as 15.1 nm
(polydispersity = 0.30) and 19.6 nm (polydispersity = 0.18) respectively. Also, the effective
radius, Rey for L-SPE30-92% and S-SPE30-92% was determined as 28.2 nm and 21.3 nm

respectively. Res describes classically the closest approach distance of the hard sphere. This
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parameter give insight on the incompressible POEGA corona dimension. Ideally, in a system
with dispersed hard spheres, the minimum average distance between two sphere centers can be
computed as > 2Ry (refer to Figure 5). Another interesting observation is that L-SPE30-92%
contain broader distribution of hard spheres compared to S-SPE30-92%. A direct interpretation
of this may be that star comb-like BCP self-assembles into hard spheres in OEGA/LiTFSI

mixture with more defined geometry.

-
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Figure 5. Schematic illustration of in-solution self-assembly for form sphere. Here, R is the
effective radius and 7 is the radius.

Regrettably, due to excessive viscosities of liquid formulations of L-SPE15-92% and S-SPE1s-
92% (preventing insertion in SAXS capillaries), we were unable to acquire specific information
regarding the self-assembly characteristics prior to photopolymerization. Nevertheless, this
lack of information does not hinder our comprehension that the introduction of lithium salt into
the initial formulation results in well-defined patterns of block copolymer self-assembly in
OEGA, forming hard spheres when [EO]/[Li] = 30. Therefore, we hypothesize that increasing
salt content ([EO]/[Li] = 15) might enhance the segregation strength, leading to similar type of
assembly of the BCP in OEGA (as in [EO]/[Li] = 30 formulations).

2.2 Morphology of Solid Polymer Electrolyte

Once the starting formulation were characterized, we performed the polymerization by
exposure to UV light. As a preliminary experiment, kinetic studies via real-time Fourier-
transform infrared (FTIR) spectrometer (see Figure 6) showed that ~ 90 % OEGA conversion
could be reached after 3 min by irradiating (p=2.1 mW cm) a glass capillary tube containing
the OEGA and TPO-L (without BCP and LiTFSI). In a case of 90 % OEGA conversion, the
theoretical degree of polymerization (DP = [OEGA]/[TPOL]) of POEGA matrix would be
about 297 (143 kg/mol). Attempts to verify the degree of polymerization experimentally by
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size exclusion chromatography (SEC) and nuclear magnetic resonance (NMR) was not

successful because the final SPE was insoluble (specifically in THF).
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Figure 6. Graph showing effect of decreasing [OEGA]/[TPOL] ratio on polymerization
kinetics for the photopolymerization of oligo (ethylene glycol) methyl ether acrylate (OEGA)
at 2.1 mW.cm (photopolymerization in 1.5 mm capillary).

We subsequently applied this knowledge of kinetics to the photopolymerization process for the
formulations detailed in Table 2, aiming to create the SPE within our custom-made PTFE
molds as outlined in Figure S17. The formulation mixtures underwent irradiation using a 365
nm UV lamp (with the current set to 670 mA, corresponding to an intensity of approximately
78 mW cm2) for a duration of 30 minutes. It is important to note that we employed rigorous
conditions, utilizing a higher irradiance of 78 mW c¢m and allowing for a sufficient irradiation
period of 30 minutes so as to achieve a higher conversion of the OEGA monomer. Recovered
samples appeared opaque white as shown in Figure 7. The fabricated SPEs were then vacuum

dried at 60 "C overnight (sill white after drying) and characterized by SAXS and TEM.

Figure 7. Exemplary pictures of as-fabricated SPE before vacuum drying. In this photo, the
sample is S-SPE15-92% (¢ 30 mm, thickness = 500 pum).

SAXS curves and TEM images of L-SPE-82% and S-SPE-85% are shown in Figure 8. SAXS
results for L-SPE-82% show the absence of particular scattering feature whereas S-SPE-85%
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display a structural peak at ¢ = 0.16 nm! (brag distance = 39.2 nm). According to TEM images,
L-SPE-82% show macroscopic phase separation with no defined pattern. S-SPE-85% features

a chain-like connection of dispersed objects (refer to Figure S18 for larger scale images).
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Figure 8. SAXS profile of samples derived from a) L-SPE-82% before and after
photopolymerization b) S-SPE-85% before and after photopolymerization. TEM micrographs
showing morphology of SPEs samples after photopolymerization ¢) L-SPE-82% d) S-SPE-
85%.

At [EO]J/[Li] =30, the SAXS intensity profiles of final L-SPE30-92% and S-SPE30-92%
revealed a stronger decay of /(g) in the low ¢ range 0.03 —0.12 nm'! (see Figure 9a and Figure
9b). These are the signature of aggregated objects. The slope of this region is consistent with
power law exponent of n = -2 (refer to equation 1) which can be ascribe to disc-like form

factors.
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These results were confirmed by TEM micrographs of the films (Figure 9c and Figure 9d),
Specifically, L-SPE30-92% displayed dispersed disc-like nano-objects within the PEOGA
matrix. The S-SPFE30-92% showed large aggregates of apparent spherical particles. Recall that
in samples without salt, a pronounced macro phase separation occurred without a defined
pattern. Here, the morphology is much defined owing to increased segregation strength.
Therefore, it can be concluded that increasing salt concentration causes the BCP to self-
assemble into hardsphere and then aggregates together during photopolymerization of OEGA

to form larger embedded objects.
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Figure 9. SAXS profile of SPE samples derived from a) L-SPE30-92% before and after
photopolymerization b) S-SPE30-92% before and after photopolymerization. Short dash black
lines represent power law with exponents n = 0 and n = -2. TEM micrographs showing
morphology of SPEs samples after photopolymerization ¢) L-SPE30-92% d) S-SPE30-92%.

In the case of L-SPE15-92% and S-SPE15-92%, where [EO]/[Li] = 15, the SAXS patterns (refer

to Figure 10a and Figure 10b) exhibit lower power low slope values (about -1) compared to
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samples with [EO]/[Li] = 30. That power low exponents could be the signature of an elongated
object form factor (cylinder-like). Furthermore, SAXS profile of L-SPE15-92% exhibit a weak

structure factor, implying well-dispersed and distant scattering objects.
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Figure 10. SAXS profile of SPE samples derived from a) L-SPE15-92% before and after
photopolymerization b) S-SPE15-92% before and after photopolymerization. Short dash black

lines represent a power law with an exponent -1. TEM micrographs showing morphology of
SPEs samples after photopolymerization c¢) L-SPE15-92% d) S-SPE15-92%.

On the other hand, SAXS profile of S-SPE15-92% show a significant structure factor which

may signify that there are macro domains with a higher concentration of scattering objects.
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TEM images of the SPEs are provided in Figure 10c and Figure 10d. L-SPE15-92% and S-
SPE15-92% displayed aggregated spherical particles and elongated objects, aligning with the
trends identified through SAXS analysis.

2.3 Mechanical Strength, Conductivity and Thermal Stability of
SPEs

To investigate the influence of BCP morphology on the strength of the POEGA matrix, we
conducted constant shear experiments on SPEs with a [EO]/[Li] ratio of 15, specifically L-
SPE5-92% and S-SPE15-92%. To facilitate comparison, we also synthesized a pure POEGA
matrix by initiating the photopolymerization of the OEGA monomer and LiTFSI under the
same conditions used for fabricating L-SPE15-92% and S-SPE15-92%, resulting in POEGA 5-
100%. To anticipate the mechanical properties with the introduction of a crosslinker, we
prepared POEGA15-100%(crosslinked) by incorporating 1 mol% of Oligo ethylene glycol
diacrylate (OEGDA). In Table 3, we present the storage (G") moduli of L-SPE5-92%, S-SPEs-
92%, POEGA5-100%, and POEGA5-100%(crosslinked) as 52.9, 34.7, 7.5, and 31.7 KPa,
respectively at 30 °C (Figure 11a). This demonstrates that embedding linear BCP in the
POEGA matrix at a prevailing [EO]/[Li] = 15 can increase storage moduli by a factor of 7. In
the case of embedding star BCP, the moduli increase by approximately 5-fold. Similarly, a
comparable enhancement in storage moduli (approximately 4-fold) is achievable by
incorporating 1 mol% of OEGDA, a crosslinker, into POEGA 5 during photopolymerization.
These results suggest that BCP-derived morphologies in the SPEs act as physical-crosslinking
points that strengthen the POEGA matrix.

Another interesting observation is the gradual decrease in modulus with temperature for L-
SPE5-92% and S-SPE15-92%, indicating a gradual transition of the SPE from a hard to a
viscous material. Specifically, L-SPE5-92% exhibits a significant decline after reaching
around 70 °C. This phenomenon may be connected to the 7, of the P(S-co-BzMA) hard phase,
which was previously reported to be approximately 76 °C in Chapter 2. Moreover, we
emphasize that embedding BCP in POEGA, rather than using a crosslinker, may allow for

recycling or processing of the material when subjected to temperatures above the Tg (70 °C).

Thermogravimetric analysis was performed on samples (with [EO]/[Li] = 15) in order to assess
their chemical stability (Figure 11b). There was a slight loss in weight (~4wt%) of the samples
after 100 °C. This may be due to moisture during manipulation of TGA samples or evaporation

of monomer remaining after photopolymerization. Overall, the samples exhibited thermal
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stability up to 300 °C thus demonstrating the capacity to withstand operating temperature
conditions (-20 °C to 60 °C) of lithium batteries.'®
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Figure 11. a) Storage (G') moduli versus frequency, b) Thermogravimetric analysis and c)
Temperature-dependent ionic conductivity of L-SPE15-92% (0), S-SPE15-92% (o), POEGA -
100% (@) and POEGA15-100% (crosslinked) (©). Short dash lines represent the VFT model fits
to the conductivity data.

Table 3. Summary of the storage moduli, conductivity of SPEs.

. [EO]  Soft Phase o o2 Te To
Code Li*] (Wt%) Deonda  G(KPa) (Scm1) (2C) (°C)
L-SPE15-92% 15 92 0.91 52.9 1.30 x10*  n/a 105
S-SPE15-92% 15 92 0.91 347  520x10°  -47.6 129
POEGA15-100% 15 100 1 7.5 1.66 x10* -50.3 104
POEGA15-100%(crosslinked) 15 100 1 31.7 n/a n/a n/a

2 Values taken at 30°C.

The conductivity of vacuum-dried samples was assessed using electrochemical impedance
spectroscopy (EIS). Figure 11c illustrates a classical decline in conductivity as the temperature
decreases. This decrease in conductivity can be attributed to the reduced segmental mobility of

polymer chains at lower temperatures, which limits ion transport across all the samples.?% 2!

At a temperature of 30 °C, the conductivity values for POEGA15-100%, L-SPE5-92%, and S-
SPE5-92% are 0.17, 0.13, and 0.05 mS cm!, respectively. L-SPE5-92% exhibits improved
conductivities beyond 50 °C comparable to POEGA15-100% (as seen in Figure 11c). This
observation suggests that the open morphology with well-dispersed non-conductive nano-
domains does not impede ionic motion across the film. In contrast, S-SPE15-92% displays

reduced conductivity, which may be attributed to the presence of macro-domains containing
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concentrated non-conductive nano-domains (refer to TEM in Figure 10c, Figure 10d and Figure
S20).

Due to time limitations, extensive testing in lithium batteries could not be conducted within the
duration of this thesis. Furthermore, our objective was to further enhance the mechanical
properties through the exploration of a polymerization-induced microphase separation

approach.
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3 Conclusion

Herein, we introduced the straightforward fabrication of POEGA-based SPE featuring
nanoscale structures. Two mechanisms underpinned the formation of such nanostructures. (i)
The ab initio self-assembly of the BCPs into hard spheres upon addition of lithium salt in the
initial liquid resin prior photopolymerization of OEGA monomer. An occurrence that is due to
the insolubility of P(S-co-BzMA) in the mixture of salt and monomer and to the solubility of
POEGA block in this mixture. (i) Kinetic arrest of the already formed hard spheres during
photopolymerization. This may include a subtle interplay between photopolymerization of
OEGA monomer and interactions of the self-assembled hard spheres, which depends strongly
on original salt concentration. This mechanism differs from the typical PIMS process, where
polymerization starts from a completely soluble mixture and then phase separation occurs

continuously during polymerization.

Our analysis using SAXS and TEM revealed that the hard spheres present in the resin
formulations (L-SPE3¢ and S-SPE30) at EO/Li = 30 aggregate during photopolymerization to
form dispersed disc-like nanostructures within the POEGA matrix. When the salt concentration
is increased to a ratio of EO/Li = 15, elongated objects are observed in both L-SPE15-92% and
S-SPE15-92%. In L-SPE5-92%, the hard nano-domains are more uniformly dispersed, whereas
in S-SPE15-92%, localized higher concentrations of hard nano-domains are observed. We have
demonstrated how this microstructure ultimately influences the strength and conductivity of
the SPEs through shear tests and electrochemical impedance spectroscopy (EIS). It can be
concluded that the presence of kinetically arrested nanostructures in the POEGA matrix serves
as physical crosslinkers, leading to a remarkable 7-fold enhancement in mechanical properties
in the case of L-SPE5-92% and a 5-fold improvement in the case of S-SPE5-92%. The
conductivity of L-SPE15-92% (0.13 mS cm') was approximately twice that of S-SPE5-92%
(0.05 mS cm!), underscoring the significant influence of BCP architecture on the POEGA
matrix. Furthermore, the conductivity of L-SPE5-92% increases with temperature, eventually

reaching levels comparable to that of POEGA5-100% above 50 °C.

Nevertheless, there is still much to discover concerning the need for better control of
morphology on larger length scales and a comprehensive understanding of the macromolecular
chain dynamics within these intricate systems. This particularly pertains to understanding the

extent to which block copolymer (BCP) architecture impacts these materials. However, our
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study, primarily focused on elucidating the process of forming BCP-derived morphologies at
the nanoscale, can serve as a foundational basis for future investigations within this class of

photopolymerized polymer blends.

4 Supporting Information

4.1 Materials

Benzyl Methacrylate (BzMA, Sigma-Aldrich, 96%) was passed through a silica gel column to
remove monomethyl ether hydroquinone inhibitor. Styrene (S, Sigma-Aldrich, 99%"),
Azobis(isobutyronitrile) (AIBN, Sigma-Aldrich, 98%), Poly (ethylene glycol) methyl ether
acrylate (OEGA, DPn = 8-9, average My = 480 g.mol!, Sigma-Aldrich) were used as
purchased. Pentaerythritol tetrakis[2-(dodecylthiocarbonothioylthio)-2-methylpropionate (4
arm  star DDMAT  RAFT  agent, Sigma-Aldrich, 97%), 4-cyano 4-
[(dodecylsulfanylthiocarbonyl)-sulfanyl]-pentanoic acid (monofunctional RAFT agent,
Sigma-Aldrich, 97%), Ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate (TPO-L) photo-
initiator (316 g.mol!).

4.2 Synthesis of Block Copolymer

4.2.1 Linear and Star macro-CTAs

Synthesis of linear and star block copolymers used in this work have been extensive discussed

in our previous work (Chapter 2) as depicted in Scheme S1.

First, the synthesis of P(S-co-BzMA) macro-CTA was achieved by RAFT polymerizations of
8 g monomer mixture of styrene (37 mol%) and benzyl methacrylate (63 mol%). tetra-
functional macro-CTA (s-Ao¢2), AIBN (2.1 mg, 1.29 X102 mmol, 0.1 eq), 4 arm star DDMAT
RAFT agent (49.2 mg, 3.23 X102 mmol = 1.29 x10"! mmol of trithiocarbonate TTC, 1 eq),
BzMA (4.00 g, 2.27 x102mol, 176 eq), and S (4.00 g, 3.85 x102mol, 298 eq) were added to
a 25 mL Schlenk flask and sealed with a silicone septum. The reactant mixture was degassed
with nitrogen bubbling for 20 min in an ice bath. The Schlenk flask was placed into an oil bath
at previously heated 75 C to start the reaction. The reaction was stopped at # = 31.5 h and

purification was done by addition of 2 vol. equivalence of THF to solubilize the crude mixture
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and precipitation in 10 vol. equivalence of EtOH. Purification was done twice to ensure
complete removal of unreacted monomer and precipitates were recovered via vacuum filtration
and dried in vacuum for 72 h. In the synthesis of monofunctional macro-CTA (I-Ao.s9),
equivalent amount of 4-cyano 4-[(dodecylsulfanylthiocarbonyl)-sulfanyl]-pentanoic acid
RAFT agent was used instead while keeping other experimental conditions the same. Weight
fraction of the BZMA and S units in the final copolymer was determined from 'H NMR and
molecular weight determined on SEC MALLS (refer to Table 4).

Table 4: Macromolecular characterization and properties of macro-CTAs synthesized
in chapter 2.

S BzMA Mn, Theo Mn, MALLS

macroCTA o5 [wt%] ke mol']  [ke mol!] b
Ao 0.40 0.60 159 133 1.50
I-Aoso 0.44 0.56 31 30 1.04

4.2.2 Synthesis of Linear and Star Block copolymers

Previously synthesized macroCTA were extended to include POEGA block by solvent RAFT
polymerization. In a typical experiment, AIBN (0.9 mg, 5.57 x10~* mmol), macroCTA: s-Ao.>
(1.7 g,1.39 X102 mmol = 5.57 x10"2mmol TTC), OEGA (10.2 g, 21.3 mmol) and 1,4-dioxane
(1:1 v/v) were added to a 100 mL Schlenk flask and sealed with a silicone septum. The reaction
mixture was degassed with nitrogen bubbling for 30 min in an ice bath. The Schlenk flask was
placed into an oil bath at previously heated 75 °C to start the reaction. The reaction was stopped
after 2 h by cooling down in an ice -water bath and by introduction of oxygen in the crude
mixture. Purification was done by solubilization of the crude mixture in THF and dialyzed over
water using 50kDa cellulose membrane. Dialysis was done over 6-water cycles to ensure
complete removal of unreacted PEGA monomer and dialyzed sample is lyophilized. Weight
fraction of PEGA was determined from '"H NMR and molecular weight determined on SEC
MALLS (Table 1).

The volume fraction of conducting phase of PIMS films was calculated from equation S1.

¢, =1 (mO,POEGA+LiTFSI/pPOEGA+LiTFSI)
c— + 7 S1

My piys /Ppims
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Where p is used to denote density. The density of the POEGA+LiTFSI was calculated from

equation S2.

PrPOEGAPLITFSI (mO,POEGA + mO,LiTFSI)

PPOEGA+LITFSI — S2
(pPOEGAmO,LiTFSi + pLiTFSImO,POEGA)
The density of the PIMS was calculated from equation S3.
pPOEGA+LiTFSIpP(S—Co—BzMA)(mO,POEGA+LiTFSI + mO,P(S—co—BzMA))
Prims = S3

(pPOEGA+LiTFSImO,P(S—CO—BZMA) + pP(5—co—BzMA)mO,POEGA+LiTFSI)

4.3 Characterization Methods

4.3.1 Nuclear Magnetic Resonance (NMR) Spectroscopy.

NMR spectra were recorded using a Bruker 400 MHz spectrometer at 25 °C with 32 scans and
a time delay D1 of 5 seconds. 'H NMR measurements were performed at frequencies of 400
MHz. DOSY NMR spectra were recorded at 30 °C with 6000 scans and a time delay D1 of 2
seconds. Deuterated chloroform (CDCIls3) and deuterated dichloromethane (CD2Cl,) were used
as solvent respectively for crude and purified polymer. All products were dissolved with

concentrations between 10 and 20 mg/mL.
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Figure S12:'H NMR spectrum of a) linear macro-CTA and b) linear BCP.
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Table SS. Summary of the composition of the resins in terms of the volume percent of

conducting phase.

. Hard Soft
Code? BCP BCP OEGA [OEGA| LiTFSI [Eg] Phase® Phase® ®cond®
(@ (@ [TPOL] (® [Li*] (Wt%)  (Wt%)

L-SPE-82%  lc-(Ao0s59)0.71Bo2o  0.50  1.67 330 - - 18 82 -
L-SPE30-92%  lc-(Aos59)0.71Bo2o  0.55  3.75 330 0.70 30 8 92 0.91
L-SPE15-92% Ilc-(A059)0.71Bo2o  0.45  2.65 330 0.98 15 8 92 0.91

S-SPE-85%  sc-(Aos2)o.73Bo27 057  2.85 330 - - 15 85 -
S-SPE30-92%  sc-(Aos62)0.73Bo27 048  3.27 330 0.61 30 8 92 0.91
S-SPE15-92% sc-(Aos2)0.73Bo27  0.48  2.83 330 1.05 15 8 92 0.91

®The prefix L and S represents the BCP architecture (linear and star respectively). Subscripts represents the EO/Li
ratio in SPEs.

P(S-co-BzMA) constitutes the hard phase of the electrolyte.

‘POEGA or POEGA+LiTFSI constitutes the soft phase of the electrolyte.

4@cond is the volume fraction of conducting phase according to equation S1. Density of POEGA, P(S-co-BzMA),
LiTFSI are taken as 1.05 g cm, 1.12 1.05 g cm™, and 1.33 1.05 g cm respectively.

4.3.2 Size Exclusion Chromatography (SEC).

Measurements were performed on a bank of 4 Shodex columns (KF801, KF8025, KF804 and
KF806) each 300 mm x 8 mm at 30 °C with THF eluent controlled by a Malvern pump
(Viscotek, VE1122) at a flow rate of 1.0 mL.min"!. The SEC apparatus is equipped with a
refractive index (RI) detector (Viscotek VE3580), a Wyatt Heleos II Multi Angle Laser Light
Scattering detector (MALLS, 18 angles, Ao = 664.4 nm), an online viscometer (Wyatt Viscostar
311-V4) and a UV-visible detector (Viscotek-Malvern VE3210). Toluene was used as a flow
marker. Sample concentrations were limited to the range of 1.5 — 4.5 mg mL"! and dissolved
samples were filtered through polytetrafluorethylene (PTFE) membranes with a pore size of

0.45 pm prior to injection.

4.3.3 UV Mold design

The upper section of the mold is formed from PTFE, cut into the desired membrane geometry
shape. The lower portion of the mold consists of a metallic base, which provides support during
the assembly of the mold. An intermediate layer of PTFE sheet is positioned between the upper
and lower parts to facilitate the effortless separation of the photopolymerized membrane. The

three mold components were held together by means of a screw while ensuring tight sealing.
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Figure S14. Mold designed to contain electrolyte formulation during photopolymerization.

4.3.4 UV Calibration

SOLIS 365 UV SOURCE (LEDI)

The SOLIS 365 UV source from Thorlabs was employed for irradiation in the PTFE mold.
This high-power LED source is centered at a 365 nm wavelength and delivered intense
illumination (with a maximum power of 7.1 W when collimated through a @ 48.3 mm
aperture). The emission spectrum was analyzed using a spectroradiometer, and the results of
irradiance vs current were plotted in Figure S15a. For the experiment, the mold was positioned
inside the UV-box (30 cm in height), as depicted in Figure S16. Its important to note that we
have fitted the UV source with a convex lens diffuser for photopolymerization experiment
carried out in Chapter 4. The emission spectrum with diffuser in place was analyzed using a

spectroradiometer, and the results of irradiance vs current were plotted in Figure S15b.

Thorlabs mounted LED (M365L2) UV SOURCE (LED2)
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To realize FTIR experiments within the capillary protocol, we use the LED 365 source
equipped with an optic fiber. (@ 5 mm and 1.2 m long). The results of irradiance vs current

were plotted in Figure S15b.
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Figure S15. Irradiance vs current for a) SOLIS 365 UV source (LED1) at 30cm. b) SOLIS 365
UV source fitted convex diffuser at 30cm and LED2 (Optic fibre).

Figure S16. UV setup for photopolymerization
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4.3.5 Fourier-Transform Infrared Spectroscopy

Real-time FT-IR spectroscopy was used to investigate the kinetic of photopolymerization of
PPEGA in quartz capillary tube (2 mm thickness). The experiment was performed on a
spectrometer (Thermo Scientific Nicolet iS50 FT-IR Spectrometer). After taking a background
reading of the capillary tube, aliquot of polymerization resin was pipetted into the tube via a
syringe. Polymerization was started by irradiating with a Thorlabs mounted LED (M365L2)
(Mmax = 365 nm, current = 659 mA, Iy = 2.1 mW cm?). Simultaneously, IR spectra were
recorded for 400 s interval to determine the integral, Ints103 - 6245 cm-1) Of the vinylic peak at
6103 — 6245 cm™!'. Each measurement included an average of 2 scans with a resolution of 8
cm !, Spectra were analysed using Omsec software. The conversion (Xorg4) was calculated

from equation S4.

0.58 =

0.56

Absorbance Units
4

—t =400 sec
—t=0sec

0.46

L] L] L] L] L] L]
6000 6050 6100 6150 6200 6250
Wave number [cm™]

Figure S17. Representative FTIR spectra at the beginning (t=0) and after 400 s of UV
irradiation at 2.1 mW.cm™.

Int _
XOEGA — 1 _ (6103 6245)t x 100 S4

Int(6103-6245)t=0

4.3.6 Small Angle X-ray Scattering (SAXS)
SAXS measurements were collected on the BL11 NCD-SWEET beamline at ALBA

synchrotron facility using 0.99 A X-ray wavelength, a 2.9 m sample-to-detector distance, and
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standard data corrections. Scattering curves were plotted as a function of scattering vector q

=41 sinf/A, with measurements performed under vacuum at RT.
4.3.7 Transmission Electron Microscopy (TEM).

This experiment was performed in collaboration with Monika Krél and Janne Ruokolainen at
Aalto University in Finland. Samples were fixed directly to the pin without any previous heat
treatment and microtomed at -80 °C on Leica EM UC7 Ultramicrotome, using Diatome 25
diamond knife. The sections were collected on 300 mesh Copper grid coated with lacey carbon.
Subsequently, such prepared samples were submerged in liquid nitrogen and transferred onto
Petri dish placed in the styrofoam box filled with dry ice, subsequently exposed to OsO4 vapour
for approximately 2 h. After staining, grids were cryo-transferred to the microscope. CryoTEM
measurements were performed on Schottky field-emission cryo-electron microscope JEOL
JEM-3200FSC at 300 kV accelerating voltage, while keeping the temperature of the examined
specimen at — 187 °C. The micrographs were acquired in bright field mode using zero energy
loss omega type filter with a slit width 20 eV and with slight under focus. Images were recorded

via Gatan Ultrascan 4000 CCD camera.

g !

Figure S18. TEM images of L-SPE-82% and S-SPE-85%
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L-SPE,,-92%

Figure S20. TEM images of L-SPE5-92% and S-SPE5-92%.

4.3.8 Differential Scanning Calorimetry (DSC).

DSC was performed using the Q100 from TA instruments under a N> atmosphere. For each
sample, the temperature regime was initially stabilized at -90 °C for 5 min, heating and cooling
was done within -80 and 120 °C with a rate of 5 °C min"!. The heat capacity change in the

second heating scan was used for the determination of the glass transition temperature (7).
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Figure S22. DSC of pristine photopolymerized POEGA polymer sample (POEGA-100%),
POEGA polymer sample with linear comb BCP (L-SPE-82%) and POEGA polymer sample
with star comb BCP (S-SPE-85%)).
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Figure S23. DSC of S-SPE-82%, S-SPE30-92% and S-SPE;5-92%.

4.3.9 Rheological Characterization.

Rheology measurements were performed on Anton Paar modular compact rheometer (MCR-
302) with a torque range from 0.5 nNm to 230 mNm and integrated active thermal management
system. Sample was sandwiched between two 8 mm ¢ parallel plate geometry at a constant
shear stress of 25 Pa and a frequency of 5 Hz. The measurements were performed in

temperature-controlled environment.

Applied
Torque

r=4mm

Figure S24. Setup of rheology experiment with parallel-plate geometry. The applied torque,
M = (z r*1)/2 which is a function of the shear
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4.3.10Electrochemical Impedance Spectroscopy (EIS).

Free-standing BCPE films were previously dried in the vacuum oven for 24 h and stored in the
glove box (see Figure S16). The films (8 mm g, thickness, L = 90 — 470 um) were sandwiched
between two blocking gold electrodes plates in CESH-e (Enhanced Controlled Environment
Sample Holder) cells (g 6.35 mm) as shown in Figure S25. EIS measurement using Biologic
Potentiostat (equipped with EC-Lab software package) at frequency from 1 Hz to 1 MHz with
an oscillating voltage of 50 mV. Subsequently, these cells were preconditioned in a temperature
chamber (Binder KB53, 230V 1~ 50Hz) for 2 h at 90 °C to anneal the films. After the
preconditioning was finished, measurements were carried out by gradually decreasing the
temperature in 20 °C steps from 90 °C to -10 °C with each temperature being maintained for 2
h to attain a thermal equilibrium. The ionic conductivity (c; S cm™!) was determined by ¢ =
L/RA where R is the measured resistance, L is the film thickness and A is the area of the

electrode.

=L e Compressing
screw

Wave spring
—— l Membrane

—— Electrode
support

Electrodes
Figure S25. Typical CESH setup showing a sandwich of SPE between two blocking gold

electrodes for EIS measurements of ionic resistance of the PE. The wave spring is designed to
maintain a constant pressure during the experiment. Redrawn from literature.??
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Chapter 4

Photo-Polymerization-Induced Microphase Separation
to Design Solid Polymer Electrolyte
for Lithium Metal Batteries
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Synopsis

In this study, we utilized photopolymerization-induced microphase separation (PIMS)
process with UV-lamp to fabricate a flexible comblike poly(ethylene oxide) (PEO)-based
nanostructured solid polymer electrolyte (SPE), which was applied here for all-solid-state
lithium metal battery (LMB). The uniqueness of this one-pot fabrication process lies in its
capacity to enhance the interfacial properties within LMBs by rendering the
nanostructuration of SPE in-situ on electrodes, and the ability to customize the structural
dimensions of conducting domains by tweaking macromolecular architecture and

composition.

Bi-continuous nanoscale domains of soft poly(styrene-co-oligo ethylene glycol methyl
methacrylate)/Propylene carbonate/Lithium bis(trifluoromethanesulfonyl)imide phase and
hard P(isobornyl acrylate-stat- oligo ethylene glycol diacrylate) phase furnished the SPE
with high ionic conductivity (0.34 mS cm™! at 30 °C) and enhanced mechanical strength
(10°— 107 Pa at 30 °C) respectively. The as prepared SPE showed good electrochemical
properties with lithium transference number of 0.28 £0.03, electrochemical stability
window of about 4.2 V' vs. Li+/Li and low interfacial resistance. This electrolyte enables the
Li/SPE/Li symmetric cell to cycle over 350h at 0.1 mAcm™ without evidence of dendrite
formation. By means of galvanostatic cycling studies in d-Li||d-NMC811 and d-Li||d-
LiFePOy cells, we further demonstrate that the SPE exhibited good cycling performance up
to 50 cycles. This work shows that PIMS process could be a promising method of fabrication
of advanced solid polymer electrolytes for more efficient, reliable and safer lithium metal

batteries.
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The majority of electrolyte testing in batteries were carried during my 2-month research
secondment under the supervision of Dr. Jan Bitenc at the National Institute of Chemistry,
Ljubljana in Slovenia. SAXS experiments were performed at ALBA synchrotron Barcelona,

Spain.
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1 Introduction

Lithium metal batteries (LMBs) have emerged as a highly desirable energy storage option.!
However, the widespread use of LMBs is currently hindered by challenges such as the high
chemical reactivity of Lithium metal that can cause uncontrolled parasitic side reactions with
the liquid electrolytes (LEs), uneven deposition of lithium and the formation of dendrites on
the lithium metal anode, which can cause short circuits.> > To overcome these issues and
harness the potential benefits of LMBs, researchers are looking to avoid the use of traditional
LEs. One alternative are solid polymer electrolytes (SPEs), which offer increased safety,
mechanical stability and flexibility, better resistance to dendrite growth as well as improved
resistance to temperature and pressure.* Moreover, dissolution of cathode active material
(transition metal ions) in liquid electrolytes during cycling is another existing problem
responsible for quick aging and capacity fading in LMBs, further highlighting the need of
SPEs.’

The key challenge of designing high performing SPEs is that mechanical properties and ionic
conductivity exists in a duality; efforts to optimize either one of the properties would trade off
the other.® 7 Therefore, it is necessary to decouple the mechanical properties of SPEs from their
ionic conductivity. Standalone block copolymer electrolytes (BCPEs) have been employed as
SPE in solid state batteries to leverage the synergistic effect of mechanical and conductive
properties of the individual blocks.* 31! Although, such BCPEs can self-assemble into various
morphologies with well-defined domain sizes and spacing, the conductivity of these
electrolytes is often compromised by network defects (e.g., dead ends at grain boundaries)
which interrupts the conducting pathways.!? 1> Moreover, typical 2D-connected morphologies
(lamellar or hexagonal) of conventional BCPEs have been reported to be more sensitive to
preparation and processing effects.!* 3D double gyroids phase are less sensitive to preparation
effect! but their range of volume fraction in the phase diagram is very limited.!> To make
solid-state energy storage devices practical, researchers need to find new ways to produce and
fabricate scalable nanostructured solid-state electrolytes that can simultaneously provide high
ionic conductivity and robust mechanical performances. In this context, polymerization
induced microphase separation (PIMS) is explored to prepare SPEs with 3D bi-continuous

network structure.'¢ The technique involves the chain extension of macro-chain transfer agent
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(macroCTA) with a second chemically distinct polymer segments, through a controlled

polymerization process (and in some cases crosslinking).!”- 18
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Figure 1. Schematic illustration highlighting the novelty of this work in comparison to
previously reported SPEs fabricated from the PIMS process. a) Works done by Hillmyer ef al.
utilizing PEO-TTC as macroCTA, Styrene/divinyl benzene monomers and BMITFSI/LiTFSI
as ionic species!® 120 b) Works done by Boyer et al. utilizing PEO-TTC (star and linear) or
POEGMA-TTC as macroCTA, Isobornyl Acrylate/ trimethyl propane triacrylate monomers
and BMITFSI as ionic species to print solid electrolytes for supercapacitors?!:?2 ¢) Present work
utilizing linear and star POEGMA-TTC as macroCTA, Isobornyl Acrylate/Oligo(ethylene
glycol diacrylate) monomers and LITFSI/PC as ionic species to fabricate solid electrolytes for
lithium metal batteries.

A macroCTA, synthesized through reversible deactivation radical polymerization (RDRP),

typically using reversible addition-fragmentation transfer polymerization (RAFT), is a reactive
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block with chain end functionality capable of extending the polymerization of a second
monomer through RAFT polymerization. A few studies reported on fabrication of SPE by
PIMS process, employing initiators activated through either thermal dissociation of radical
initiator in reversible addition fragmentation transfer (RAFT) polymerization (thermal-RAFT)

or photo-initiated RAFT polymerization by using photoinitiator (photo-RAFT).!6 1925

A seminal work by Hillmyer and Lodge serves as an early example, outlining the utilization of
PIMS through reversible addition-fragmentation chain transfer initiated by a thermally
activated benzoyl peroxide initiator.!® Starting with a mixture of styrene/divinyl benzene
monomer, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (BMITFSI) ionic
liquid (IL), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt and poly(ethylene oxide)
with trithiocarbonate chain end (PEO-TTC) serving as a macroCTA (refer to Figure 1a), they
achieved a bi-continuous network comprising a crosslinked polystyrene rigid phase alongside
an ion-conducting PEO/ionic moieties phase (IL/LiTFSI) after the PIMS protocol. Resulting
SPEs showed ionic conductivities of ~ 0.6 mS/cm at room temperature, while maintaining an
elastic modulus nearly 1 GPa. In a related work, they utilized protic IL as the ionic specie to
underscore the potential applicability of these fabricated SPEs in fuel cells.?® Subsequently,
their research delved into the utilization of succinonitrile (SN) as a plasticizer and LiTFSI salt
as the ionic species.!” This approach rendered the PEO-based conducting channels entirely
amorphous, facilitating facile ion transport with a conductivity of around 0.35 mS/cm and an

elastic modulus of ~ 0.3 GPa at 30°C.

However, the formation of this nanostructure required high temperatures (> 100 °C) and long
curing time (> 12 &). Boyer et al. first reported the fabrication of nanostructured polymer
electrolytes by 3D printing (refer to Figure 1b).?? Their work harnessed photo-RAFT for PEO-
TTC (with trithiocarbonate functions) chain extension within a mixture of BMITFSI ionic
liquid, Isobornyl acrylate (IBoA) monomer and trimethylpropane triacrylate (TMPTA)
crosslinker. This process yielded a so-called bi-continuous phase of poly(ethylene oxide)-
block-poly(isobornyl acrylate-stat-trimethyl propane triacrylate), PEO-b-P(IBoA-stat-
TMPTA) characterized by ionic conductivities (BMI"/TFSI') up to 0.3 mS/cm at room
temperature and storage modulus G’ > 200 MPa. By demonstrating the practicality of the SPEs
in symmetric carbon supercapacitor, their work unveils a new paradigm for the modular on-

demand design of SPEs with printed tailored dimensions. In another work, they reported on the
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use of non-crystalline POEGMA-TTC as macroCTA to replace semi-crystalline PEO-TTC to

improve macromolecular chain dynamics at room temperature.?!

Despite the promising prospects of PIMS fabrication method, the resulting SPEs have not yet
been practically demonstrated in solid-state lithium batteries (SSLBs). Indeed, the
solubilization of the starting resin components is a difficult task, which is why the majority of
resins used for SPEs designed by PIMS reported use of solvent or ionic liquids (IL). However,
it is worth noting that IL-based electrolytes exhibit limited ion transport properties.?® Although,
increasing salt concentration in IL-based electrolytes can enhance ion transport, it also results
in increased viscosity.?”-28 Another general challenge is the engineering issues associated with
implementation of the SPEs in SSLBs such as contact loss between battery components,
microstructural cracking of electrodes upon repeated cycles of lithiation/de-lithiation to
mention a few.?’ Certain studies have shown that in-situ polymerization on electrodes is one of

the strategies employed to address interfacial issues in batteries.%-32

The aim of this work is to design SPEs via PIMS fabrication process that can reach
implementation in LMBs as shown in Figure lc. The body of work is organized as follows.
First of all, we undertook the synthesis of linear and star comb-like ion-conductive polymers
which will serve as a base to our electrolyte formulation. Then the electrolyte formulation is
submitted to photo-PIMS. The PIMS process is monitored by synchrotron-based scattering
techniques to witness the formation of rigid and soft microphases. Effects of macroCTA
architecture, molar mass as well as UV intensity on kinetics of phase separation are discussed
from the viewpoint of systems with competing interactions. Inherent morphologies, mechanical
properties and ion conductivity of fabricated SPEs were studied by small angle x-ray scattering
(SAXS), rheology measurements and electrochemical impedance spectroscopy (EIS)
respectively. Finally, the SPE was incorporated into the half-cell manufacturing, involving Li
|ILiNo.8M0.1Co.102 and  Li||[LiFePO4 configurations, achieved through the in-situ

photopolymerization of designed formulation.

2 Results and Discussion

2.1 Synthesis of ion-conductive precursor, a P(S-co-OEGMA)
macroCTA

Linear comb-like (R;) and star comb-like (Rs) P(S-co-OEGMA) polymers were synthesized

from monofunctional chain transfer agent (4-cyano 4-[(dodecylsulfanylthiocarbonyl)-
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sulfanyl]-pentanoic acid) and tetra functional chain transfer agent (CTA) (Pentaerythritol
tetrakis[2-(dodecylthiocarbonothioylthio)-2-methylpropionate) respectively, as shown in
Figure S23 (§4 Supporting Information). The different P(S-co-OEGMA) copolymers were
synthesized via RAFT polymerization of oligo (ethylene glycol) methyl ether methacrylate
(OEGMA, DPgo = 8-9) using 2,2’azobisisobutyronitrile as thermal initiator and addition of
6 mol% of styrene (S) to achieve control of OEGMA methacrylate monomer from the
commercial tetra functional chain transfer agent, as previously reported for methacrylate
monomers in chapter 2.3 The weight fraction of OEGMA in copolymer was derived from the
molar fraction of OEGMA calculated from the integrals of proton nuclear magnetic resonance
("H NMR) signals (see Equation S5, Equation S6 and Figure S24 in ST). NMR results indicate
that the polymers contain ~ 2 wt% of styrene. The number-average molar mass (Mn,sec) and
dispersity (P) of the synthesized polymers were determined by multi-detection size exclusion
chromatography (SEC) (see Table 1 and Figure S26). With molar masses of 144 kg mol! and
39 kg mol! respectively for R4 and Ri macroCTAs, Ri can be reasonably considered as
macromolecular analogues of a single branch of Rs. In an auxiliary experiment to understand
the influence of molar mass on star comb macroCTA, a lower molar mass, Rs* (62 kg mol')
was synthesized by solution polymerization in 50/50 w/w 1,4-dioxane. Note that D is reduced
to 1.2 for polymerization in dioxane compared to the one of bulk polymerization. Synthesis of
star polymer in bulk polymerization induced higher monomer conversion so a higher molar
mass along with an increase of dispersity (Table 1). UV-Vis experiment (refer to Figure S27)
confirmed the chain end fidelity of the linear and star comb macroCTA with average 1 TTC
and at least 3 TTC group retained per chain, respectively (see Table 1). As such they are called
in the rest of the document P(S-co-OEGMA) macroCTA for macromolecular chain transfer

agent.

Table 1. Characterization of linear (Ri) and star (R4 and R4*) comb-like P(S-co-OEGMA)
macroCTA. Refer to Table S4 for more information.

Mn, theoc) Mn, sec

d) :oe)
(kg/mol)  (kg/mol) p  Xu® Nrreschain

macroCTA  Exp  Froeema®  Wrorema”

R; KA143 0.90 0.98 24 39 1.48 79 1.3
Ry KA149 0.91 0.98 113 144 1.37 293 3.7
R KA250 0.82 0.96 44 62 1.19 128 3.3

3ForGma is the molar fraction of OEGMA in the copolymer after purification determined from 'H NMR (See
Equation S5 in SI).

O Worama (See Equation S6) is the weight fraction of OEGMA in the copolymer after purification.

9Mn,theo is calculated from Eq. S8 in SI.

9 Xn is calculated from Eq. S10 in SI.
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©) Number of TTC group per chain measured by UV-visible spectroscopy in cuvette (see equation S10).
HSynthesis performed by solution polymerization (50:50 wt/wt 1,4-dioxane: Styrene + OEGMA) rather than bulk
polymerization.

The presence of TTC end function on the chains conferred to the polymers the possibility to
undergo a subsequent chain-extension by RAFT polymerization of a second monomer to form
a block copolymer. This can be performed by merely photo-initiated RAFT polymerization.
To demonstrate the chain extension of macroCTA, resin formulation prepared (without
OEGDA crosslinker) with 34 wt% R1, 66 wt% IBoA and [TTC]/[TPO-L] = 2. The SEC traces
shown in Figure 3 are qualitatively indicative of the molecular weight increases at early times
(t=40s and ¢ = 80 s) due to chain extension of R; macroCTA. The isolated solid at t =40 s
contained 10% gel content already. As ¢ =80 s, the gel content increased drastically, and

samples could barely be redissolved in THF for SEC analysis.
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2.2 Formulation of electrolytes.

Photoactive electrolyte resins were formulated using the synthesized P(S-co-OEGMA) as
macroCTA, ethyl phenyl(2,4,6-trimethylbenzoyl) phosphinate (TPO-L) as photoinitiator,
isobornyl acrylate (IBoA) as monomer, oligo(ethylene glycol diacrylate) (OEGDA, DPgo = 2-
3, Mn = 250 gmol!) as cross-linker, and a solution of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt in propylene carbonate (PC) solvent (50/50
wi/wt, 4 mol L™1). For all resins, the [TTC]/[TPO-L] and [IBoA]/[[OEGDA] molar ratios were
kept constant as 2 and 4 respectively. The architecture and quantity of macroCTA in the resins

were varied for comparison (see Table 2).
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Scheme 1. Reaction scheme describing the elaboration of SPE by photo initiated PIMS.

The SPE(R,-Y) nomenclature employed to name the different samples (Table 2) follows a
specific pattern. SPE state for solid polyelectrolyte, the x subscript of Rx indicates the type of
macroCTA, either linear comb-like (R:) or star comb-like (R4) P(OEGMA-co-S) statistical
copolymer, respectively. Y represents the weight percentage of macroCTA (Wt.macrocTa). AsS
an example, SPE(R4-34) signifies a resin containing 34 wt% of star comb-like macroCTA
compared to the overall mass of iBoA, OEGDA and macroCTA. Reactive resins where
prepared according to recipes described in Table 2. They vary mainly from two main
parameters, the weight fraction of macroCTA ranging from 24 to 44 wt% and the topology of
macroCTA (linear comb-like versus star comb-like copolymer). It should be noted that both
molar ratio of [EO]/[LiTFSi] and [PC]/[LiTFSi] were set constant at a value of 5 and 2.8
respectively. [EO] corresponds to the concentration of ethylene glycol units from OEGMA and

OEGDA monomer units.

The use of OEGMA for the synthesis of the first reactive block in in this chapter was preferred
as polymerization of methacrylate monomers is less prone to irreversible transfer reaction and
branching compared to acrylate monomers (like OEGA in Chapter 2). Indeed, control of
polymerization for the synthesis of the first block is required to synthesize a reactive polymer

with living trithiocarbonate chain end.

The selection of IBoA as the monomer was based on its relatively high hydrophobicity and a
high glass transition temperature of PIBoA (7 > 70°C). This monomer is suitable for photo
RAFT polymerization as acrylate monomers exhibiting higher polymerization rate constant
compared to methacrylate, they are less inhibited by oxygen in fast photopolymerization
process.?>3* A crosslinker (OEGDA) was incorporated to provide the SPE with a decent level
of rigidity. Therefore, OEGDA is herein regarded as part of the hard phase despite having 2-3
ethylene oxide (EO) units capable of ionic conduction (refer to Scheme 1). LiTFSI was added

in the initial electrolyte formulation prior to polymerization to facilitate lithium-ion conduction.
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However, it reduces solubility of the macroCTA in monomer. Therefore, PC was chosen as
solvent to provide a homogeneous formulation. The choice of solvent was based on the fact
that PC possesses a high ability to solubilize lithium salts, high dielectric constant, wide liquid
range (melting point = — 48.8 to boiling point = 242 °C).3>-37
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Table 2. Formulation of electrolyte resins. Conversion was determined on fabricated films using equation S15 and exceeded 94%.

Mass of resin component (g)

CODE mgrf;eccfA macroCTA [BoA OEGDA LiTFSi PC DP? thg;;;’)mb) W(to/)) VZ@ZC)&
KA219  SPE(R-24) Ri 079 205 057 107 107 475 24 40 20.5
KA224  SPE(R-34) Ri 074 113 032 089 089 287 34 46 23.0
KA221  SPE(R-44) Ri 120 120 035 135 135 191 44 50 25.1
KA225  SPE(Rs-24) Ry 0.89 23 064 117 117 2066 24 40 20.0
KA226  SPE(Rs-34) Ry 1.09 17 049 132 132 1300 34 46 23.0
KA230  SPE(R.-44) R4 057 057 016 065 065 829 44 50 25.1
KA253  SPE(Rs*-24) Ry 055 150 043  0.80 080 965 24 40 20.0
KA254  SPE(R,*-34) Ry 070 110 033 085 085 578 34 44 22.0
KA255  SPE(R/*-44) Ry 065 059 0.8 073 074 356 44 50 25.1

9Dp represents the ratio of IBoA and OEGDA monomer calculated as [IBoA+OEGDA]/[macroCTA].

O Wtmacroc4 Tepresents the weight percent of macroCTA calculated from equation S11.
) Wtionic represents the weight percent of ionic solution (LiTFSI + PC) according to equation S12.
YWipc represents the weight percent of propylene carbonate in the initial formulation calculated from equation S13.
Note: [EO]/[LiTFSi] and [PC]/[ LiTFSI] were set constant at a value of 5 and 2.8 respectively. While [TTC]/[TPOL] = 2 and [IBoA]/[OEGDA] = 4 for all resins
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Moreover, PC-based electrolytes has been reported to have better stability (less electrolyte
decomposition) at a critical LiFSI-salt concentration threshold of 3 mol L™! or solvent-to-salt
molar ratio (MR) of 2:1, above which the electrolyte decomposition is suppressed.?” Therefore,

we pegged our PC:LiTFSI concentration at (50/50 wt/wt, 4 mol L™!, MR 2.8:1).

Higher retardation and longer inhibition period were observed for polymerization kinetics of
SPE(R4-34) experiment studied by real-time FTIR spectroscopy compared to the analogue
photopolymerization experiment carried out in the absence of macroCTA suggests the
involvement of the trithiocarbonate CTA in the polymerization process (Figure 3). Indeed, such
impact of CTA on polymerization kinetics has already been reported for RAFT polymerization

mediated by trithiocarbonate CTA.3®
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Figure 3. a) FTIR spectra in capillary of crude SPE(R4-34) sample at different time in the range
of 6110 - 6230 cm™ used to calculate conversion at various stages of polymerization while
irradiated with 365 nm light b) Conversion of IBoA and OEGDA as a function of time with
R4-34-SPE macroCTA (black squares) and without macroCTA (red circles).
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2.3 Kinetics of Microphase Separation

The mode of polymerization, whether thermal or photo process, plays a crucial role in
controlling the PIMS process by affecting the thermodynamic interaction of polymer chains or
segments. Hillmyer and Seo!” conducted an investigation into domain formation during a PIMS
process using in situ SAXS measurements. They employed a 22 kDa PLA macroCTA
(32 wt %) in a blend of styrene (S) and divinylbenzene (DVB, [S]/[DVB] = 4) for a duration
of 5 hours at 120°C. Notably, a conspicuous peak at ¢ = 0.3 nm surfaced after 35 minutes,
manifesting a gradual increase in intensity until it levelled off at 80 minutes. In the early stages
of the reaction, the scattering intensity displayed an exponential surge, hinting at an initial-
phase transition propelled by the in-situ formation of block copolymers as shown in Figure 4a.
The result was futher elaborated by characterizing the polymers generated over the first 20 min
via SEC. The apparent molar masses gradually shifted to higher values, suggesting controlled
growth of P(S/DVB) from PLACTA by the RAFT process (Figure 4b). However, their work
does not incorporate ionic component (or salts) in reactive mixture and therefore the kinetics

of microphase separation cannot be directly compared to typical PIMS process for the SPE

fabrication.
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Figure 4. (a) Evolution of SAXS peak intensity (I) over polymerization time (t) during the
polymerization of S and DVB (4/1) in the presence of PLA-CTA-22 (31 wt %) at 120°C. The
peak intensity at ¢ = 0.3 nm~! was normalized by the intensity at t = 0. The dashed line indicates
exponential increase of I at the onset of phase separation obtained by linear least-square fitting
of data points from 35 to 70 min. (b) Evolution of SEC traces for the first 30 min of
polymerization of S and DVB (4/1) in the presence of PLA-CTA-22 (32 wt %) at 120°C.
Intensities were obtained by refractive index detector responses, and molar masses were
relative to polystyrene standards. Taken from the work of Seo et al.!”
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To elucidate the actual kinetics of microphase separation in SPE via thermal-RAFT PIMS,
Mclntosh et al.?* conducted a mechanistic study on the formation of nanoscale morphology by
in-situ, time-resolved SAXS experiments, conductivity, rheology, and SEC techniques. They
observed the evolution of the homogeneous electrolyte resin consisting of PEO-CTA (25 vol
%) and BMITFSI (21 vol %) in a blend of styrene (S) and divinylbenzene (DVB, [S]/[DVB] =
4) for a duration of 3 hours at 120°C. The experiments showed an exponential increase in the
maximum scattered intensity, /mfor the first 24 of the PIMS reaction, during
which g becomes progressively smaller (refer to Figure 5a). The decrease in gm over the
course of the reaction, signifying a 2 nm increase in the d-spacing, was attributed to a
combination of chain growth and chain stretching as the segregation strength intensified
throughout the reaction. According to SEC analysis, discrete aggregates of cross-linked
polymers formed up to the 45 min (refer to Figure 4b). Simultaneously, both local viscosity
and the elastic modulus (as determined by rheology) exhibited a steady rise, eventually

reaching the apparent gel point at approximately 1.7 h.
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Figure 5. (a) Time-resolved evolution of the maximum scattered intensity, /m, of the primary
structure factor peak located at wave vector gm, for a sample prepared with 21 vol % BMITFSI.
(b) Progression of the size exclusion chromatograms of PEO-b-P(S-co-DVB) (solid) isolated
at various times following initiation at t = 0 min. A separate polymerization (dash-dot)
illustrates the utility of PEO-CTA in the controlled growth of linear of a PS-b-PEO diblock in
the absence of cross-linker. Taken from the work of McIntosh et al.**

In summary, a minimum of 2 h is required to reach full development of the morphology during

thermal-RAFT PIMS fabrication (at 120 °C) of SPEs.
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In our study, we aimed to track the time scale of nanostructure formation in the fast photo-
RAFT PIMS process. By examining the scattering behaviour of the electrolyte resin during
photopolymerization over a limited ¢ range (102 -10> nm™!), we sought to obtain data that
would provide an overarching insight to the potential effects of macroCTA architecture,
macroCTA molar mass, and intensity of UV irradiation.

To carry out this experiment, liquid electrolyte resins was introduced into a glass capillary tube
and placed in a home-made holder for simultaneous UV and x-ray irradiation. The shutter
setting of x-ray chamber was adjusted to open every 400 ms thus allowing 100 ms exposure
time for x-ray bombardment on the filled capillary tube. UV lamp was controlled by the shutter
controller (in pulse mode) to irradiate at the sample during 100 ms exposure time every 400 ms.
Time-stamped scattering curves for resins containing Ri macroCTA, revealed the
manifestation of structural peak with increasing intensity around g = 0.14 nm™! (refer to Figure

6)

0.01 -

Intensity (a.u)

0.001

Time (s)

q (nm?)
Figure 6. 3D graph of typical time-stamped scattering curves of SPE(Ri-34) resin under

simultaneous X-ray and UV irradiation (0.54 mWcm™) for 10 mins. Refer to Figure S30 for
time-stamped scattering curves of other electrolyte resins.

Precise variables, such as the scattering vector value, gm (t), corresponding to the maxima of
the appearing peaks and the peak intensity, /, (t), corresponding to is the maximum intensity
of the appearing peaks, offer insight into subtle alterations in the nanoscale phase separation
(Figure 6). Indeed variations of gm (t) directly reflects changes in domain size, d(t) = 27/ gm (t)
and variations of I, (t) indicates on the amount of nanostructures develop over time.*°

From Figure 7 (up), it can be deduced that structural formation for resins with R; macroCTA

starts with a ~4s stationary period during which normalized intensity,

162



1,(t) = 1 (t)/I,, (maximum) remained more or less constant. The absence of scattering peak at the
beginning (¢ = 0) is an indication of a good initial solubility of all compounds in the initial
electrolyte resin. Whatever polymer chains are formed during this time remain soluble in the
resin. After the stationary period, structural peaks begin to appear and 7, (t) rose sharply over
~ 40 s which can be attributed to the formation of microphase. In this second stage, discrete
flocs consisting of cross-linked P(S-co-OEGMA)-b-P(IBoA-co-OEGDA) polymer form,
undergoing continuous segregation into microphases. This segregation process optimizes
thermodynamically favourable interactions between the blocks until the resulting structures
become "locked in" upon gelation of the P(IBoA-co-OEGDA) microphases. By observing the
slope of 7, (t) vs ¢ during this period, we can compare easily the rate of phase separation, k at
different weight composition of R; macroCTA. It was observed that microphase separation
occurs much faster with increasing content of Ry macroCTA (kaa=12s'>ku=1.1¢
'> ko = 0.7 s71). Once gelation occurs, the non-crosslinked block of Ri macroCTA are unable
to rearrange themselves, thus reaching a plateau where 7, remained more or less constant.
Meanwhile, following the initial stationary stage, value of scattering vector at peak maximum,
gm(t), remained stable without notable changes for the remaining event of the
photopolymerization and crosslinking (Figure 7down). The d(t) values for the systems with
24 wt%, 34 wt%, and 44 wt% of R; macroCTA saturated at 44 nm, 35 nm, and 32 nm,
respectively. This implies that the domain size of the initially generated polymer flocs is
maintained, and spatial connections are continuously established throughout the material
during photopolymerization, resulting in a global microphase separation. It is perhaps
important to note that the saturated d(t) values of this in-sifu experiment are very comparable
to characteristic dimension, ds4xys that are mentioned for solid films hereafter. This suggests
that the time-resolved morphological transitions observed for in-situ experiment on glass

capillary can corroborate inherent morphology of SPE films.
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Figure 7. Time changes in the peak wavenumber gm(t) (down) and the normalized peak
scattered intensity Iu(t) (up) at 30 mWem irradiances for resins with different composition of

linear comb macroCTA, R;.

Similar trend was observed for systems with 24 wt%, 34 wt%, and 44 wt% of low molar mass

star comb macroCTA, Rs* (Figure 8) with structural sizes of 29 nm, 25 nm and 23 nm

respectively. 1, (t) rose sharply after ~4s which can be attributed to the formation of

microphases. Like was observed previously for R macroCTA, microphase separation occurs

much faster with increasing content of R4* macroCTA (kas = 1.6 s'>kau=14s!1>ku=125¢
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Figure 8. Time changes in the peak wavenumber gm(t) (down) and the normalized peak
scattered intensity Zu(t) (up) at 30 mWem irradiances for resins with different composition of
low molar mass star comb macroCTA, R4*.
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However, when examining the resins with 24 wt%, 34 wt%, and 44 wt% star comb macroCTA,

R4 of higher molar mass of 144 kg.mol !, a slightly different kinetic behaviour is observed (refer

to Figure 9).
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Figure 9. Time changes in the peak wavenumber gm(t) (down) and the normalized peak
scattered intensity Zu(t) (up) at 30 mWem irradiances for resins with different composition of
high molar mass star comb macroCTA, Ra.

The intensity increased sharply after a first stationary stage (~ 4 s) over 40 s, but subsequently
experiences a slight decline between 50 and 100 s. After this decline, the intensity levels off
into a stationary state. The structural size of the phase separating structures remained almost
constant during the first stage over 40 s. Subsequently, it decreased gradually for the next 60 s
indicating a constriction of the microstructures. Finally, it became almost stationary for the

remaining event of the photopolymerization and crosslinking.

This analysis sheds light on the nature of the chain topology of the macroCTA within the
nanostructures. While PIMS process with linear and star (low molar mass) comb macroCTA
experienced a somewhat simple structural evolution characterized by two primary stage —
stationary and gelation stage. Systems with the large molar mass star macroCTA displayed
irregular evolution characterized by a stationary stage, gelation stage and a constriction stage.
It is not fully explained at this stage what could be the particular cause of type of morphological
evolution. However, we suspect that it may be as a result of the macromolecular chain
organization due to the large arms of the macroCTA. This specific behaviour of the R4

macroCTA was confirmed by a kinetic study conducted on the SPE(R4-34) resin to examine
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the influence of irradiance intensity on the phase separation process. The study involved
varying irradiance levels of 0.27, 0.54, 0.73, and 2.16 mW cm. The results revealed that the
overall trajectory of morphology evolution is not significantly influenced by irradiance within

the investigated range (see Figure 10),
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Figure 10. Time changes in the peak wavenumber gm(t) (down) and the normalized peak
scattered intensity In(t) (up) at 0.27, 0.54, 0.73, and 2.16 mW cm irradiances for SPE(Rs-34)
resins.

Some reports have demonstrated ability to controlling morphologies at relatively low irradiance
(< 0.15 mW cm) by allowing sufficient time for diffusion and phase separation of the
incompatible phases prior to gelation.*® We chose to employ higher irradiance levels in our
experiments to streamline the application process, making it more efficient, rapid, and easily
scalable. Consequently, we utilized an irradiance of 2.78 mW c¢m to produce SPE samples

intended for use in LMBs.
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2.4 Morphological study of solid electrolytes

SPE films were fabricated by UV irradiation (Amax = 365 nm, 2.78 mW cm?) of the reactive
resins through a mylar sheet (200 um, average transmittance ~ 63% at 330 — 380 nm) for
10 min as shown in Figure 1la. This technique allowed the preparation of free-standing
flexible, smooth and transparent SPEs with scalable thickness range of 100 — 250 um. We
achieved a high monomer conversion (> 94%) on the film, as determined from equation S15.
It's worth noting that the formulation preparation and film fabrication using UV were carried
out in a glove box (Oxygen < 2 ppm, H20 < 0.5 ppm). Consequently, there was no need for
post-polymerization temperature/vacuum treatment to remove water-based contaminants from
the solid polymer electrolytes (SPEs). In Laura's thesis work (IPREM/UPPA 2019), a brief
temperature increase (reaching 115 °C within the first 100 seconds) was observed during the
UV photopolymerization of IBoA-based formulations at an irradiance of 30 mWem™2. In our
current system, we do not anticipate such a temperature increase due to the use of lower
irradiance (2.78 mW cm). Therefore, we assume that the final composition of the SPEs is

similar to the starting formulation.

Figure 11b-d displays SAXS profiles of SPEs prepared from R;, Rs and R,* macroCTA at room
temperature, showing a structural peak at ¢*. This peak indicates the presence of microphase
separation within the sample, characterized by a lack of specific long-range periodic order in
the absence of secondary diffraction peaks as previously reported for similar system by Seo et
al.'” The characteristic dimension of the microphase separation can be computed with dsixs
=2n/q". For the SPEs prepared with different weight percentages of macroCTA (44 wt%, 34
wt%, and 24 wt%), the corresponding length scales of phase separation are reported in Table
3. As expected, a decrease in the length scale is observed when the percentage of macroCTA

is increased, as this leads to the formation of a shorter second block.
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Figure 11. a) Method for preparation of free-standing SPEs. SAXS spectra of each SPE
prepared from b) R; ¢) Rs*and d) R4 macroCTAs. The SAXS curves are shifted vertically to
enable visibility. Numerica values indicate characteristic distance dsaxs = 2m/q* calculated
from the primary scattering peak q*. Black solid curves represent the fitting with Teubner-
Strey model.

This can be explained by assuming the microphase separation in the SPEs as lamellar at a local
scale (see Figure 12a). Increasing the soft phase (i.e macroCTA+PC/LiTFSI) invariably
reduces molar mass of hard-rigid phase of P(IBoA-star-OEGDA). Ultimately, this accounts for
the reduced dimensions of domain spacing. However, this relationship deviates in the case of
SPEs prepared with R4 macroCTA (144 kg mol ™), particularly with regards to SPE(R+-24). We
suspect that this particular sample exhibits a distinct morphology, as a similar pattern was
observed previously in kinetic experiments conducted within glass capillaries. We will address

this anomaly in more detail at a later point in our discussion on conductivity results.
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Figure 12. a) [llustration of how increasing macroCTA content affects domain size, d for SPEs.
By keeping total volume constant, di > d>. b) Plot showing scaling of dsaxs with with degree
of polymerization of P(IBoA-stat-OEGDA).

The Teubner-Strey (T-S) model was used to fit the scattering curves (see black solid line in
Figure 11), according to equation 1, in order to acquire deeper understanding of the
morphology of the SPEs. The T-S model finds extensive use in characterizing two-phased
materials without long range order.*! In equation 1, I(g) stands for the scattered intensity after
background subtraction, while az, c1, and c; are the fitting parameters.
0= e 1

These fitting parameters are crucial for calculating structural characteristics of the material like
domain size (drs), amphiphilicity factor, f., and correlation length (£). The corresponding

values are listed in Table 3.

drs = 2n} (j_;)” -H®)]
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Table 3. Overview of the T-S fitting parameters and Thermal Properties of fabricated SPEs

T.EOY
. dsaxs  drs? &a . e T, G'Y
EXP CODE [EOUILI (oot (o oy e d(zcl)nca)ln ) (MPa)

KA219 SPE(R;-24) 5 44 42 17 -0.72 -56 -140 5.1
KA224 SPE(R;-34) 5 36 33 19 -0.86 -41 -132 5.1
KA221 SPE(R;-44) 5 27 27 26 -0.94 -54 -134 0.6
KA225 SPE(R4-24) 5 34 32 17 -0.83 -50 -100 10.0
KA226 SPE(R+-34) 5 41 38 16 -0.75 -42 -126 4.3
KA230 SPE(R+-44) 5 34 31 22 -0.90 -41 -157 0.5
KA253 SPE(R+*-24) 5 27 25 13 -0.83 -27 -125 4.5
KA254  SPE(R+*-34) 5 23 23 10 -0.77 -33 -128 5.6
KA255 SPE(R,*-44) 5 21 20 14 -0.90 -26 -145 1.5

“Data gotten from fitting SAXS curve with Teubner-Strey (T-S) model;
Glass transition temperature determined from DSC experiments;
9Reference temperature determined from VFT fitting in equation 5;
9Storage moduli at 30°C

The domain size (drs) calculated from equation 2, represents a statistical average of the
periodicity or repeating pattern within the material. The consistent agreement between drs and
dsaxs reinforces the confidence in the T-S model's capability to describe and analyse the phase
separation behaviour observed in the system. The amphiphilicity factor, fa, given in equation 3
represents the degree of segregation strength at the interface between domains. f. value ranged
from -0.72 to -0.94 regardless of the content of macroCTA (refer to Table 3), suggesting the
strongly segregated nature of the precursors and the spontaneous formation of sharp interfaces
in the SPE. Such f; values close to —1 indicates that the system is highly structured but still
globally disordered.*> 43

The correlation length (&) given by equation 4, represents the average distance over which the
phase exhibits structural coherence or order. It provides information about the spatial extent of

the organization or arrangement of separated phases.*!> 4

The structural dispersities, drs/¢ of the SPEs are compared as illustrated in Figure S31. It is

evident that dispersities reach their minimum values at 34 wt% of star comb macroCTA and
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24 wt% of linear comb macroCTA. This observation suggests that this particular group of

samples exhibits a higher degree of spatial order.*
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Figure 13. AFM Log DMT images of cross-section of the sample revealing bulk morphology.
The dimensions of the sample are 0.5 x 0.5 um. Negative and positive grades correlate to
harder and softer domains, respectively. The Derjaguin-Muller-Toporov (DMT) model
measure the reduced Young's modulus of different phase present in the sample.

To provide additional insights on morphology obtained from SAXS, a bulk cross-section of
each SPE was produced by ultramicrotome and subsequently observed using atomic force
microscopy (AFM). Notably, the samples were prepared by first heating the fabricated SPEs
overnight at 100 °C under high vacuum. The observed gravimetric loss in weight of
approximately 12% indicates a substantial evaporation of solvent, which could have potentially

disrupted the AFM scanning process if not removed.

The AFM images shown in Figure 13 offer valuable visual information about the internal

nanostructures within the SPEs. With the exception of SPE(R4-24), all the samples exhibit a
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consistent two-phase network structure, where the dark regions represent the POEGMA-based
soft phase and the bright regions represent the PiBoA-based hard phase. It is important to note
that making a direct comparison between the dimensions and sizes of the microphases observed
in SAXS analysis and those seen in AFM images would be misleading. This is primarily

because the AFM samples underwent thermal treatment to eliminate the solvent.

2.5 Electrochemical and Mechanical Properties of Fabricated
Solid Electrolytes

Evaluation of the temperature-dependent lithium conductivities which is a crucial parameter
for the implementation of such SPEs in solid state batteries, was achieved through EIS

measurements. The plot of the ionic conductivity is presented in Figure 14a.
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Figure 14. a) Temperature dependent conductivity of SPEs. Error bars indicate the standard
deviation observed from three measurements taken at different locations on the sample. In
certain cases, six measurements were conducted, including samples fabricated from duplicate
formulations, to confirm the accuracy and reliability of the results. Temperature dependent
storage modulus of SPEs fabricated from b) R; ¢) R4 and d) R4* macroCTAs.
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The conductivity data has been fitted with Vogel-Tammann Fulcher (VTF) model to fully

capture the temperature dependence. The VFT expression is given as;

0= OotXp (_ R(TliTo)) ’ :

In equation 5, B represents the pseudo activation energy for ion transport, 6o is a prefactor
associated with the concentration of charge carriers in the electrolyte, R denotes the gas
constant, and 7o(K) represents the Vogel temperature. 7o serves as a benchmark temperature,
signifying the point at which the configurational entropy of the polymer matrix reaches zero.
It is empirically linked to the glass transition temperature (7%) of the conductive phase, with a
relationship expressed as Ty - To = 50 K.* The values of Ty obtained through fitting with
equation 5 (as detailed in Table 3) fall within the range of -100°C to -140°C. Notably, the
difference between these 7y values and the 7, values determined through dynamic scanning
calorimetry (DSC) experiments is considerably greater than 50 °C (T - To > 50 K) for all cases
except SPE(R4-24). This observation suggests that the transport of Li" ions is influenced not
only by the segmental motion of the flexible EO side chains but also by the solvent-assisted
vehicular motion facilitated by PC coordination with Li* ion. It is believed that PC as a whole
provides many carbonyl-groups which helps facilitate charge transport by serving as additional
coordination sites. It also acts as a plasticizer thus improving chain dynamics of EO side

chains.*’

At 30°C, the ionic conductivity of SPEs prepared from 44 wt%, 34 wt%, and 24 wt% of linear
R; macroCTA is 0.28, 0.13 and 0.04 mS cm™! respectively. These conductivity values show a
clear correlation with the composition of the POEGMA-rich Soft phase. Recall that the
previously described space length of nanostructured morphology of the linear system exhibited
a consistent relationship with the composition of the soft phase. Due to the simplicity of the
linear system and the absence of any morphological ambiguity, it will serve as a reference for

comparison with the star system.

we compared solid polymer electrolytes (SPEs) using a lower molar mass star comb
macroCTA, Rs* (62 kg mol-1), as depicted in Figure 14a. At a temperature of 30°C, the
conductivity of SPEs was evaluated for three different weight percentages of R4* macroCTA,
resulting in values of 0.09, 0.08, and 0.03 mS cm™!

that SPE(R4*-44) and SPE(R4*-34) demonstrated nearly identical conductivity behaviours

, respectively. Interestingly, we observed
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(refer to Figure 14a). While the exact reason for this behaviour remains unknown, we suspect
that the reduced conductivity of SPE(R4*-44) may be attributed to the extremely compact
nature of the conducting network structure, as previously observed through SAXS and AFM

analyses.

In the case of SPEs prepared using different weight percentages of R4 macroCTA, the measured
ionic conductivity values (at 30°C) were found to be 0.34 mScm™!, 0.16 mS cm™! and

0.34 uS cm™! respectively, for compositions of 44 wt%, 34 wt%, and 24 wt% of Ra.

Notably, when comparing SPEs with 44 wt% and 34 wt% of macroCTA, the R4 exhibited 1.2
times higher conductivity than their linear counterparts, Ri. However, at the reduced
macroCTA composition of 24 wt%, the ion conductivity of SPEs containing R4 experienced a
significant drop, over 10? times lower than that of Ri-based SPEs. This decline can be attributed

to the inherent differences of their morphology, as previously described (refer to section 2.4).

In phase separated BCP electrolytes, it is commonly observed that the ion conductivity
improves with increasing percolation of the POEGMA-rich soft phase.*® When BCP
electrolytes feature a low percolation of the conducting phase, such as in the case of a spherical
morphology, their conductivity tends to be poor. Likewise, in the case of SPEs fabricated using
PIMS method, the presence of a randomized bi-continuous network could enhance the
conductive pathways for ion mobility. The movement of Li+ ions in this system will involve a
delicate interplay among factors such as the size, shape, and connectivity of the soft phase as
well as macromolecular chain dynamics of P(S-co-OEGMA) block. Therefore, it is our
hypothesis that the distinct globular morphology observed in SPE(R4-24) obstructs the
percolation of the POEGMA-rich soft phase, thus resulting in decreased conductivity.

By employing OEGDA as crosslinker the PIMS process, 2-3 ethylene oxide (EO) units were
effectively sequestered in the hard-rigid phase. This corresponds to 16 mol%, 23 mol%, and
32 mol% of the total EO units present in SPEs with macroCTA concentrations of 44 wt%, 34
wt%, and 24 wt%, respectively. It is reasonable to assume that EO units, regardless of their
spatial distribution within the SPEs, would coordinate with Li* from LiTFSI. Therefore, to
assess the impact of EO units within the hard-rigid phase, we conducted a separate evaluation
of the conductivity of P(IBoA-stat-OEGDA) in the absence of macroCTA. We maintained a
consistent ratio of [[BoA]/[OEGDA] = 4, [EO]/[Li] = 5 and [PC]/[LiTFSI] = 2.8 to facilitate
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comparison with typical SPEs. Indeed, after photopolymerization, PC was largely expelled
from the solid samples, leading to the formation of droplets on the film surface. These droplets
were removed using wipes, and the ionic conductivity was measured via EIS. As depicted in
Figure S32, the results revealed that the crosslinked matrix displayed a conductivity of 0.16 uS
cm ! at 50°C, primarily attributed to the presence of PC-Li-EO coordination. Although this
conductivity within the rigid matrix is relatively low, it played a critical role in reducing the
overall resistance of the SPEs, as opposed to a scenario in which the rigid matrix would be
entirely non-conductive.

The fabricated SPEs exhibited a decent mechanical strength (G") as demonstrated by constant
shear experiments over a wide temperature window (25 - 100°C) provided in Figure 14b-d.
The SPEs prepared from R;, Rs and R,* displayed similar viscoelastic behaviour with
behaviour, characterized by a gradual reduction in modulus with increasing and temperature.
At the temperature of 30 °C, SPE(R4-24) exhibited higher storage moduli of 10 MPa, nearly
double that of SPE(R1-24) and SPE(R4*-24), which registered values of 5.1 MPa and 4.5 MPa,
respectively. Another noteworthy observation is that SPE(R;-24), SPE(R4*-24), SPE(R:-34),
SPE(R4-34) and SPE(R4*-34) all recorded values near 5 MPa at 30°C with significant similarity
in the temperature-dependent changes in storage moduli, except for SPE(R4-24), which once
again stands out as an outlier. This suggests that SPE(R;-24), SPE(R4*-24), SPE(R:-34),
SPE(Rs-34) and SPE(R4*-34) may encompass similar morphologies and, consequently, similar
mechanical behaviour. At 44 wt% macroCTA content, storage modulus of SPEs drops
considerably to ~ 0.5 MPa (at 30 °C), but not to the same extent for SPE(R4*-44) which had
~ 1.5 MPa.

SPE(R4-34) was selected as a representative example of the PIMS SPEs to showcase their
suitability for use in LMBs. Indeed, SPE(Rs4-34) exhibits a favourable balance between
mechanical strength, with a modulus exceeding 4.3 MPa, and ionic conductivity of 0.16 mS

cm ! at 30°C.

2.6 Cell Performance

Transference number was first evaluated on SPE(Rs-34) to understand the mobility of both

anion (TFSI") and cation (Li"). This is crucial because the ionic conductivity of such a dual-

ion conducting SPE is influenced by both TFSI™ and Li* mobility. As a result, Evans et al.¥’
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suggested a combined measurement involving potentiostatic polarization and complex

impedance. The transference number of SPE(R4-34) was computed as 0.28 = 0.03 (refer to

Figure 15a) using the estimated from the Bruce-Vincent-Evans (BVE) equation S18. This value

falls within the typical range observed for high molar mass PEO/LiTFSI electrolytes, as

reported in the literature.’® Consequently, this suggests that the PEOGMA/LiTFSI-PC domains

within fabricated SPEs expresses comparable ion transport efficiency to that of pure

PEO/LiTFSI electrolytes, despite being surrounded by the rigorous network of higher modulus

block of P(IBoA-co-OEGDA). The enhanced ion transport can arguably be credited to the

incorporation of PC within the conductive phase which brings a plasticizing effect on the

PEOGMA chains.>!
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Figure 15. a) Chronoamperometry and EIS of SPE(R4-34) determining the transference number
at 50 °C b) Lithium stripping and plating with symmetric cell (Li|[SPE(Rs-34)||Li) at 50 °C and
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0.05, 0.1, 0.2, 0.3 mA cm current densities ¢) Long-term lithium stripping and plating with
symmetric cell (Li||SPE(Rs-34)|[Li) at 50 °C 0.1 mA cm™ (157 cycles) after 15 cycles of
0.05 mA cm™.

Also, achieving a high modulus in SPE:s is crucial to mitigate dendrite growth and thus enhance
the critical current density. The limiting current density refers to the maximum current density
that Li||Li non-blocking symmetric cells can withstand without failure arising from dendrite
short circuiting or a significant increase in overpotential.>? In situations where electrolytes are
incompatible with Li-metal or where the distribution of current isn't uniform due to uneven
surface contact, the undesired formation of uneven solid electrolyte interphase (SEI) in Li||Li
symmetric cell can consume some amount of active Li+ ions and trigger the growth of lithium
dendrites.>® Lithium plating and stripping experiments performed on SPE(R4-34) (@ = 16 mm,
thickness, L = 170 um) in symmetrical Li||Li cell showed that the fabricated SPEs can reach
limiting current density of 0.3 mA cm? (Figure 15b) with uniform overpotential, whereas
typical PEO/LiTFSI electrolytes has been reported to short circuit at a current density of 0.2
mA cm.5* Long-term plating/stripping experiments performed at 0.1 mA cm for over 350 h
(Figure 15¢) similarly revealed a uniform overpotential of about ~0.035 V over 150 cycles,
implying a stable lithium plating/stripping behaviour (see Figure 16). Such a performance in
lithium plating/stripping experiments suggest that the rigorous two-phase morphology played

a key role in preventing dendrite growth.

Figure 16. Photo of dismantled Li|SPE(R4-34)|Li showing uniform lithium stripping/plating.
Lithium stripping/plating was performed at 0.1 mA cm for over 350 4 at 50 °C (rate of 2
per cycle).

In a further step, the electrochemical stability window of SPE(R4-34) was assessed according
to method described in literature.!® Linear sweep voltammetry (LSV) was performed at 50°C,
using copper and Pt electrodes for reductive and oxidative stability evaluations, respectively.
As shown in Figure 17, there were no obvious oxidation or reduction peaks in the voltage range

0 —4.0 V. This underscores the exceptional interfacial stability of SPE(R4-34) against Li metal,
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with an intrinsic oxidative stability extending up to 4.2 V. Notably, this oxidative limit

surpasses the typical range reported for PEO-based electrolytes, which is usually < 4.0 V.5

0.3 1

Voltage (V)

Figure 17. Determination of the electrochemical stability of R4-34-SPE by linear sweep
voltammetry (LSV) in a range from —0.5 t0 6.0 V (0.1 mV s™).

Cycling performance of SPEs in LMBs was demonstrated by sandwiching SPE(R4-34)
between Li metal anode and LiNosMo.1Co.102 (NMC811) cathode in Li/SPE(R4-34)/NMC811
coin cells. The cathodes were prepared using the doctor-blade technique, incorporating 90 wt%
NMC811, 5 wt% PVDF, and 5 wt% carbon black on carbon-coated aluminum current

collectors, resulting in an active mass loading of 4.5 mg cm ™2,
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Figure 18. Galvanostatic Cycling of two battery cells prepared with free standing film, Li||R4-
34-SPE|NMC811 at 0.05C (50 °C) and 0.1C (70 °C). Inset image is a photo of dismantled cell.

Galvanostatic charging/discharging of the half-cells was performed in the range of 2.5 -4.2 V
at a rate of 0.05 C (where 0.05 C means completion of charge/discharge within 20 h) and a
temperature of 50 °C. Initially, the cell exhibited a specific charge capacity of 266 mAh g1, but
the discharge capacity was relatively low at 34 mAh g'!, resulting in an irreversible capacity
loss of over 87%, as illustrated in Figure 18. similar outcome was observed in a duplicate
experiment conducted at a rate of 0.1 C and a temperature of 70°C, where the initial specific
charge capacity was 235 mAh g'!, and the discharge capacity was 52 mAh g'! (78% irreversible

capacity loss).

It is been reported that the major cause of irreversible capacity loss at the first cycle in lithium
batteries is the formation and continuous growth of the solid electrolyte interphase (SEI).>

The three-dimensional porous microstructure of cathode material makes it difficult to achieve
good contact with free-standing SPEs. Consequently, unfilled pores serve as additional
resistive component at the SPE/Cathode interface, thus reducing the electrochemical active
surface area.’’ It is not the case for liquid-state lithium batteries where the porous electrode
structure is filled by the LE.’® Therefore, to ensure the best interfacial contact between the
electrode (anode and cathode) and the polymer electrolyte, we got inspired by the work of
Duan et al. where they demonstrated with gel polymer electrolyte (GPE) reduced interfacial
resistance of the in-situ half-cell of Li/GPE/LFP (49.0 Ohms) compared to the ex-situ prepared
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ones (916.1 Ohms).*® We developed a method to photopolymerize the electrolyte resin in-situ
on the electrodes depicted in Figure 19a and Figure 19b. 20 uL of SPE(R4-34) electrolyte resin
was drop casted on NMC811 cathode substrate (@ = 13 mm) and left under vacuum for 5 min
to allow the cathode pores to become saturated with resin deposit. UV Irradiation (/o = 2.78
mW cm, max = 365 nm) was carried out for 10 min to generate in-situ microphase separated
SPE as coating on the on the cathode with a typical SPE thickness ~160 um.

In order to facilitate the comparison with alternative battery setups, LiFePO4 (LFP) cathodes
were prepared with 90% LiFePO4, 5% PVDF, and 5% carbon black using the doctor-blade
technique. The active mass loading of the LFP cathode is 2.5 mg cm 2. So-prepared NMC81 1
and LFP cathodes had a typical porosity in the range 60-70%. LFP cathodes (0 = 13 mm) and
lithium metal anode (@ = 12 mm) were successfully developed by photopolymerizing SPE(R4-
34) resin under UV with similar conditions. For ease of reference, NMC, LFP and lithium metal
electrodes developed using this technique are referred as d-NMCS811, d-LFP and d-Li
respectively.

Cross-sectional samples of -NMC811 and d-LFP examined using SEM combined with EDX
analysis, are presented in Figure 19c and Figure 19d, respectively. The presence of sulphur
traces in the bulk of the cathodes clearly indicates that the electrolyte resin effectively
permeates the pores of the cathodes and therefore would offer larger active area for lithium de/-

insertion.
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Figure 19. Procedure for developing a) lithium metal anodes and b) cathodes. EDS mapping
of composition of ¢) d-NMC811 cathode and d) d-LFP cathode. Scale bar represents 10 um.

Cyclic voltammetry performed on Li||d-NMC between 2.4 — 4.2V at rate of 0.1 mV s!
revealed the presence of cathodic and anodic activation peak even after 10 cycles (refer to
Figure S35). These peaks weren’t observed when d-NMC is replaced with plain carbon-coated
aluminium foil developed with the same electrolyte resin (d-C-Al). This a good indication that

utilizing d-NMC in half-cell configuration supports lithium de/-insertion during cycling.
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To demonstrate further the promising prospects of these developed electrodes as safe and
reliable for battery application, long-term galvanostatic charge—discharge test was performed
on d-Li||d-NMC and d-Li||d-LFP at 0.1C (Figure 20a and Figure 20c respectively). The
representative charge/discharge profiles are provided in Figure 21. d-Li||d-NMC cell delivered
an initial specific discharge capacity of 206 mAh g'! with an initial CE of 93.3%. The capacity
gradually fades to 133 mAh g! (35% capacity loss) after 50 cycles with a CE of 99.4%.
Capacity fading of NMC811 cathodes is an existing problem and have been reported
previously.>® 0 Mechanistic studies have attributed the severe fading observed in NMC811
cathodes to the mixing of Li*/Ni?* cation and poor structural stability.®!: 2 Nevertheless , rate
capability testing of d-Li||d-NMC exhibited decent electrochemical performance with specific
discharge capacities of ~244 and ~52 mAh g! at 0.05C and 0.5C rate, respectively (Figure
20b).
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Figure 20. a) Long-term galvanostatic charge/discharge at constant rate of 0.1 C after three
formation cycles at 0.05 C at 50 °C and b) at varying charge/discharge rates within a voltage
window of 2.5 — 4.2 V. c¢) Long-term galvanostatic charge/discharge at constant rate of 0.1 C
after three formation cycles at 0.05 C and e) corresponding voltage profiles for d-Li||d-LFP
cells at 50 °C within a voltage window of 2.5 — 4.1 V f) at varying charge/discharge rate.
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On the other hand, capacity fade was very minimal for battery cell with d-Li||d-LFP
configuration. for the first 50 cycles of charge/discharge at similar C-rate at 0.1C. The initial
specific discharge capacity was 149 mAh g'! at 0.1C, corresponding to 88% of the theoretical
capacity of LiFePOs. After 50 cycles, 131 mAh g'! was achieved (corresponding to 12 %
capacity loss) and a CE of 98.3 %. For rate capability testing, the specific discharge capacity
declined from ~165 at 0.05C to ~70 mAh g at 0.5C.
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Figure 21. Representative charge/discharge profiles of a) d-Li||d-NMC and b) d-Li||d-LFP.

Figure 22. Photographs for the d-Li|[d-NMC811 half-cell that powers a blue LED.

In this study, all the half-cell lithium metal batteries that have been described were evaluated
for their ability to power a blue LED bulb continuously for several hours, as depicted in Figure

22. This serves the to underscore the efficiency and viability of the in-situ PIMS fabrication

method for solid-state batteries.
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3 Conclusion

We used a novel controlled radical photo-polymerization inducted microphase separation
(photo-RAFT PIMS) process to prepare a flexible SPEs with disordered bi-continuous
morphology at nanoscale consisting soft P(S-co-OEGMA)/PC/LiTFSI phase and a hard
P(IBoA-stat-OEGDA) phase. By means of in-situ SAXS techniques, we studied structural
development during the PIMS process for samples prepared with varying composition of either
linear or star comb macroCTA. It appears that the network morphology is a direct result of

concentration and molar mass of macroCTA in the electrolyte resin.

Full structural development in thermal-PIMS process, previously published, has been
documented to occur within 2 4. In contrast, photo-PIMS process exhibits rapid microphase
separation kinetics, with stable structures forming in approximately 50 to 100 s, representing a
time requirement that is about 70 times shorter. The star comb macroCTA, regardless of its
composition, exhibited an irregular evolution with a molar mass of 144 kg mol-1, characterized
by distinct stages including a stationary stage, gelation stage, and a constriction stage. In
contrast, the linear and lower molar mass star comb counterparts displayed only a stationary

and gelation stage.

SPEs prepared from 24 wt% star comb macroCTA (144 kg mol™!) exhibited poor conductive
properties owing to the sparsely connected conducting domains, however this effect is not

observed for low molar mass star comb (62 kg mol™!) or linear comb (39 kg mol'') macroCTA.

In terms of cell performance, the in-situ photopolymerization of SPE(Rs-34) resin directly on
electrodes greatly improves the interfacial contact between the electrolyte and electrodes.
Cycling was done using d-Li||[d-NMC811 and d-Li||d-LFP cell configuration at 50 “C. Specific
discharge capacities reached values of ~206 mAh g ! and ~131 mAh g! for d-Li||d-NMC811
and d-Li||/d-LFP respectively at 0.1C, over 50 cycles.

In this regard, the SPEs produced using this method avoid the unfavourable post-processing
effects associated with typical BCPE and enables the independent tuning of the mechanical
properties and the conductivity of polymer electrolytes. These findings would contribute to the
development of advanced solid polymer electrolytes for more efficient and reliable lithium

metal batteries.
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4 Supporting Information

4.1.1 Materials

Styrene (S, Sigma-Aldrich, 99%"), Oligo(ethylene glycol) methyl ether methacrylate
(OEGMA, average degree of polymerization= 8-9, average M, = 500 g.mol™! Sigma-Aldrich),
Azobis(isobutyronitrile) (AIBN, Sigma-Aldrich, 98%), ethylene glycol diacrylate (OEGDA,
DPgo =2-3, average M, = 250 g.mol! Sigma Aldrich), Pentaerythritol tetrakis[2-
(dodecylthiocarbonothioylthio)-2-methylpropionate (tetrafunctional chain transfer agent code-
named TTC-4, Sigma-Aldrich, 97%), 4-cyano 4-[(dodecylsulfanylthiocarbonyl)-sulfanyl]-
pentanoic acid (monofunctional chain transfer agent code-named TTC-1, Sigma-Aldrich,
97%), Isobornyl acrylate (IBoA, TCI chemicals, 90%), Ethyl phenyl(2,4,6-
trimethylbenzoyl)phosphinate (TPO-L, Arkema), Lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI, Solvionic, 99.9% extra dry), Propylene Carbonate (PC, Sigma-Aldrich, anhydrous,
99.7%), N-Methyl-2-Pyrrolidone (NMP, Sigma Aldrich), Lithium Nickel Manganese Cobalt
Oxide powder (NMC811, MSE), Lithium Iron Phosphate (LiFePOs, Targray) Super C65
Carbon (C65, Umicore), Poly(vinylidene fluoride) (PVDF, Sigma-Aldrich), Lithium Metal
(Blue solutions, thickness of 65 um), Tetrahydrofuran (THF, Sigma-Aldrich, 99%"), Ethanol
(EtOH, VWR, 96%").

4.1.2 Synthesis of linear and star comb of P(S-co-OEGMA) macroCTA.

In the synthesis of R; macroCTA, OEGMA (6.20 g, 1.24 x 102 mol, 100 eq), S (80 mg,
7.69 x 10 mol, 6 eq), TTC-1 (50 mg, 1.24 x 10 mol, 1 eq), and AIBN (2.0 mg, 1.24 x 107
mol, 0.1 eq) were mixed and sealed in a round bottom flask A. For the synthesis of R4
macroCTA, OEGMA (6.20 g, 1.24 x 1073 mol, 377 eq), S (80 mg, 7.69 x 10* mol, 23 eq),
TTC-4 (50 mg, 3.29 x 10 mol, 1 eq), and AIBN (2.2 mg, 1.31 x 10 mol, 0.1 eq) were mixed
and sealed in a round bottom flask B. For the synthesis of Rs* macroCTA, OEGMA (4. 0 g,
8.0 x 10”2 mol, 205 eq), S (76 mg, 7.69 x 10 mol, 20 eq), TTC-4 (59.4 mg, 3.90 x 10~ mol),
1 eq), AIBN (2.6 mg, 1.56 x 10~ mol, 0.1 eq) and 1,4-dioxane (4.08 g, 4.63 x 10"! mol) were
mixed and sealed in a round bottom flask C. Flask A, B and C were separately degassed with
nitrogen in ice bath, and polymerization reaction was carried out at 75 °C. Samples were
collected for NMR analysis to determine individual monomer conversion. The reaction was

stopped after 2 hours and purified by solubilizing the crude mixture in 50:50 v/v THF and
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MeOH, dialyzing against water in regenerated cellulose membrane, and lyophilizing it.
Purified macroCTAs were characterized using NMR and SEC. The monomer conversions were
calculated using 'H NMR spectra. The overall molar and weight conversions, the mole
fractions of each unit in the copolymer, were calculated using equations given in supporting

information.
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Figure S23. Schematic for synthesis of P(S-co-OEGMA)-CTA form either a tetra functional
or monofunctional RAFT agent.

Table S4. Characterization of linear (R1) and star (R4) comb-like P(S-co-OEGMA) macroCTA.

f)
a) by 0 & Mn, theo o Mn,sec
macroCTA Exp foEgmA IM]y[[TTC]y (h) Xw Xm (kg/mol) dn/dc (kg/mol)
R; KA143 0.94 106 2 0.47 0.48 24 0.066 39 1.48
Ry KA149 0.94 100 2 0.58 0.59 113 0.066 144 1.37
R/ KA250 0.92 56 2 0.41 0.43 44 0.067 62 1.19

foEGMA,0 is the molar fraction of OEGMA in the initial monomer feed.

b)[TTC]O is the concentration in trithiocarbonate functions, [TTC]lo = [TTC-1Jo = 4 [ [TTC-4]o and [M]o =
[STOEGMAJo. [TTC]o /[AIBN]o =10.

9Qverall weight conversion of both S and OEGMA monomers (Eq S4 in SI).

90verall molar conversion of both S and OEGMA monomers (Eq S3 in SI).

©) Synthesis performed by solution polymerization (50:50 wt/wt 1,4-dioxane: Styrene + OEGMA) rather than bulk
polymerization.

DM.theo is calculated from Eq. S8 in SL.

&) dn/dc is calculated from Eq. S7 in SI.

4.1.3 NMR analysis for monomer conversion

NMR spectra were recorded using a Bruker 400 MHz spectrometer at 25 °C with 32 scans and
a time delay D1 of 5 s. IH NMR measurements were performed at frequencies of 400 MHz.
Deuterated chloroform (CDCI3) and deuterated methanol (MeOD) were used as solvent for
crude and purified polymer respectively. All products were dissolved with concentrations

between 10 and 20 mg mL™.
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Figure S24. 'H NMR spectra of initial (t = Oh) and crude (t = 2h) sample during synthesis of
star (R4) comb macroCTA. Deuterated dichlomethane was used as solvent for the analysis.
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The conversions of the monomers Xorgus and Xs were calculated using '"H NMR spectra

according to equation S1 and equation S2. It should be noted the

[1 1H,0EGMA (5.6ppm)]t

[1 1H, IS (7.5 — 6.4ppm) — 11H, S(5.8ppm)]t

Xoeema =1 —

S1
[1 1H,0EGMA (5.6ppm)]0
i [11H, IS (7.5 — 6.4ppm) — 11H, S(5.8ppm)]0 |
[IlH,S(S.Sppm)L
I1H, 15 (7.5 — 6.4ppm) — 11H, S(5.8ppm
Koo 1- | ( ppm) s3ppm)], o

[11H, BZMA(5.6ppm)]0

[1 1H, IS (7.5 — 6.4ppm) — 11H, S(5.8ppm)]0 |

The equations used to calculate the overall molar (Xm) and weight (Xw) conversion of both S
and methacrylate monomers is given in Equation S3 and Equation S4 (n, and m, respectively

corresponds to the initial number of moles and the initial mass of each monomer).
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Figure S25. FTIR of purified linear (R1) and star (R4) comb macroCTA.
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I1H, s@4.2ppm)

Fpogema = ( S5

I1H, 15 (7.5 - 6.4ppm) T 11H, 5(4.2ppm))

(mOGEMA X1y, S(4.2'ppm))

Wporcma = [( S6

ms X114 IS (7.5 — 6.4ppm)) + (mOGEMA xX11H, S(4.2'ppm))]

The dn/dc was calculated accordingly in Equation S7.
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dn/dcp(s_co—orcmay = (Ws x dn/dcg) + (Wogema X dn/dcpppera)

Mmys+m
M, theo macroCTA = Mppe + Xw( 0.5 005GMA) s

No11C

The degree of polymerization X, of the macroCTA was determined according to equation S10.

Moreua and M represent the molar mass of OEGMA and Styrene respectively.

— Mn,SEC
(Mogema * Weorema) + (1 — Wpogema) * Ms 89

Xn

4.1.4 Size Exclusion Chromatography — Multi-Angle Laser Light Scattering
(SEC-MALLS).

Measurements were performed on a bank of 4 Shodex columns (KF801, KF8025, KF804 and
KF806) each 300 mm x 8 mm at 30 °C with THF eluent controlled by a Malvern pump
(Viscotek, VE1122) at a flow rate of 1.0 mL.min'. The SEC apparatus is equipped with a
refractive index (RI) detector (Viscotek VE3580), a Wyatt Heleos II Multi Angle Laser Light
Scattering detector (MALLS, 18 angles, Ao = 664.4 nm), an online viscometer (Wyatt Viscostar
311-V4) and a UV-visible detector (Viscotek-Malvern VE3210). Toluene was used as a flow
marker. Sample concentrations were limited to the range of 1.5 — 4.5 mg mL™! and dissolved

samples were filtered through polytetrafluorethylene (PTFE) membranes with a pore size of

0.45 wum prior to injection.
——R, : 39kg mol' (D= 1.48)
——R,*: 62kg mol” (D= 1.19)
——— R, : 144kg mol" (D= 1.37)

1.0

Figure S26. Size Exclusion
Chromatography of linear (Ri) and
star (R4 and R4*) macroCTAs

showing RI (solid). 05k
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4.1.5 UV-Visible spectrometer

Mono and tetra functional macro-CTA were characterized by UV-Visible spectrometer
(PerkinElmer Lambda 850 spectrometer) to ascertain the chain end fidelity (Figure S27). the
Absorption spectra for TTC group was observed at the range of 280-330 nm for a solution of
2 g/L of the macro-CTAs in EtOH. Molecular weight of macroCTA, Mn,uy.vis was calculated
from equation S10 by chain-end analysis of each TTC function present in the polymer solution.
In equation S10, Absrre, errc, eon = 11,306 L.mol!.cm™, 1 = 1 cm, mysec and Cugpotymer
represents the absorption at 310 nm, molar absorption coefficient of the TTC group, thickness
of quartz cuvette, number average molar mass of macroCTA determined from the SEC, and

concentration in g/L of macroCTA respectively.

Abstrc X My spc

= NTCC/chain
€rrc X1 X th,polymer S10

Note, it is assumed that the molar absorption coefficient of the TTC chain end in the macroCTA

is similar to the one of the molecular TTC group measured in ethanol.®

1.0
—— R, (concentration: 1.0 g/L)
R;* (concentration: 1.0 g/L)
—— R, (concentration: 2.0 g/L)
0.8

-~ 0.75

—----=0.65
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Figure S27. UV absorbance of TTC functional handle on P(S-co-OEGMA) macroCTA in
ethanol. Value of absorbance are taken at 310 nm.
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4.1.6 Fabrication of Solid Polymer Films by UV Photopolymerization

To prepare typical electrolyte film [R4-(34,65)], the following steps were taken: 0.88 g of tetra
functional macro-CTA (Ry), 0.49 g of OEDGA, 1.40 g of IBoA, 59 mg of a 0.21 mmol g”! TPO-
L stock solution in IBoA, and 2.15 g of 3.48 mmol g’ LiTFSI stock solution in PC were added
to a 10 mL glass vial whilst in an argon (Ar)-filled glove box (O2 < 0.1 ppm, H>O < 0.1 ppm).
The vial was covered with aluminium foil and allowed to stir at 40 °C for several hours until a
homogenous solution was obtained. A thin layer of electrolyte resin was formed by placing 45
1L of the resin between two mylar sheets (200 um thick, transmittance ~ 63%) to furnish the
final films with homogenous and smooth surface. The resin-sandwiched mylar sheets were
exposed to SOLIS 365 UV source (fitted with coated plano convex lens) from Thorlabs
(Current = 670 mA, Ip = 2.78 mW cm™, Jmax = 365 nm) at 30 cm distance away from the
sandwiched resin. The irradiation lasted for 10 min and the resulting electrolyte film with a

thickness ranging from ~100-250 um was easily removed.

Composition of electrolyte resin used in this work are presented in Table 2.
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4.1.7 Fourier-Transform Infrared Spectroscopy (FTIR)

Real-time FT-IR spectroscopy was used to investigate the kinetic of photopolymerization of
formulation with and without macro-CTAs. Experiment was performed in quartz capillary
tube (1.5 mm thickness) in transmission mode of Thermo Scientific Nicolet iS50 FT-IR
Spectrometer. An aliquot of resin was pipetted into the tube via a syringe held in place adjacent
to the laser by an in-house designed sample holder. Prior to each experiment, empty capillary

tube was used to furnish as background, IR spectra were recorded at 30 s time interval in the
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IR range of 7000 — 4000 cm’ to capture the vinylic peak IBoA/OEGDA at 6110 — 6230 cm™’.
Each measurement included an average of 32 scans with a resolution of 4 cm™!. Polymerization
was started after 120 s by irradiating with a Thorlabs mounted LED (M365L2) with a
collimation adapter (Current = 167 mA, Io = 0.54 mW cm™, max = 365 nm) and allowed to last
for an entire 600 s. The integral, /5103 - 6245 cm-1) Of the vinylic peak were analyzed using Omsec

software and the conversion (Xizo4/0£Gp4) Was thus calculated from Eq S14.

1(6110—6230)t

Xigoajorepa (%) = |1 — x 100 S14
l(6110-6230)t=0
0.6
SPE(R,-44)
Figure $28. FTIR spectra of Resin (L= 1000 zm)
SPE(R4-44) used to calculate 0.5 - —Film (L= 500 zum)
conversion of fabricated
films. Integral peak at 6110 —
6230 cm! was used to 3 04
calculate conversion. s (Begining X) = 6110
[72] x2(Ending X) = 6230
0 Area of the Integration = 1.29
<
0.3 1
x1(Beginning X) = 6110
x2(Ending X) = 6230
02 i Area of the Integration = 0.08

4000 4500 5000 5500 6000 6500 7000
Wave number (cm™)
To determine final conversion in fabricated films, the starting resins were pipetted in capillary
tube, and an IR spectrum was obtained by scanning from 7000-4000 cm. Fabricated solid
electrolyte films (100 — 200 um) was held in place adjacent to the laser and IR spectrum was
recorded. The final conversion was determined from Eq S15. Where intsim is the integral of
the peak from 61030-6230 cm! for the fabricated SPE film, intresin is the integral of the peak
from 6110-6230 cm™! for the unpolymerized resin, Lsim is the thickness of the fabricated SPE
film, and Lcapinary is the path length of the cuvette. Integrals were calculated using OPUS

software 7.5.

Intsiim, (6110-6230) N Leapitiary

x 100 S15

Xriim (%) = 1 =
fibm Int,esin (6110-6230) Lyim
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Fourier Transform Near-Infrared (FTNIR) spectroscopy was performed on solid samples and

pristine components of the formulation by attenuated total reflection (ATR) between 4000-400

cm’! to ascertain the characteristics bonds attributed to presence of each component in the final

solid electrolytes.
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Figure S29. An analysis of FTIR spectra was conducted to compare LiTFSI/PC solution (red),
IBoA (green), R4 macroCTA (pink) and a SPE(R4-34) (blue).

The FTIR results indicated that the C=0:Li coordination peak (1760 cm™) associated with

LiTFSI/PC were present in the solid films but shifted slightly to higher wave number (1785

cm!), suggesting that LITFSI/PC was retained in the SPEs after photopolymerized and the

initial C=0:Li coordination is complimented by new EO:Li coordination. Additionally, the

aliphatic ether C-O stretching mode peaks (1270 cm™) from P(S-co-OEGMA)-CTA and ester

C=0 stretching mode peaks (1700 cm™) from IBoA were also found to be present in the solid

film.

4.1.8 Small Angle X-ray Scattering (SAXS)

SAXS measurements were collected on the BL11 NCD-SWEET beamline at ALBA

synchrotron facility using 0.99 A X-ray wavelength, a 2.9 m sample-to-detector distance, and
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standard data corrections. Scattering curves were plotted as a function of scattering vector q

=41 sinf/A, with measurements performed under vacuum at RT.

SPE(R,-24) SPE(R,-44)

H

Intensity (a.u)
,,
\
\

\

Time (s)

\

w7 1 0
q(nm?) q(nm?)

SPE(R,*-24) SPE(R,*-34) SPE(R,*-44)

014

ALY
1 \ - ] \
' “ oo 4
1 10 1 0
0.001 4 0.001

i 1 Time (s) i " Time(s)
00001 w,_._m....,_m/ [ R I——— 11

I T T T

q(nm?) g(nm?)

Intensity (a.u)
Intensity (a.u)

SPE(R,-34)

Intensity (a.u)

Intensity (a.u)

Intensity (a.u)

Figure S30. Time resolved scattering curve during photopolymerization of electrolyte resins
at 0.54 mW cm™.
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Figure S31. The ratio of length scale with varied composition of a) as-fabricated SPEs and b)
SPEs tempered at 100 °C for 24 h. Numbers in bracket represent the molar mass of the
macroCTA in kg mol .

194



POLYSTORAGE

Supporting Information

4.1.9 Atomic Force Microscope (AFM)

Ultra-thin bulk cross-sections (~70 nm) was prepared by microtome from tempered (100 °C)
SPE films. All the samples were analyzed on a Bruker Multimode AFM using the PeakForce
QNM (r) mode. PeakForce QNM mode is an intermittent contact mode (frequency at 2 kHz)
and ScanAsyst-Air tips of very low stiffness (0.4 N-m™') were used. The data were processed

by Nanoscope Analysis software.

4.1.10 Scanning Electron Microscope (SEM)/ Energy Dispersive X-Ray
spectroscopy (EDS)

All samples were imaged in an Apreo 2S HiVac SEM from ThermoFisher Scientific (US)
coupled to a PP3010T cryo-preparation system from Quorum (GB) and EDS XFlash 61100
from Bruker (US). The observations of the SPE film were carried out at -140°C at low voltage
(2keV) after a cryo-fracture and platinum metallization (5 mA, 30s).

Designed NMC and LFP cathodes were prepared by cryo-fracture and SEM images were
acquired using the secondary electron detector in the lens under high vacuum at low voltage

(2keV) and EDS analysis at 10 keV, with a 10 mm working distance.

Figure S32. Scanning electron micrographs of a) SPE(R1-24) and b) SPE(Rs-24).

4.1.11Electrochemical Impedance Spectroscopy (EIS)

As prepared self-standing SPE films (@ = 8 mm, thickness, L = 150 um) were sandwiched
between two blocking gold electrodes plates in CESH-e (Enhanced Controlled Environment
Sample Holder) cells (@ = 6.35 mm) and EIS measurement using Biologic Potentiostat

(equipped with EC-Lab software package) at frequency from 1 Hz to 1 MHz with an oscillating
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voltage of 50 mV. Subsequently, these cells were preconditioned in a temperature chamber

(Binder KB53, 230V 1~ 50 Hz) for 2 h at 90 °C to ensure the sandwiched films reach thermal

equilibrium. After the preconditioning was finished, measurements were carried out by

gradually decreasing the temperature in 20 °C steps from 90 °C to -10 °C with each temperature

being maintained for 2 h to attain a thermal equilibrium. The ionic conductivity (o; S cm™!) was

determined by ¢ = L/RA where R is the measured resistance, L is the film thickness and 4 is

the area of the electrode.
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Figure S33. Conductivity of P(IBoA-stat-OEGDA) matrix overlaid with SPE(R4-44).

4.1.12Rheology measurements

Rheology measurements were performed on Anton Paar modular compact rheometer (MCR-

302) with a torque range from 0.5 nNm to 230 mNm and integrated active thermal management

system. Self-standing films (150 - 300 um) was sandwiched between two 8 mm @ parallel plate

geometry at a constant shear stress of 25 Pa and a frequency of 5 Hz. The measurements were

performed in temperature range 25 -100 °C.
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Figure S34: Temperature dependent storage modulus of SPEs fabricated from a) R; b) R4 and
¢) R4* macroCTAs.

4.1.13Cathodes Fabrication

720.00 mg NMC811 or 720.00 mg LFP, 40.00 mg PVDF, 40.00 mg C65 and 1300 uL NMP
was added to a container and sealed tightly. The container was agitated for 60 min to make a
homogenous slurry. The slurry is applied to a carbon coated aluminum film (~ 10 wum) using a
doctor blade technique with a gap width of 100 um and dried overnight at 90 °C under vacuum.
13 mm diameter round disks were punched out and pressed with 1-ton weight. The electrode
thickness of for NMC811 cathode is ~ 80 um (~10 um current collector, ~70 um coating) and
the active mass loading of ~4.5 mg cm 2. The electrode thickness for LFP cathode is ~ 60 um
(~10 um current collector, ~50 um coating) and the active mass loading of ~2.5 mg cm™2.
Porosity Calculation:

Porosity of the casted electrode was determined from the mass loading, S divided by the density
of the dry cathode, Dcamode and the dry electrode thickness, T according to the following
equation S13.!

Porosity = 1 —[S/(Dcatnodae * T)], S16

Decamode Was calculated using equation S14 with the mass fractions in the dry electrode (W,
Wpryvpr, and Wess) and the densities (Dau, Dpyvpr, and Dcss) of the active material, PVDF and

C65 components.
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Danoas = (32) + (1222) + (42 )

The densities, D for NMC811 active material, LFP active material, PVDF and C65 are 5.5, 3.4,
1.78, and 2.25 g cm™3, respectively.? All the porosities were calculated by assuming that the

weight fractions and density of each material were not changed by the fabrication process.
4.1.14Development of cathode

First, the surface of the as-prepared NMC 811 or LFP Cathode (0 = 13 mm) was casted with
20 uL of SPE(R4-34) electrolyte resin and left under vacuum for 5 min to allow the electrode
pores to become saturated with resin deposit. SOLIS 365 UV source from Thorlabs (fitted with
coated plano convex lens) was employed for irradiation (Current = 400 mA, Io =2.78 mW cm
2, Amax = 365 nm) of electrolyte resin deposited on the cathode. Irradiation was carried out for
10 min to generate in-situ microphase separated SPE as coating on the on the cathode with a

typical coating thickness ~160 um.
4.1.15Development of Lithium Metal anode

Lithium metal anode (@ = 12 mm, thickness = ~65 um) was smoothly affixed to the centre
surface stainless steel spacer (@ = 18 mm, thickness = 0.5 mm). 20 uL of SPE(R4-34) was
spread evenly onto the entire anode surface (lithium metal + stainless steel spacer base). SOLIS
365 UV source from Thorlabs (fitted with coated plano convex lens) was employed for the
irradiation (Current = 400 mA, Io = 2.78 mW cm™, Amax = 365 nm) of electrolyte resin deposited
on Lithium metal substrate. Irradiation was carried out for 10 min to generate in-situ

microphase separated electrolyte as coating on the lithium metal with a thickness ~120 um.

4.1.16 Transference Number Measurement

Self-standing films (~150 um) were used to prepare three symmetrical Li|SPE(Rs-34)|Li cells.
The cells were precondition at 50 °C in a temperature chamber before commencement of the
measurements. Impedance measurements (frequency = 1 MHz - 100 mHz, amplitude = 50 mV)
were recorded over 5 cycles before and after polarization. Direct current polarization was
applied with a polarization voltage of AV = 10 mV for 3 hours, till the system reached a steady

state (ss).
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Three measurements were performed to get an average transference number computed using
equation S18,% where [, is the steady-state current, AV is the polarization voltage, and Ry and

Ry, are the electrode resistance before and after the polarization, respectively.
4.1.17Lithium Plating and Stripping:

A SPE(Rs-34) film (@ = 16 mm, thickness, L = 170 um) was used to prepare symmetrical Li||
SPE(R4-34)||Li cell. The cells were preconditioned at 50 °C in a temperature chamber for 10 A
prior to measurement. Plating and stripping protocol was performed at 50 °C at current
densities of 0.05 mA cm® (15 cycles), 0.1 mA cm™ (15 cycles), 0.2 mA cm™ (35 cycles), and
0.3 mA cm? (50 cycles), with each cycle lasting for 2 £ until a short circuit was observed or the
2V safety limits were reached. Long-term plating/stripping of lithium at 0.1 mA4 cm (157
cycles) was also performed starting with 15 cycles (2 h each) at current density of 0.05 mA

cm 2.

4.1.18 Electrochemical window

Self-standing films @ = 16 mm, thickness, L = 150 um) were used to prepare Li|| SPE(Rs-
34)||Cu and Li|| SPE(R4-34)||Pt coin cells for reductive and oxidative stability tests respectively.
Prior to the measurement, the cells were preconditioned at 50 °C in a temperature chamber for
10 4. Linear sweep voltammetry (LSV, Bio-Logic VMP3) was performed at 50 °C with a
sweep rate of 0.1 mV s~ ! within a potential range of —0.5 and 6.0 V vs Li|Li".

(2] (b]
0064 — 1stcycle Li| |d-NMC 0.064 — 1stcycle Li| |d-C-Al
—— 2nd cycle ——2nd cycle
".‘E 5th cycle “.‘E 5th cycle
G 0044 ——10th cycle G 00494 ——10th cycle
< <
E E
2 0.02 4 2 0.02 4
® @
c c
[ [
(=] o
« 0.00 4 « 0.00 4
c c
o [
S E
> =
© .0.02 4 © .0.02
0.04 1— T T T T 0.04 — T T T T
24 2.8 3.2 3.6 4.0 44 24 2.8 3.2 3.6 4.0 44
Voltage (V) Voltage (V)

Figure S35. CV of a) d-NMCS811 and b) developed carbon coated aluminium foil (d-C-Al) at
arate of 0.1 mV s’
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4.1.19 Galvanostatic Charging and Discharging:

Half-cell was assembled using coated Lithium metal as the anode in contact with either d-
NMCS8I11 [as in d-Li||d-NMC811] or bare NMC811 with a 150 um intervening layer of free-
standing SPE [as in Li|| SPE(R4-34)|[NMCS811]. Prior to each experiment, the assembled cells
were preconditioned at 50 °C in a temperature chamber for 10 /4. Rate performance
discharging/charging experiments were performed between 2.5 and 4.2 V vs Li|Li+ at C-rate
of 0.05C, 0.1C, 0.2C, 0.3C, 0.5C and 1C. A 1 & and 0.02 mA limit hold was set at constant
voltage of 4.2 V during discharge. For long-term cycling performance, two new cells were
cycled between 2.5 and 4.2 V vs Li|Li+ at a C-rate of 0.1C for 100 cycles with 4 formation
cycles at 0.05C. In d-Li||d-LFP battery configuration, discharging/charging experiments were

performed between 2.5 and 4.1 V vs Li|Li+ while the other cycling parameter stays the same.
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GENERAL CONCLUSION (ENGLISH)

This thesis focused on controlling self-assembly in poly(oligo(ethylene glycol) (meth)acrylate)
(POEG(M)A)-based block copolymers (BCPs) as solid polymer electrolytes (SPES) in lithium
metal batteries (LMBs). Three unique approaches have been investigated namely; tweaking the
polymer architectures, embedding pre-synthesized BCPs in POEGA-based matrix, and in-situ
chain extension of pre-synthesized POEGMA-based macromolecular chain transfer agent
(macroCTA). The thesis aimed to provide insights into the complex relation between morphology

and properties within the field of polymer electrolytes.

Firstly, the successful synthesis of two sets of BCPs with comb-like star and linear architectures
using RAFT polymerization was covered. The BCPs consisted of P(S-co-BzMA) hard block and
POEGA soft block. To synthesize P(S-co-BzMA), it was necessary to incorporate a small quantity
of styrene (a minimum of 6%) to effectively control the polymerization of BzMA, especially forthe
tetrafunctional chain transfer agent. The star-like architecture of the polystyrene macroCTA was
verified through Mark-Houwink-Sakurada plots and the determination of the g contraction factor
involving comparison with benchmark linear polystyrene. The introduction of lithium salt induced
phase separation of POEGA blocks, leading to the observation of lamellar, hexagonal cylinder, and
spherical phases using TEM and SAXS. As expected, the conductivity increased with the volume
fraction of the POEGA/LITFSI conducting phase, but a significant reliance on the self-assembled
morphologies was evident. In the context of the quality of the lamellar morphology produced by
star and linear BCPEs, we established a correlation between the generated tortuosity and ionic
conductivity. Specifically, the comb-like star BCPs containing approximately 30 wt-% of the
POEGAV/LITFSI conductive phase exhibited highly organized lamellar structures compared to the
more disordered lamellae in the linear counterparts. Consequently, the reduced tortuosity of the
lamellae in the self-assembled star comb-like BCPs resulted in an over 8-fold improvement in
lithium conductivity at 30°C. Nevertheless, questions regarding the impact of the positional
arrangements of the conductive block persist, as our research only compared linear and star BCPs

with an outer block comprising the conducting phase.

Recognizing the difficulties posed by grain disorientation in post-processing stages, the second
project had the objective of leveraging non-equilibrium structures derived from BCPs to improve

conductivity and mechanical properties of SPEs, all while shortening the fabrication time. To
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achieve this goal, we employed pre-synthesized comb-like star or linear BCPs containing
approximately 30 wt-% of the POEGA soft block in the photopolymerization of OEGA, both with
and without the addition of LiTFSI salt. Through SAXS analysis, we observed the formation of
self-assembled hard spheres with P(BzMA-co-S) core in the formulation prior to polymerization,
primarily due to the introduction of LiTFSI. These hard spheres subsequently aggregated to create
larger dispersed objects, the size and geometry of which were highly influenced by the
concentration of the LiTFSI salt. At a [EO]/[Li] ratio of 15, SPEs incorporating linear BCPs
exhibited a more uniform dispersion of elongated objects compared to those with star BCPs. This
resulted in higher mechanical strength and enhanced ion conductivity, approaching levels similar
to those of the pristine POEGA matrix at a similar salt concentration. In this context, the embedded
BCP can be considered as physical crosslinkers to potentially replace the chemical crosslinkers,
thus opening up the possibility of recycling the SPEs. Nonetheless, there were significant
limitations inherent to this system. The amount of BCP that could be dissolved in the OEGA
monomer was severely constrained by LiTFSI. Consequently, we could only attain 8wt% hard
phase in the SPEs, resulting in an overall subpar mechanical property for the material when

compared to the star and linear comb-like BCPEs described in chapter 2.

In the final strategy, P(S-co-OEGMA) synthesized by RAFT polymerization was used as
macroCTA for photo-PIMS process to generate phase separated SPEs comprising of P(S-co-
OEGMA) soft phase and P(IBoA-stat-OEGDA) hard phase. The structural development of SPEs
in photo-PIMS occurred on a timescale of 100 seconds, as opposed to thermal-PIMS systems,
which typically take hours, indicating a shorter duration. The influence of architecture of the
reactive P(S-co-OEGMA) first block is strongly witnessed at lower content of macroCTA. Systems
with star comblike macroCTA of high molar mass (SPE(R4-24)) featured sparsely connected
conducting domains resulting in poor conductive property compared to the linear system (SPE(R1-
24)). At higher content of macroCTA, both SPE(Rs-34) and SPE(R:-34)) represent a huge
improvement of combined mechanical strength (10 — 107 Pa at 30 °C) and lithium conductivity
(0.34 mS cm ™t at 30 °C) compared to previous strategies explored in this thesis (refer to Figure 1).
Technical challenges like poor interface of the SPEs with battery electrodes was resolved by in-
situ photopolymerization of electrolytes resin on lithium metal anode, LiNogMo1Co102 and
LiFePO4 cathode. Assembled half cells of exhibited good cycling performance up to 50 cycles.
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In the future, it will be helpful to explore how to render homogenous layer of SPEs in-situ on

electrodes using photo printing techniques methods that improve uniformity of the thickness, as

there is a huge potential for practical application of PIMS process in the fabrication of SPEs for

batteries.
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Figure 1. Overview of storage moduli and lithium ion conductivity of the three systems. Bx in the
code of Chapter 2 represents wt% of POEGA+LITFSI ([EO]/[Li]=15). For Chapter 3, X% in the
code L-SPE-X% represents wt% of POEGA+LITFSI ([EO]/[Li]=15). For Chapter 4, Y in SPE(Rx-
Y) represents wt% of macroCTA ([EQ]/[Li]=5).
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