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Abstract

Abstract

The ongoing electrification of sectors such as transportation, portable electronics, and sta-
tionary energy storage imposes increasing demands on next-generation battery technologies.
In particular, the need to simultaneously improve energy density, safety, and cycle life drives
the search for innovative solid-state energy storage concepts. All-solid-state batteries (ASSBs)
are considered a promising solution, offering higher energy densities, enhanced thermal sta-
bility, and reduced risk of leakage or fire compared to conventional lithium-ion batteries with
liquid electrolytes. Among various electrolyte candidates for ASSBs, solid polymer electrolytes
(SPEs) are especially attractive due to their cost-efficient production, excellent processability,
mechanical flexibility, and compatibility with established polymer processing techniques.
However, SPEs still face significant challenges, particularly lower ionic conductivity and limited

electrochemical and thermal stability compared to their inorganic counterparts.

To address these limitations, the first part of this thesis investigates the tailored synthesis of
novel polymer electrolytes via rare earth metal-mediated group transfer polymerization
(REM-GTP), a technique that enables precise control over polymer architecture. Poly(vinyl
phosphonates) with ethylene oxide side chains were synthesized by polymerizing monomers
containing either one (P1-VP) or two (P2-VP) ethylene oxide units per side chain. The resulting
polymers were processed into free-standing SPE films with various lithium salts and compre-
hensively characterized in terms of thermal, mechanical, and electrochemical properties. The
polymers remained fully amorphous upon salt addition and exhibited high thermal stability,
although the onset of thermal degradation was slightly lowered in the presence of salts. The
ionic conductivities reached 1.8 - 107> and 8.2 - 107> S cm™ for P1-VP and P2-VP at 60 °C, re-
spectively. However, the oxidative stability was limited by the ethylene oxide side chains, and
the high ratio of phosphonate units was hypothesized to restrict the lithium transference

number and critical current density, ultimately affecting their performance in half-cell tests.

The second part of this work focuses on a hybrid polymer-oxide battery configuration, aiming
to combine the advantages of different electrolyte systems to overcome the limitations of
individual materials. Although inorganic electrolytes such as Li;LasZr,04, (LLZO) offer high ionic
conductivity, they require elevated pressures to ensure sufficient electrode contact. To im-
prove the interface between LLZO and LiFePO4 (LFP) cathodes, polyethylene oxide (PEO) in-

terlayers were introduced, which also served as the catholyte. These interlayers significantly

Vi
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reduced interfacial resistance. It was found that SPEs outperformed composite polymer elec-
trolytes (CPEs), likely due to their softer nature, which allowed for improved contact with the
rigid LLZO surface. Furthermore, a minimum interlayer thickness was required to ensure com-
plete coverage of the LLZO surface, as PEO tended to contract at elevated temperatures due

to poor wetting of the ceramic surface.



Zusammenfassung

Zusammenfassung

Die zunehmende Elektrifizierung in Bereichen wie Mobilitat, tragbare Elektronik und statio-
nare Energiespeicherung stellt hohe Anforderungen an zukiinftige Batterietechnologien. Ins-
besondere die Notwendigkeit, Energiedichte, Sicherheit und Lebensdauer gleichzeitig zu ver-
bessern, treibt die Suche nach innovativen Speichertechnologien voran. Festkorperelektrolyt-
batterien (ASSBs) gelten in diesem Zusammenhang als vielversprechende Lésung, da sie im
Vergleich zu konventionellen Lithium-lonen-Batterien mit fliissigen Elektrolyten potenziell ho-
here Energiedichten, eine verbesserte thermische Stabilitdt sowie ein geringeres Risiko fur
Auslaufen oder Branden bieten. Unter den verschiedenen Elektrolytkandidaten fiir ASSBs gel-
ten polymere Festkorperelektrolyte (SPEs) als besonders vielversprechend. Sie vereinen Vor-
teile wie kostenglinstige Herstellung, gute Verarbeitbarkeit, mechanische Flexibilitat und die
Moglichkeit zur Skalierung in etablierten Polymerverarbeitungstechnologien. Dennoch stellen
die im Vergleich zu anorganischen Festkorperelektrolyten niedrigere lonenleitfahigkeit sowie
eine begrenzte elektrochemische und thermische Stabilitat nach wie vor zentrale Herausfor-

derungen dar.

Zur Verbesserung dieser Eigenschaften wurde im ersten Teil dieser Arbeit die gezielte Syn-
these neuartiger Polymerelektrolyte mithilfe der seltenen Erden katalysierten Gruppeniber-
tragungspolymerisation (REM-GTP) untersucht, einer Methode, die eine prazise Kontrolle
Uber die Polymerarchitektur ermoglicht. Hierzu wurden Polyvinylphosphonate mit Ethylen-
oxidseitenketten synthetisiert. Es gelang die Darstellung und Polymerisation von Monomeren
mit einer (P1-VP) beziehungsweise zwei (P2-VP) Ethylenoxid-Einheiten in den Seitenketten.
Die resultierenden Polymere wurden anschlielfend mit verschiedenen Lithiumsalzen zu selbst-
tragenden SPE-Folien verarbeitet und hinsichtlich ihrer thermischen, mechanischen und elekt-
rochemischen Eigenschaften umfassend charakterisiert. Die Polymere zeigten auch nach Zu-
gabe verschiedener Lithiumsalze eine vollstandig amorphe Struktur sowie eine hohe thermi-
sche Stabilitat; allerdings wurde der Beginn der thermischen Zersetzung durch die Salze leicht
abgesenkt. Die lonenleitfdhigkeit erreichte bei 60 °C Werte von 1,8 - 107> S cm™ fuir P1-VP und
8,2 - 107> Scm™ fur P2-VP. Die elektrochemische Stabilitdt wurde durch die Ethylenoxid-Sei-
tenketten limitiert. Zudem wird vermutet, dass der hohe Anteil an Phosphonat-Gruppen die
Lithium-Transferenzzahl und die kritische Stromdichte reduziert, was sich in einer verringer-

ten Kapazitat in Halbzelltests niederschlug.



Zusammenfassung

Im zweiten Teil der Arbeit wird eine hybride Polymer-Oxid-Batteriekonfiguration untersucht.
Ziel ist es, durch Kombination der Vorteile verschiedener Elektrolytsysteme die Einschrankun-
gen einzelner Klassen zu iberwinden. Oxidische Elektrolyte bieten zwar eine hohe lonenleit-
fahigkeit, erfordern jedoch hohe Driicke, um einen guten Kontakt zu den Elektroden sicherzu-
stellen. Zur Verbesserung der Grenzflache zwischen LLZO-Elektrolyten und LFP-Kathoden wur-
den daher Polyethylenoxid (PEO) Zwischenschichten eingesetzt, die gleichzeitig als Katholyt
dienen. Die Einfiihrung dieser PEO-Zwischenschichten fiihrte zu einer signifikanten Reduktion
des Grenzflachenwiderstands. Die Ergebnisse zeigten, dass SPEs eine bessere Leistung als
Elektrolyte mit anorganischen Additiven aufweisen, was auf den weicheren Charakter zuriick-
geflhrt wird. Es wurde zudem festgestellt, dass eine Mindestdicke der Zwischenschicht erfor-
derlich ist, um eine vollstandige Bedeckung der LLZO-Oberflache sicherzustellen, da sich PEO

bei erhohten Temperaturen aufgrund schlechter Benetzbarkeit des LLZOs zusammenzieht.

Xl
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Introduction

1 Introduction

In today's world, lithium-ion batteries have become a cornerstone of energy storage solu-
tions, driving the growth of renewable energy sources and powering a wide range of appli-
cations from portable electronics to electric vehicles (EVs) and grid storage. Their high en-
ergy density, excellent cycle life, and low self-discharge rates have positioned them as the
leading technology for these purposes.!*2 As more aspects of our daily lives shift towards
electrification, coupled with a global move towards renewable energy, the demand for en-
ergy storage is continuously rising. Renewable energy sources like solar and wind face a
significant challenge due to their irregular nature, as they are only available under suitable
conditions rather than on demand. This variability leads to fluctuations in energy produc-
tion, with significant changes between day and night, cloudy and sunny weather, or calm
and windy periods."! To ensure consistent electricity supply throughout the year, stabilize
the electrical grid, and facilitate our mobility transition, large-scale battery energy storage
systems (BESS) are essential. Among the existing technologies, lithium-ion battery (LIB) sys-
tems have emerged as the leading solution.[*®! The drastic growth of BESS worldwide is
depicted in Figure 1-1, illustrating an exponential increase in capacity from approximately

40 GWh in 2020 to over 350 GWh by 2024.[¢!

To satisfy the continuous growing demand for batteries, the planning and construction of
gigafactories with immense production capacities have become a global phenomenon over
the last decade. As of August 2023, Asia led with a battery production capacity of
2.691 GWh," while North America followed with 1.539 GWh as of August 2024.181 Europe's
journey towards battery independence, however, has been accompanied with challenges.
Despite initial optimism, Europe's projected battery production capacity declined signifi-
cantly from 1.897 GWh in December 2023 to 1.424 GWh in December 2024.0! This decline
highlights the significant challenges associated with producing high-quality batteries on a

large scale, exemplified by the struggles faced by Northvolt.
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Figure 1-1: Global BESS capacity and yearly growth. Reprinted from Ref (6],

Once hailed as Europe's answer to dominant Asian producers such as Contemporary Am-
perex Technology (CATL) and BYD, Northvolt set ambitious sustainability targets, planning
operations powered by 98% fossil-free energy and utilizing 50% recycled materials in its Li-
ion cells.['% These goals initially attracted substantial investment, including €500 million
from Volkswagen in 20211 and €943 million from the European Investment Bank in
2024.1'21 However, production issues, such as high scrap rates, led to mounting debts, and
a fight for the company's survival by 2025. Despite these setbacks, there is still hope as
Northvolt continues the construction of its third gigafactory in Heide, Germany, as of May

2025.11314

Despite these struggles and China's continued leadership in battery innovations, the geo-
political landscape of 2025 further emphasizes Europe's need for battery independence
and innovative spirit. While vehicle innovation was historically dominated by German man-
ufacturers such as Volkswagen, Daimler, and BMW, recent years have witnessed remarka-
ble advancements from China in EV technology.**! Notably, BYD unveiled its "Super e-Plat-
form" in March 2025, featuring flash-charging batteries with a rate of 10C, capable of charg-

ing 400 km of range in just five minutes, thus rivalling the convenience of refuelling
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conventional combustion engines. (18! Additionally, CATL’s "Naxtra Battery" achieved an en-
ergy density of 175 Wh kg™, currently the highest recorded for sodium-ion batteries as of

April 2025 and thereby pathing the way for another competitive technology.”!

With rising global tensions and potential trade conflicts with the newly elected government
in the US, Europe's reliance on external battery resources from China and the US presents
significant strategic risks. To secure its industrial future and facilitate a robust energy tran-
sition, the EU must decisively support its battery sector. Essential strategies include the
development of a comprehensive economic security doctrine, diversifying supply chains,
investing in domestic production, and fostering innovation in next-generation battery tech-
nologies.['®1% These measures would significantly reduce dependencies, enhance compet-
itiveness, and ensure a sustainable and resilient battery supply.”'® Europe's urgent need
for domestic battery production is further underlined by the projected growth in global EV
sales over the coming decades, as shown in Figure 1-2, translating into approximately 0.7-

1.5 TWh of required battery capacity or the equivalent of 45-95 gigafactories by 2040.20]
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Figure 1-2: Low, medium and high projections for the development of global EV sales, vehicle production in

the EU and corresponding demand for EU produced batteries. Reprinted from Ref 12,

One key technology for increasing battery energy density is the development of all-solid-
state batteries, which replace liquid electrolytes in conventional lithium-ion batteries with

polymer or inorganic solid electrolytes enabling new cell architectures and electrode
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materials.?2=23] Nevertheless, similar to the challenges experienced in large-scale battery
manufacturing, developing new technologies such as ASSBs to market maturity is pro-
foundly challenging. While numerous manufacturers publicly announce their commitment
to developing this promising technology, actual implementation in production vehicles re-
mains to be seen. BYD, for instance, demonstrated pilot-line ASSB cells with capacities of
20 and 60 Ah but projects large-scale production no sooner than 2030.24 CATL also invests
significantly in ASSB technology, expanding its R&D team to over 1000 members and al-
ready develops 20 Ah cells reaching 500 Wh kg™.1>/ Additionally, Japan's Maxwell an-
nounced that it will discontinue its production of prismatic lithium-ion batteries by May
2025 in favour of focussing on ASSB technology.?627! A comprehensive overview by Bloom-
bergNEF (Figure 1-3) shows targeted energy densities for different battery technologies
over the coming years.[?8! Clearly, ASSB technology will significantly shape global battery
evolution in the near future, emphasizing the strategic importance for Europe to actively

participate in its development to secure independent production capabilities.
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Figure 1-3: New lithium battery technologies to boost energy density. Selected cell energy density targets,
2010-2030 by BloombergNEF, company statements. Note: Silicon based anodes are typically paired with lith-
ium nickel manganese cobalt oxide (NMC) cathodes. Solid-state batteries are typically paired with silicon-
based anodes or Li metal anodes and nickel-based cathodes. Dates correspond to target commercialization

dates. Reprinted from Ref (28],
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2 Theoretical Background

2.1 Battery Fundamentals

The basic working principle of a battery is to convert chemical energy into electrical energy.
Batteries can be categorized in two basic categories. Primary batteries are single use, as
their active material cannot be regenerated. Secondary batteries, on the other hand, are
rechargeable, as their electrochemical reactions are reversible, making them more eco-
nomical and exclusively used in electromobility and energy storage.?® This thesis will focus
exclusively on secondary batteries.

The basic structure of a battery includes two electrodes (cathode and anode), an electro-
lyte, and a separator to prevent short circuits. During discharge, a redox reaction takes
place where the cathode is reduced, and the anode is oxidized. Electrons flow through an
external circuit to provide usable current, balanced by ionic movement through the elec-
trolyte. While charging, these processes are reversed.[?>3% Despite the technical inaccu-
racy, the electrode with lower/negative potential is generally referred to as anode and the
electrode with the higher/positive potential as cathode in battery research, regardless of
the charging or discharging process.l3!l Early rechargeable batteries, like the lead-acid
(1880s)132 and nickel-cadmium (1901) systems, used aqueous electrolytes and provided
energy densities below 100 Wh kg .13 However, the toxicity of these systems and
memory effect of cadmium prompted the development of nickel-metal hydride batter-
ies.134 |n the search for higher energy densities, lithium was introduced as an electrode
material as it provides the lowest reduction potential (—3.04 V vs. SHE) of all elements.®!
This greatly enhances the energy storage capacity of a battery, as the difference between
the chemical potential of the anode (ua) and cathode () results in the working voltage

(Ugen) of the cell according to equation 1:

Uceu = e — Ua 1
which is directly proportional to the stored energy (Epqtery ) Of @ battery according to equa-

tion 2 with the transported electrical charge (Q):3®!

Epattery = Q-U 2
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With these considerations in mind Sony Corporation commercialized the first rechargeable
lithium-ion battery in 1991, which laid the foundation for the most used battery today.[3”!
The initial LIBs introduced by Sony featured a comparatively low gravimetric energy density
of 80 Wh kg™ at cell level. Contemporary LIBs have significantly improved, achieving volu-
metric and gravimetric energy densities up to 770 Wh L™ and 300 Wh kg™, respec-
tively.1383% These advancements are largely attributed to the optimization of electrode ma-
terials. The most commonly used anode is a graphitic carbon (Cs), which allows for the re-
versible intercalation of lithium ions. On the cathode side, various layered transition metal
oxides are employed, with lithium cobalt oxide (LiCoO,, LCO) being particularly prevalent.
LiCoO; possesses a stoichiometric octahedral lattice structure with alternating layers of Li*
and Co** ions. During charging, lithium ions deintercalate from the cathode's layered struc-
ture to a certain extent (denoted as x), releasing an electron and oxidizing Co3* to Co**.
Simultaneously, at the anode, a lithium ion is reduced by an electron and is intercalated
into the graphite layers in its atomic state.[*?) During discharge, these processes are re-
versed. The individual reactions at the cathode and anode, as well as the overall cell reac-

tion, are depicted in equations 3 to 5:[4%42]

discharge
Cathode Lii,Co0, + xLi* + xe == LiCo0O, 3
charge
discharge
Anode LikC, ==——= Cs + xLi' + xe 4
charge
discharge
Full cell . . :
. L|1_XCOOZ + LIXCn —_— L|C002 + CG 5
reaction charge

To ensure the mechanical integrity of the porous electrode materials and serve as electric
conductive pathway to the external electrical circuit, metal current collectors are used.
Copper foil is used on the anode side due to its high electronic conductivity and resistance
against alloy formation with lithium. On the cathode side, aluminum foil is employed. While
most metals are unstable at the high potentials (~4.3 V vs. Li*/Li) at which lithium cathodes
operate, the native Al,Osz layer on aluminum foil transforms into AlFs in the presence of
fluoride electrolyte salts, forming a chemically stable layer that resists oxidation and corro-
sion at elevated potentials.[*>4 A porous polymer membrane serves as the separator, pre-
venting direct contact between electrodes and thereby avoiding short circuits. Typically,
these separators are semi-crystalline polyolefins, such as polyethylene (PE) and polypro-
pylene (PP), processed to create microporous structures, with a thickness of about 25 um
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or even less.38%1 The separator's pores, along with those in the porous electrodes, are
filled with a liquid electrolyte containing a lithium salt. This electrolyte facilitates ionic
transport within the cell, while its insulating properties ensure that electrons must travel
through an external electrical circuit. The separation of ionic and electronic transport is
fundamental to harnessing electrical energy from the battery. Since lithium ions shuttle
between the electrodes during charge and discharge cycles, this configuration is often re-

ferred to as a "rocking chair battery." Figure 2-1 illustrates the working mechanism of a

lithium-ion battery.[4647]
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Figure 2-1: Schematic illustration of the main components and the working principle of lithium-ion batteries,

using the example of an LiCoO»/graphite full-cell during discharge. Reprinted with permission from Ref 3¢,

Most commercially available batteries utilize a mixture of cyclic and linear carbonates con-
taining a dissolved lithium salt, which is typically LiPFs in a concentration of 1 M. The choice
of electrolyte significantly affects cell capacity, operating temperature range, cycle life, and
overall safety. Cyclic carbonates, such as ethylene carbonate (EC), have high dielectric con-
stants that facilitate lithium salt dissolution, while linear carbonates, including dimethyl

carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate (DEC), reduce
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solvent viscosity to enhance ionic conductivity (reaching 102 S cm™).[*81 EC also plays a cru-
cial role in forming a stable solid electrolyte interface (SEl) on the graphite anode during
the initial charging cycle. The SEl is a nanometer-thick passivation layer composed of inor-
ganic and organic electrolyte reduction products, such as lithium fluoride, lithium car-
bonate, and lithium ethylene dicarbonate.! This layer is electronically insulating but per-
meable to lithium ions, preventing further electrolyte decomposition while enabling re-
versible lithium intercalation and deintercalation.[®®>!) To improve cycle stability, small
quantities of electrolyte additives are incorporated into the liquid electrolyte. These addi-
tives undergo reduction on the graphite electrode during the first charge cycle, contributing
to a more stable and protective SEI.PZ In commercial cells, commonly used additives in-
clude vinylene carbonate (VC) and prop-1-ene-1,3-sultone (PES), which enhance SEI dura-
bility and overall battery performance.®3 However, the exact electrolyte composition is
often not disclosed by the manufactures, as these play a significant role in the overall cell
performance. Despite their advantages, these organic liquid electrolytes present significant
safety concerns. They are highly flammable and volatile, with low flash points ranging from
approximately 15 °C to 33 °C. During charge and discharge cycles, the electrodes undergo
volume changes due to lithium-ion intercalation, leading to pressure build-up within the
cell. This can result in electrolyte leakage, fire, or even explosion if the battery is dam-
aged.l*754 Moreover, lithium tends to deposit unevenly on the anode, forming dendrites,
which are branched structures that can penetrate the separator and cause internal short
circuits, further increasing the risk of thermal runaway. To address these safety issues and
to potentially increase energy density, there has been great efforts going into replacing

liquid electrolytes with solid electrolytes to develop all-solid-state batteries.
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2.2 All Solid-State Batteries

Even though state-of-the-art and upcoming lithium-ion batteries attempt to overcome the
previously mentioned concerns, the all-solid-state battery concept may provide possible
improvements, especially in terms of energy density and safety, owing to the use of non-
flammable solid electrolytes.[>>°6! ASSBs also potentially enable the use of lithium metal
anodes, which have higher theoretical capacities compared to traditional graphite an-
odes.”I Additionally, solid electrolytes simplify battery design by combining ion conduc-
tion and electrical isolation functions, typically handled separately in liquid electrolyte sys-
tems.[®l The slower degradation of solid materials is also expected to increase the cycle
lifetime of these batteries, as demonstrated by a micro-battery developed by Dudney et al.
already in 2015, which achieved over 10.000 cycles.*®! However, the scalability of this tech-
nology remains a challenge especially in terms of cost and production.®%61 Replacing liquid
or gel electrolytes and separators with an intrinsically non-flammable, non-volatile solid
electrolyte holds great promise and is perhaps the ultimate solution for safer, high-energy-
density all-solid-state lithium metal batteries. To achieve high energy density with solid
electrolytes, it is necessary to use lithium metal (or other high-energy-density anodes) in
an all-solid-state lithium metal battery configuration. This setup can increase volumetric
and gravimetric energy density by up to 70% and 40%, respectively, compared to a 10%
decrease in gravimetric energy density if traditional graphite anodes were used (Figure
2-2).1521 This decrease is due to the higher density of solid electrolytes compared to liquid

electrolytes, resulting in a higher weight when maintaining the same thickness and volume.



Theoretical Background

All-solid-state ° o o o o
LB &oooo

Giifreit Cathode + SE Solid electrolyte  Graphite + SE Egrav: -10%
collector composite cathode (SE) anode Eelin0i%
HB! PO
Conveptional 444 S6® oooooo
G Re
/ SHHO BB
Cathode + LE Liquid electrolyte (LE) Graphite + LE
Egrav: > 40% composite cathode Porous separator anode
Eol :>70%

\ ° ) All-solid-state Li
Li metal o eta‘fattery

High-voltage cathode + SE
composite cathode

Figure 2-2: Change in energy density upon replacing liquid electrolyte in conventional LIB with solid electro-
Iyte (all-solid-state LIB) and Li metal anode (all-solid-state Li metal batteries). The volumetric and gravimetric

energy densities are represented by Evol and Egrav, respectively.®? Copyright 2020 John Wiley and Sons.

On the cathode side, the wider electrochemical stability of solid electrolytes can support
an increase in cell voltage up to 5 V with the adoption of high-voltage cathodes. This can
be achieved without significant electrolyte decomposition, potentially leading to an energy
density increase of more than 20%.3% Solid electrolytes can be broadly categorized into
three groups: inorganic (ceramic) electrolytes, solid polymer electrolytes, and solid compo-
site electrolytes (SCEs).[63-%%] Inorganic ceramic electrolytes include sulfides, 7% oxides, "1~

74 and halides,!”>77] each with its own set of advantages and disadvantages.

Sulfides exhibit very high ionic conductivity, with materials like LiioGeP,S:, demonstrating
an ionic conductivity greater than 1072 S cm™ at room temperature.[’8! However, sulfides
suffer from poor stability against lithium, leading to decomposition and the formation of a
non-passivating layer that results in continuous interface growth and eventual cell failure.
Oxides offer improved stability against lithium and better thermal and high-voltage stability
compared to sulfides, with only minor losses in conductivity. For example, one of the most
studied oxides Li;LasZr,Os> (LLZO) exhibits a promising ionic conductivity of above
107 S cm™ at room temperature.7? Nevertheless, oxides face challenges in interfacial re-

sistance, mechanical properties, and processability. Additionally, their limited compatibility
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with current cathode chemistry due to the high temperatures required in co-sintering pro-
cesses poses a significant drawback./”?! Solid polymer electrolytes offer low flammability
and better tolerance to shock, vibration, and mechanical deformation compared to liquid
electrolytes. They are formed by dissolving a lithium salt in a polar polymer matrix and
provide excellent compatibility and electrode interfacial contact due to their flexibility.[63.8%
SPEs are particularly advantageous in terms of production costs and scalability, making
them a promising candidate for large-scale manufacturing. However, they must meet strin-
gent requirements, including high ionic conductivity, a high lithium-ion transference num-
ber, low interfacial resistance, and thermal and electrochemical stability.!”:8! Solid compo-
site electrolytes (SCEs) combine the benefits of inorganic solid electrolytes and solid poly-
mer electrolytes. These hybrid materials maintain the high ionic conductivities and stability
of inorganic materials while improving processability and mechanical properties through
the addition of a polymer. This combination makes SCEs a highly promising class of materi-

als for future energy storage systems. 6811
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2.3 Fundamental Properties of Electrolytes

Before going into detail about some of the individual classes of solid electrolytes, first some
general requirements of solid electrolytes are discussed. Their properties significantly im-
pact the performance, safety, and longevity of ASSBs. First of all, mechanical stability is
essential for maintaining structural integrity, keeping the electrodes separated, and sup-
pressing lithium dendrite formation, thereby preventing short circuits. Solid electrolytes
should exhibit a high shear modulus and fracture toughness to withstand stress and volume
changes during battery operation.7282] Thermal stability is another critical factor, ensuring
that the electrolyte retains its properties across the battery's operational temperature
range. While LIBs typically operate from —20 °C to 60 °C,®3! or in special applications, such
as military use, from =50 °C to 80 °C,[®*] ASSBs can usually operate at temperatures exceed-
ing 100 °C, depending on the electrolyte type.[®5 A thermally stable electrolyte resists de-
composition and maintains functionality under varying thermal conditions, whether in daily
use or extreme situations like thermal runaway, which can occur if a battery is damaged,
for example, during a car crash. This resistance to degradation is vital for minimizing haz-
ardous potential and ensuring high safety standards.[228¢!

From an electrochemical perspective, one of the most critical and widely discussed prop-
erties is high ionic conductivity, which is essential for efficient lithium-ion transport.!87! At
room temperature, a conductivity of at least 10™* S cm™ is often cited as desirable to match
the performance of liquid electrolytes.!®8 Many high-performing solid electrolytes achieve
ionic conductivities between 10™ and 103 Scm™ at room temperature. However, this
range is still 10 to 100 times lower than that of state-of-the-art liquid electrolytes, which
typically exhibit room temperature ionic conductivities around 102 S cm™.[8% High ionic
conductivity facilitates the movement of ions through the electrolyte, reducing the bat-
tery's internal resistance. This reduction in resistance leads to less energy loss as heat and
more efficient charging and discharging processes. Additionally, it enables higher charging

rates and extends the battery's lifetime by promoting a more uniform current distribution.

In addition, electrolytes need to exhibit negligible electronic conductivity to prevent self-
discharge and enhances overall battery performance. |onic conductivity is typically de-
termined using electrochemical impedance spectroscopy (EIS). This method measures the

bulk resistance of the electrolyte and by considering its geometric dimensions can be used

12



Theoretical Background

to calculate the conductivity. To ensure the longevity and safety of a battery, the solid elec-
trolyte must also possess a sufficient electrochemical stability window (ESW). The ESW re-
fers to the range between the oxidation and reduction potentials of the electrolyte, indi-
cating its resistance to degradation from electrochemical reactions. A wider gap between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular or-
bital (LUMO) of the electrolyte correlates with a broader ESW.[®1

If the electrochemical potential of the anode exceeds the electrolyte's reduction potential,
the electrolyte may be reduced if not kinetically inhibited, leading to degradation.®2%3! Con-
versely, if the cathode's electrochemical potential is lower than the electrolyte's oxidation
potential, oxidation of the electrolyte can occur unless a passivation layer inhibits electron
transfer.® A wide stability window, typically between 0 and 5V vs. Li*/Li, is essential to
accommodate the operating potentials of various electrode materials without degradation.
Therefore, designing electrolytes with sufficient stability window for the respective poten-
tials of the used electrodes is crucial for maintaining the stability and performance of solid-
state batteries. It should be noted that most electrolytes decompose at least partially when
in contact with the electrodes at very high and low potentials, forming a passivating SEI
layer. This passivation layer must be ionically conductive yet electronically insulating to en-
sure functionality and prevent continuous electrolyte decomposition, making it a critical
factor for stable long-term cycling.[®>%]

Lastly, the Li* transference number (t;;+) must be considered, especially for polymer elec-
trolytes. This number (between 0 and 1) represents the fraction of the total ionic conduc-
tivity contributed by lithium-ions. Most inorganic ceramic solids act as exclusive lithium-ion
conductors, achieving a Li* transference number close to unity. In contrast, polymer elec-
trolytes allow both lithium-ions and their counter anions to move through the electrolyte.
Typically, Li* cations in solid polymer electrolytes exhibit lower mobility than their anionic
counterparts due to interactions with the polymer matrix. This interaction can create a
concentration gradient, particularly at high current densities, which opposes the desired
movement of the ions.?7:%8

These mechanical, thermal, and electrochemical properties form the foundation for de-
signing promising solid electrolytes and influence other critical parameters, such as the crit-
ical current density. These factors are often compared using radar chart as exemplary dis-

played in Figure 2-3. However, it is important to note that this point-based rating system
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for individual electrolyte classes is subjective and depends on the authors' objectives and
criteria. Therefore, ratings may vary across different sources.[8%9499-101]
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Figure 2-3: Radar charts of relevant properties for oxide, sulfide and polymer electrolytes. Adapted from

Schmaltz et al.[102]

2.4 Inorganic Solid Electrolytes - Oxides

Inorganic solid electrolytes mainly consist of two prominent material classes characterized
by their chemical composition: oxides and sulfides. In the following chapter oxides will be
briefly discussed. Besides these two prominent examples there are also newer materials
classes namely halides and phosphides. Since the main focus of this thesis is on polymer
electrolytes, for a more detailed information on inorganic solid electrolyte properties the
reader is referred to the numerous reviews devoted to these material classes. 87771031 |n
general, ionic conduction in inorganic solid electrolytes is primarily facilitated by the move-
ment of ions through defects within the crystal structure. This process involves ions navi-
gating energy barriers, known as migration energy (Em), as they transition between crystal-
lographic sites (Figure 2-4A). The presence of interstitials, vacancies, and partial occupan-
cies in the lattice, influenced by the defect formation energy, plays a crucial role in deter-
mining ionic conductivity. These defects, such as Frenkel and Schottky defects, enable ion
transport through vacancy and interstitial mechanisms (Figure 2-4B). In vacancy mecha-
nisms, ions hop to adjacent vacant sites, minimizing lattice strain and reducing activation
energy barriers. This mechanism relies on the availability of vacancies within the lattice,
which significantly impacts the pathways and energy barriers for ion migration. Conversely,
interstitial mechanisms involve the direct or indirect movement of ions through interstitial
sites. Direct interstitial diffusion occurs when an ion moves to a neighbouring interstitial
site, often leading to significant lattice strain due to the size disparity between interstitial

and matrix atoms. Indirect interstitial diffusion, or the knock-off mechanism, involves an

14



Theoretical Background

interstitial ion displacing a matrix atom, which then migrates to another interstitial site

(Figure 2-4C-F),[104-106]
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Figure 2-4: Potential energy of migration in solid electrolytes of an interstitial, charged mobile ion in a crys-
talline solid (top right A).[2%! Copyright 2016 American Chemical Society. Some typical point defects in the
inorganic solid electrolyte (bottom left B). Different mechanisms for lithium-ion transport in the active inor-
ganic region, Vacancy diffusion mechanism (C), direct interstitial mechanism (D), interstitial knock-off mech-

anism (E), and direct exchange and ring mechanism (F).[*** Copyright 2022 Royal Society of Chemistry.

Oxide solid electrolytes represent a class of materials with high thermal and chemical sta-
bility, high mechanical strength, and competitive ionic conductivity. Their development for
solid-state batteries is motivated by superior safety compared to liquid electrolytes, and by
their stability against lithium metal, water, air, and elevated temperatures. The most prom-
inent oxide solid electrolytes include garnet-type (e.g., Li;LasZr,01,, LLZO), perovskite-type
(e.g., LisxLay/3-xTiO3, LLTO), NASICON-type (LiM2(POa4)3 with M being Ti, Ge, Zr, and other
elements e.g., Lit+xAlxTi2—x(PO4)3, LATP), and LISICON-type (general formula Li16.2xMx(TO4)a
with M a divalent and T a tetravalent cation e.g. Li1sZn(GeOa)s).721% Among these, LLZO
was studied intensively over the last decade due to its high ionic conductivity (up to
1.4 - 1073 S cm™ at room temperature) and excellent electrochemical stability with lithium
as well as its wide electrochemical stability window of up to 6 V vs Li*/Li. The high oxidation

resistance leads to its compatibility with high-voltage cathode materials, while its low
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electronic conductivity, combined with mechanical strength, is expected to suppress den-
drite formation.[”3! Despite these advantages, LLZO and other oxide electrolytes pose sev-
eral challenges. They are inherently hard and brittle, leading to mechanical issues during
cycling and limiting uniform contact at interfaces. Achieving intimate interfacial contact of-
ten requires high pressure with interfacial resistance remaining a major bottleneck for
practical implementation. The high elastic modulus is beneficial for dendrite suppression,
yet it contributes to poor electrode/electrolyte interface contact. A key issue in LLZO is
stabilizing the highly conductive cubic phase. The tetragonal phase is thermodynamically
more stable at room temperature but exhibits much lower ionic conductivity. To stabilize
the cubic structure, doping with elements such as Al, Ta, or Nb is required. Ta-doping is
particularly effective in promoting the cubic phase and enhancing lithium-ion conductiv-
ity.74 Additionally, LLZO is known to absorb moisture and CO, from air, forming surface
layers (e.g., Li,COs3) which acts like an insulating layer and therefore needs to be removed
for better performance.1”] Synthesis and sintering of oxide solid electrolytes typically re-
quire high temperatures (>1100 °C), which limits scalability and increases manufacturing
costs.[62]

In conclusion, thermally, oxide electrolytes are highly stable, with no risk of combustion or
decomposition under abuse conditions, while they also pose preferable electrochemical
properties. Their high hardness and melting points make them withstand extreme situa-
tions, a key safety advantage over polymers and sulfides. However, their relatively high
mass density and brittleness are drawbacks for achieving high energy density and mechan-
ical flexibility. Strategies such as reducing the manufacturing temperature and electrolyte
thickness or forming composites with polymers are key research areas to increase the via-

bility of solid oxide electrolytes.
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2.5 Solid Polymer Electrolytes

Solid polymer electrolytes have emerged as critical components for advanced battery sys-
tems due to their significant advantages over traditional liquid and inorganic solid electro-
lytes. As previously discussed, SPEs provide enhanced safety attributes such as reduced
flammability and superior mechanical resilience, including tolerance to shocks, vibrations,
and deformation. Compared to inorganic solid electrolytes, polymer-based electrolytes of-
fer distinct benefits in terms of mechanical flexibility and ease of processing. Unlike inor-
ganic electrolytes, which are typically brittle and challenging to fabricate, including high
synthesis and processing costs, SPEs can readily be processed into various shapes and inte-
grated into diverse battery architectures using established manufacturing techniques such
as extrusion or casting. The inherent flexibility of polymer electrolytes facilitates good in-
terfacial contact with electrode surfaces, significantly reducing interfacial resistance and

consequently enhancing overall battery performance.[®4108-112]

Similar to conventional liquid electrolytes, fundamental SPEs are composed of alkali metal
salts dissolved within a polymer matrix. However, numerous strategies have been em-
ployed to modify their physical and (electro)chemical properties, resulting in three primary
classes of polymer electrolytes. These include dry solid polymer electrolytes
(SPEs)1110.113,114] "ga| polymer electrolytes (GPEs)!®#115116] gnd composite polymer electro-
lytes (CPEs)[117-119] 35 displayed in Figure 2-5. Each category exhibits unique characteristics
that can be strategically tailored to meet specific requirements in battery design, perfor-
mance, and application scenarios. Firstly, dry solid polymer electrolytes are formed by dis-
solving a lithium salt within a polar polymer matrix, resulting in a solid, flexible material
that facilitates ion transport. This configuration is often referred to as a dual-ion conducting
polymer electrolyte (DICPE), where both mobile cations and anions migrate through the
polymer matrix. To mitigate polarization caused by charge separation due to the move-
ment of these ions, anions can be chemically linked to the polymer backbone, preventing
their migration and eliminating the electrostatic forces that counteract cation movement.
This approach, known as a single-ion conducting polymer electrolyte (SICPE), effectively

immobilizes the anions.
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Figure 2-5: Main classification of solid polymer electrolytes.

One general disadvantage of SPEs is their relatively low ionic conductivity (107°-
1074 S cm™)119%117] 3t room temperature compared to common liquid (1073-1072S cm"
1)[105,109] 3nd inorganic electrolytes (107*-1072 S ¢cm™)[2220.1201 ' Tg enhance ionic conductiv-
ity, a liquid component can be incorporated within the polymer matrix without dissolving
it, forming a gel polymer electrolyte. Alternatively, inorganic particles, known as fillers, can
be added to the polymer matrix, creating a composite polymer electrolyte. This approach
not only enhances ionic conductivity but also improves mechanical strength and other ben-

eficial properties.

The ion conduction mechanism in solid polymer electrolytes fundamentally differs from
that in inorganic solid electrolytes, where ions migrate via vacancies in crystalline lattices.
lonic transport in SPEs, however, is a more complex phenomenon influenced by numerous
factors such as the dielectric constant of the polymer host, degree of ion pairing, ion size,
and polymer morphology. In general, solid polymer electrolytes contain heteroatoms like
oxygen or nitrogen capable of solvating embedded lithium ions. Scheme 2-1 displays some
examples for commonly studied polymers and special creations for the application as solid

electrolytes:
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Scheme 2-1: Chemical structures of exemplary polymers which have been studied as solid electrolytes.
PEO = polyethylene oxide; PPO = polypropylene oxide; PTMO = polytetramethylene oxide; PVDF = polyvinyl-
idene difluoride; PMMA = polymethyl methacrylate; PEC = polyethylene carbonate; PAN = polyacryl nitrile;
polyphosphazenes Ri,; = various side chains!*?%*2?l; poly(MAPC1-r-Macy CB)!*?3l; PDAMDMA-TFSI24,

While ionic conductivity in ceramics generally follows Arrhenius behaviour, expressed by
equation 6:(12!

_Ea

o = Aexp (ﬁ) ®

with E, being the activation energy, T the absolute temperature, A the pre-exponential
factor and R the Boltzmann constant, polymer electrolytes like PEO show Vogel-Tamman-
Fulcher (VTF) behaviour (equation 7),1'25 where the segmental motion of the polymers play
a critical role. In SPEs, lithium-ion conduction primarily occurs within the amorphous re-
gions through segmental movements of polymer chains, facilitated by local free-volume

domains.[®]

—-B
o =AT 2 exp (T — To) 7
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Hereby, B is the pseudo-activation energy for conductivity (expressed in unit of E, /k), and
T, is the reference temperature, which normally falls 10 to 50 K below the experimental
(kinetic) glass transition temperature (Tg). The VTF equation was devised for describing the
diffusion process in glassy and disordered materials, mainly used for describing the ionic

conduction in SPEs and GPEs above T; of polymer hosts.[*2>]

lonic conductivity in solid polymer electrolytes is strongly influenced by the proportion of
amorphous content, as ion transport relies on the flexibility of polymer segments. This flex-
ibility is governed by the glass transition temperature. Polymers with lower Tg typically have
a higher amorphous fraction and thus exhibit improved ionic conductivity. Segmental mo-
tion of the polymer backbone is a key factor enabling ion mobility, as it allows for inter- and
intra-chain hopping between coordination sites. These dynamic sites are not fixed and vary
with temperature and time. As a result, ionic conduction in SPEs is generally described as a
combination of two processes, namely ion motion along a single chain and ion hopping
between chains, which can be described as intra- and inter-chain ion hopping between co-
ordination sites. Among these, inter-chain hopping is considered the dominant mechanism

for ion transport through the polymer matrix and is illustrated in Figure 2-6.[110:113,126]

Q hetero atom (e.g. O or N)

@ Lition

Figure 2-6: Most commonly accepted ion conduction mechanism in SPEs via inter-chain hopping of Li* ions

coordinated by heteroatoms of the polymer host matrix. Adapted from Ref *?7), Copyright 2021, Elsevier.

As segmental motion, by definition, cannot occur in crystalline complexes, such crystalline
ion—polymer complexes are believed to be insulators. Even though there is some contro-
versy if ion conduction can take place via different mechanisms in the crystalline re-
gions.[63128] SPEs often consist of both amorphous and crystalline phases, with the latter
contributing to mechanical stability but limiting ion mobility. Above Tg, polymers transition

from a glassy to a rubbery state, characterized by increased chain mobility and enhanced
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ion conduction (Figure 2-7). This transition is exclusive to the amorphous regions as crys-

talline domains instead undergo melting transitions.[?’]

" B Glassy Rubben
state tat
Polymer
Tg stififess

e
~—

Glassy state Rubbery state '

TQ

Temperature

Figure 2-7: A Schematic illustration of polymer segment behaviour above and below the glass transition
temperature. Above Tg, increased polymer chain flexibility facilitates ion conduction. B Relationship be-

tween polymer stiffness and ionic conductivity as a function of temperature.*?”! Copyright 2021, Elsevier.

However, lowering the Tg often compromises mechanical integrity, making careful selec-
tion of polymer molecular weight essential to achieve optimal mechanical stability along-
side sufficient ionic conductivity. As stated above, in classical polymer electrolyte systems,
such as PEO-based electrolytes, lithium ions coordinate directly with ether oxygens
(-C-O-C-) through electron lone pairs, enabling ion transport via continuous coupling and
decoupling events driven by segmental polymer chain motions. The efficiency of the ion
conduction further depends significantly on the polymer’s structural properties and chem-
istry. For instance, polymers possessing higher densities of active polar groups, such as
polyoxymethylene (POM), provide more lithium-ion solvation sites compared to structur-
ally similar but less active analogues like poly(trimethylene oxide) (PTMO). Polymer struc-
tural arrangements also strongly influence solvation capacity. For example, poly(propylene
oxide) (PPO) accommodates more lithium ions than PTMO despite identical carbon-to-ox-

ygen ratios.[12°]

Generally, three main strategies can be applied to enhance ionic conductivity. First, the
addition of more lithium salt increases the concentration of mobile ions. As the ion con-
duction is driven by chemical and electrochemical potential gradients, an increase in the
ion concentration is direct proportional to the conductivity. This relation is described by

the Kohlrausch equation (8):[126!
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0= zmql’ni 8
i

With u; being the mobility, g; the charge and n; the concentration of the ions. Further-
more, the Nernst-Einstein relation (9) connects the ionic conductivity with the diffusion

coefficient D:

2
niq

D 9
kT

With kg being the Bolzmanns’s constant and T the absolute temperature. Although equa-
tions 8 and 9 fail to hold quantitatively in concentrated electrolytes, they still give im-
portant indications of how to understand and thereby optimize the ionic conduction. One
would like to increase both the concentration of the dissociated ions and the diffusion co-
efficient of the mobile ions. Second, reducing the Tg improves polymer segment mobility,
thereby facilitating ionic transport. Third, it is possible to decouple ionic conduction from
polymer segment relaxation entirely by designing structures where ions can diffuse inde-
pendently, establishing fixed conduction pathways that do not rely on polymer chain dy-
namics (as utilized in GPEs and CPEs). Some approaches for achieving highly conductive

solid polymer electrolytes are summarized in Figure 2-8.[12°]
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Figure 2-8: Different strategies to improve the ionic conductivity in SPEs.[*?%! Copyright 2023 John Wiley and

Sons.

2.5.1 PEO based Solid Polymer Electrolytes

Polyethylene oxide is a crystalline, thermoplastic, water-soluble polymer with the chemical
structure (-CH,—CH,-0-). The name PEO is usually used, when the molecular weight of the
polymer exceeds 20.000 g mol™". Polymers with lower molecular weights are referred to as
polyethylene glycols (PEG). Due to its readily availability and excellent solvation capability
for lithium salts, PEO is the most extensively studied polymer electrolyte of the last dec-
ades. In SPE systems, the ethylene oxide (EO) units exhibit a high dielectric constant, effec-
tively coordinating lithium ions and enabling good polymer chain flexibility, both essential

for fast lithium-ion transport.

In general, PEO is synthesized via catalytic ring-opening polymerization of ethylene oxide.
At room temperature, PEO is semi-crystalline, exhibiting crystallinity levels between 70—
84%.11301 The crystalline regions exhibit a melting temperature (Tm) of ~65 °C, while the
amorphous regions show a relatively low glass transition temperature of approximately

—64 °C.[131 |on conduction in PEO-based SPEs predominantly occurs within the amorphous
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phase via the previously described intra- and inter-chain ion hopping mechanisms, involv-
ing the continuous formation and cleavage of Li—O bonds. The segmental rearrangement
of EO ligands promotes the long-range migration of lithium ions, allowing rapid ion
transport.>* While the polymer host maintains solid-like mechanical characteristics due to
chain entanglement, lithium ions exhibit liquid-like local environments on the microscopic
scale, enabling effective conduction through polymer segmental motions.[3?) However, at
room temperature, ion conduction is severely restricted by the high crystallinity of PEO,
which limits its practical applicability in typical lithium-ion battery cycling conditions. Upon
heating above the melting temperature of its crystalline domains, PEO transitions into a
predominantly amorphous and molten state, significantly reducing its mechanical proper-
ties. Under these conditions, lithium dendrite formation becomes more pronounced, rais-
ing critical battery safety concerns. In contrast, as temperature decreases, ionic conductiv-
ity diminishes sharply due to an increased crystalline fraction and reduced segmental mo-
tion. Additionally, PEO faces electrochemical stability limitations at high voltages, as oxida-
tion of its terminal hydroxyl groups occurs around 4 V vs. Li*/Li (Figure 2-9).1133134] Thjs re-

stricts compatibility with high-voltage cathode materials.

R-O-R’
Figure 2-9: Possible oxidation mechanism for alcohol and ether groups in polymers at high voltages.*3¥! Cop-

yright 2020, Royal Society of Chemistry.

To improve the ionic conductivity of PEO-based SPEs at ambient conditions, previous re-
search has explored approaches to increase amorphous fractions, including plasticizing,
blending, electrospinning, copolymerization, cross-linking, and adding inorganic fillers.[*35"
1391 These modifications help reduce crystallinity, enhance electrochemical stability, and
partially inhibit lithium dendrite growth. Among these strategies, composite polymer elec-
trolytes that combine the advantageous properties of both polymer matrices and inorganic
fillers represent one of the most promising paths toward future improvements of PEO-

based SPE systems.
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2.5.2 Phosphorus Containing Polymer Electrolytes

As discussed in chapter 2.1, the electrolyte in classical lithium-ion batteries typically con-
sists of highly flammable organic liquids, significantly increasing the risk of ignition and
combustion. Enhancing battery safety consequently strongly depends on reducing electro-
lyte flammability, which represents a major safety advantage of solid electrolytes. How-
ever, organic polymer electrolytes remain intrinsically flammable, thus requiring further
modifications to improve their safety. Hydrogen radicals are known to initiate combustion
processes and thus, suppressing their formation or propagation is a critical approach. One
strategy involves the addition of flame-retardant compounds, such as trimethyl phosphate
(TMP), commonly utilized in the plastics industry.[4% Although phosphate-based flame re-
tardants effectively decrease electrolyte flammability by capturing hydrogen radicals, their
use is often accompanied by adverse reactions with battery anodes, negatively impacting
the overall stability and lifetime of the battery cell.'"*!] Consequently, phosphonates, capa-
ble of effectively scavenging hydrogen radicals without significantly impairing electrochem-
ical performance, represent a promising alternative as flame retardants in battery electro-

lytes.

To eliminate issues related to phosphate-based small molecules, one promising approach
involves incorporating phosphorus atoms directly into the polymer electrolyte structure,
typically in oxidation states of +IIl or +V.[#2 These phosphorus-containing polymer electro-
lytes are considered promising candidates for next-generation energy storage applications.
Various copolymers have been developed by combining building blocks containing flame-
retardant phosphonate units, ion-conducting groups, and lithium salts. At room tempera-
ture, these copolymers exhibit ionic conductivities around 107> S cm™, thus comparable to
conventional SPEs based on ethylene oxide. Compared to homopolymer blends of similar
composition, the copolymer-based SPEs demonstrate improved stability within a broader
electrochemical window (0.5-4.5V vs. Li*/Li) and at elevated temperatures exceeding
120 °C.[*4% This improvement in electrochemical and thermal stability is attributed to the

superior lithium salt solubility provided by the copolymer structure.

Several low-molecular-weight alkyl phosphates and phosphonates, including TMP, triethyl

phosphate (TEP), diethyl ethylphosphonate (DEEP), 2-(triphenylphosphoranylidene)
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succinic anhydride, and ethyl phosphate—polyethylene glycol-based copolymers, have been

developed and tested as additives in liquid electrolytes.[140]

In contrast to these small molecules, polymeric flame retardants provide additional ad-
vantages such as higher melting points, superior thermal and electrochemical stability, and
negligible volatility or leakage. These characteristics significantly improve interfacial stabil-
ity and are particularly beneficial for pure SPE systems. Furthermore, phosphorus-contain-
ing polymer electrolytes offer enhanced acidity, corrosion resistance, improved adhesion
to electrode materials, and increased ion-exchange capacities. These properties continue
to drive interest in phosphorus-based solid polymer electrolytes.[!4? Polyphosphoesters
represent a structurally versatile polymer class, as phosphorus units can be incorporated
either in the polymer backbone or in side chains, providing multiple functionalization sites
beyond those forming the backbone.[!#3! Such structural flexibility allows for further opti-
mization through tailored side-chain functionalization. In addition to poly(MAPC1-r-Macy
CB), shown in Scheme 2-1, further examples of phosphorus-containing polymer electro-

lytes are presented in Scheme 2-2.

E/ﬁ*\ 9_Oﬁi\f
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poly(VDF-co-VDMP)

Scheme 2-2: Chemical structures of various phosphorous containing SPEs studied in literature: PBDPA['44;

tetraEG-S/Sel'*); poly(VDF-co-VDMP)4%l; poly[bis(2-(2-methoxyethoxy) ethoxy) phosphazene] (MEEP)47),

Furthermore, polyphosphoesters exhibit biodegradability through hydrolytic and enzy-
matic pathways, expanding their potential applications across various fields beyond battery

technologies.['*8! One interesting class of polymers in this regard are poly(vinyl
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phosphonates). These have been extensively studied by the group of Rieger et al., uncov-
ering their promising properties in terms of biodegradability,[**°! flame retardancy,*>%
tuneable polymerization behaviour via catalytic methods,!*>17*>31 and a highly amorphous
character,™> which would benefit ion transport through the polymer. In addition to these
features, poly(vinylphosphonates) offer considerable structural flexibility through side
chain functionalization. The phosphonate group provides a versatile center for introducing
various functional moieties, allowing fine-tuning of physicochemical properties such as ion
coordination strength, polarity, and segmental mobility. This design flexibility is similar to
that of poly(phosphazenes), which also possess two side groups per repeat unit and are
known for their broad functionalization possibilities.[3% Furthermore, poly(vinyl phospho-
nates) have demonstrated good thermal and oxidative stability, making them suitable can-
didates for applications under demanding conditions, including high-voltage or elevated-

temperature operation.!'>4

2.5.3 Composite Polymer Electrolytes

The most studied approach to enhance the mechanical and electrochemical properties of
polymer electrolytes is by adding inorganic particles, so-called fillers, into the polymer ma-
trix, thereby creating a composite polymer electrolyte (Figure 2-10). These materials com-
bine the flexibility and processability of conventional SPEs while simultaneously enhancing
the ionic conductivity and mechanical strength due to the presence of inorganic parti-
cles.’>] Depending on the type of filler used, they can be either inert or ion-conducting,
while parts of their beneficial effects are commonly explained by Lewis acid—base interac-

tions between filler surfaces and either the polymer chains or lithium salts.[*>%]

Furthermore, fillers can reduce the crystallinity of the polymer host, promote lithium salt
dissociation, and create additional ion-conduction pathways. A key factor influencing the
performance of CPEs is the structure and chemistry of the filler—polymer interface, with
the effectiveness of the composite system strongly depending on features like particle size,
concentration, and dispersion. In some cases, fillers have also been shown to form Li*-con-
ducting interfacial layers in situ at the electrode—electrolyte interface, which may contrib-

ute to lower interfacial impedance and improved overall performance.[112]
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As mentioned above, fillers can be divided into two main categories. Inert fillers typically
include ceramic oxides such as Al,Os, TiO,, and SiO,. These materials do not conduct Li*
ions themselves but can influence the polymer matrix in several beneficial ways. When dis-
persed within the polymer, they can act as physical or chemical crosslinking centers, sup-
pressing the recrystallization of polymer chains and thereby reducing the overall crystallin-
ity and improving segmental motion. Additionally, Lewis acid—base interactions between
the surface groups of the inert fillers and the ions from the lithium salt can enhance salt
dissociation and immobilize the anions, which further improves lithium-ion transport and

increases the number of mobile lithium ions.[15%]

Active fillers, on the other hand, are lithium-ion-conducting inorganic materials that not
only provide the same benefits as inert fillers but also contribute directly to ion transport
by forming additional conduction pathways. These pathways can be established through a
percolating network of interconnected filler particles or at the filler—polymer interface,

both of which enhance overall ionic conductivity.[3%

passive fillers active fillers
(non Li*-ion conducting) (Li*-ion conducting)

N

oxide ceramics
Al,0,, Si0,, TiO,, Zr0,, Y,0,,
LiAlO,, Mg,B,0;

ferroelectric ceramics oxid electrolytes sulfid electrolytes
BaTiO,, PbTiO,, LiNbO, LLTO, LATP, LLZO LPS, LGPS, LPSCI

Figure 2-10: Classification of different filler materials with exemplary compounds for each class.

However, there is ongoing debate as to whether, at low filler content, the enhanced con-
ductivity at the interface or within the particle itself can significantly impact the total ionic
conductivity of the CPE. The surrounding polymer matrix often acts as a bottleneck, with
conductivity values typically one or more orders of magnitude lower than those of the fill-
ers. To ensure a continuous network of the highly conductive phase, increasingly complex
0—-3D structures have been developed to maximize the benefit of incorporating active fillers
into CPEs (Figure 2-11).1157-1601 Common active fillers include oxide-based perovskites,
NASICON-type materials, garnet-structured oxides, and sulfides. For example, Zhu et al. re-

ported a significant improvement in conductivity by incorporating 15 wt% LLTO nanowires
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into a PEO-LITFSI matrix, achieving a conductivity of 2.4 - 10 S cm™ at room temperature
which is nearly one order of magnitude higher than that of the unfilled PEO-LITFSI sys-

tem. (161
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Figure 2-11: Schematic diagram of the different transportation pathways of Li* ions in CPEs according to dif-

ferent filler morphologies.*>® Copyright 2021, American Chemical Society.

None of the existing solid electrolytes fully addresses all challenges associated with all-
solid-state batteries, as each class has its own strengths and limitations, the most promising
strategy for next-generation batteries lies in combining the advantages of both inorganic

and polymer-based electrolytes through hybrid and composite approaches.
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2.6 Cathode Materials

Cathode materials host lithium ions in the fully discharged state, acting as the primary lith-
ium source and thereby largely determining the overall capacity of the full-cell. To optimize
cycle life and energy density, cathode active materials should exhibit high reversible capac-
ity and operating potential. Because cathode materials constitute approximately 40-50%
of the total cell cost, advancements in this field can significantly influence the economics
of battery production, with a small improvement having a large impact on the grand
scale.[*®? Various cathode materials have been studied and employed based on specific
performance criteria, such as high energy density, extended cycling stability, or improved

safety. Table 2-1 summarizes several commonly used cathode materials.

Table 2-1: List of common cathode materials and respective typical applications due to their properties.

Specific
Exemplary
capacity Applications Ref
material
[mAh g™]
LiCoO> (LCO) 140-170 Mainly smaller portable electronics 163]
LiMn,04 (LMO) 110 Low cost, eco friendly applications (164]
LiNio.8C00.15Al0.0s02
~180 High power automotives [165-167]
(NCA)
LiNixMnyCo,0, Portable and high power applications in-
160-215¢° [168-171]
(NMC) cluding power tools and EVs
LiFePO4 (LFP) 155-170  High safety — stationary batteries and EVs ~ [163172]

@increasing with the ratio of nickel in NMC (highest for NMC 811).

This section provides an overview of some cathode materials, specifically lithium cobalt
oxide, lithium manganese oxide, lithium nickel manganese cobalt oxide, and lithium iron

phosphate.

2.6.1 Lithium Cobalt Oxide (LCO)

In 1981, John B. Goodenough reported lithium cobalt oxide (LiCoO;) as a cathode active
material for batteries, demonstrating the reversible deintercalation and reintercalation of

lithium ions. This groundbreaking discovery paved the way for LCO to become a prominent
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intercalation cathode material for lithium-ion batteries.!'”3! The commercialization of LIBs

featuring LCO cathodes was pioneered by SONY in 1991.[174]

Since then, LCO has been extensively studied in academic research and widely applied in
industrial fields. With advancements in electrolyte technology and other supporting inno-
vations, it has become a staple in portable consumer electronics and various other prod-
ucts. The rapid development of electronic devices has fuelled a sharp increase in demand
for higher energy density, a requirement which LCO can meet with its high theoretical ca-
pacity and electrode density. Despite its high theoretical capacity of 270 mAh g, the prac-
tical discharge capacity of LiCoO; typically ranges from 140 to 170 mAh g at voltages be-
tween 4.2 and 4.45 V vs. Li*/Li, depending on the cut-off voltage and material modifica-
tions, like coating and doping strategies.[164165] Moreover, the majority of the world's cobalt
reserves are located in the Democratic Republic of Congo and China, raising concerns about
potential global supply shortages. Additionally, significant ethical and environmental issues

are associated with the exploitation of child labour and the toxicity of cobalt.

These concerns have driven the search for alternatives to LiCo0,.['7>! Compared to other
lithium-rich cathode materials, high-voltage LiCoO; cathodes still offer a significant ad-
vantage in volumetric energy density. This makes them crucial for powering portable de-
vices, where LCO-based LIBs continue to dominate the market. However, the high charging
cut-off voltages can also lead to negative effects, particularly the rapid decay of cycle ca-
pacity. This degradation is primarily caused by the destruction of the crystal structure and

the aggravation of interface side reactions.[14

2.6.2 Lithium Manganese Oxide (LMO)

The spinel oxide lithium manganese oxide was first introduced by Thackeray and Goode-
nough in 1983.12781 |n this structure, manganese ions (Mn3** and Mn**) occupy octahedral
sites, whereas lithium ions reside in tetrahedral sites within the spinel framework. The
three-dimensional diffusion channels through adjacent octahedral voids enable higher lith-
ium-ion conductivity and better rate capability compared to layered materials, which ex-

hibit two-dimensional diffusion pathways.[17”]

Lithium manganese oxide has a theoretical capacity of approximately 148 mAh g™'. How-

ever, in practical applications this is typically reduced to around 110 mAh g™.[178] Operating
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at an average potential of about 4.0 V vs. Li*/Li, LMO achieves a comparatively low energy
density of about 440 Wh kg™ at the material level. Additionally, LMO suffers from poor
performance at elevated temperatures due to its instability toward proton-containing elec-
trolytes, causing manganese dissolution from the cathode. Specifically, Mn3* undergoes
disproportionation into Mn2* and Mn**, after which Mn?* dissolves into the electrolyte and
subsequently deposits onto the anode surface.[*” This deposition accelerates the degra-

dation of the solid electrolyte interphase and contributes to capacity fading in the full cell.

Consequently, LMO is not used as the exclusive CAM in lithium-ion batteries but rather, it
is frequently incorporated into composite cathodes, where it provides high power density
during acceleration, complemented by other cathode active materials such as NMC, to pro-
vide higher energy density for extended driving ranges. One approach to improve this ma-
terial is with the partial substitution of manganese with nickel, resulting in the formation
of the high-voltage lithium nickel manganese oxide (LMNO), which operates at compara-
tively high average potential of approximately 4.7 V vs. Li*/Li.1*8 With a reversible capacity
of about 135 mAh g!, LMNO reaches an energy density of up to 635 Wh kg™, and therefore
around 1.4 times more than lithium manganese oxide. Within this high-voltage spinel struc-
ture, manganese ions remain in a stable Mn** oxidation state, while nickel ions participate
in the redox transition between Ni?* and Ni** during cycling.[*8") However, LMNO operates
above the oxidative stability of most electrolytes, its application is limited to specific sys-
tems. Because of this bottleneck its commercial availability is only anticipated for the late

2020s.[182

2.6.3 Lithium Nickel Manganese Cobalt Oxide (NMC)

As raw materials account for over 50% of the total cost of cathode active materials, even
partial substitution of cobalt with more affordable alternatives presents significant eco-
nomic advantages.[183 Consequently, research into cobalt substitution lead to the develop-
ment of layered oxide cathodes composed of cobalt combined either with nickel and man-
ganese or with nickel and aluminum. These advancements resulted in the establishment of
nickel manganese cobalt oxide (NMC) and nickel cobalt aluminum oxide (NCA) cathode
classes.[184
The initial commercialized variant, nickel manganese cobalt oxide with equal atomic pro-
portions (Li[Nio.33C00.33Mno.33]0, - NMC111), was notably utilized in the first-generation
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BMW i3.[!83] The ratio of nickel to cobalt to manganese is usually written behind the acro-
nym with the general formula being LiNixMn,Co,0; (with x + y + z = 1). This first developed
NMC variant delivered a reversible capacity of up to 160 mAh g™ at an upper cut-off voltage
of 4.3 V vs. Li*/Li.[181 While still far away from its theoretical capacity of around 275 mAh g™’
(and therefore similar to LCO),*87 this first NMC materials already reaches the specific ca-
pacity of LCO. Further increasing the nickel content enhances the accessible specific capac-
ity at a given cut-off voltage. For example, NMC622 and NMC 811 offer capacities of ap-
proximately 198 mAh g™ and 215 mAh g™, respectively, both measured at a 4.2 V cut-off.
Hence, by increasing the nickel ratio an increase in specific capacity of about 30% can be
achieved from NMC111 to NMC811.[*71 With this an energy density of 800 Wh kg™ on ma-
terial level can be achieved which is substantially higher than LCO (570 Wh kg™) and LMO
(440 Wh kg™).[269]

Nickel, as the primary redox-active element, contributes to high capacity but compromises
cycling and thermal stability. In contrast, cobalt stabilizes the crystal structure and en-
hances reaction kinetics, while manganese, remaining electrochemically inactive, primarily
acts as a structural stabilizer, improving both cycle life and safety.[!®] However, elevating
nickel content introduces several critical challenges, particularly impacting cycle life and
thermal stability. Higher nickel levels (NMC811) correlate with diminished thermal stability
due to an increased presence of thermodynamically unstable Ni** ions. At elevated tem-
peratures, these Ni** ions readily reduce to Ni?*, releasing oxygen and causing structural
degradation.[*¥”l Moreover, all layered oxide cathodes experience anisotropic volume con-
tractions upon lithium extraction. Although this contraction is a general phenomenon de-
pendent primarily on lithium utilization, it is significantly more pronounced in nickel-rich
compositions, which are typically cycled to higher degrees of delithiation. For instance, vol-
ume contraction is around 2.4% for NMC111 versus approximately 8.0% for NMC811 at the
same voltage cut-off of 4.3 V vs. Li*/Li.[184188189] Repeated volume changes during cycling
can induce particle cracking, leading to various implications. While moderate cracking may
benefit the short-term charge kinetics by exposing fresh surface area, excessive cracking
can compromise electrical contact between crystallites and accelerate surface degradation
processes.[169188,190] Egpecially in solid-state batteries, particle cracking poses a severe is-
sue, as cracks cannot be readily filled by liquid electrolytes, resulting in the loss of electronic

and ionic connectivity (Figure 2-12).11%1

33



Theoretical Background
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Figure 2-12: Schematic illustration of a pristine and cycled cathode in an ASSB with polycrystalline NCM, con-
ductive carbon and solid electrolyte. After cycling, cracking and contact loss occurs, leaving NCM particles
disconnected from the electronic network (red lines) and/or the ionic network (blue lines). Adapted from

Ref (151,

This contact loss resulting from particle cracking, extends lithium-ion diffusion pathways,
causing capacity loss by diffusion limitation. To address these chemo-mechanical degrada-
tion, morphological and microstructural optimization is investigated. Single-crystalline
NMC materials, for example, demonstrate significantly reduced susceptibility to particle
cracking and mechanical degradation compared to their polycrystalline counterparts, thus
delivering superior performance retention in solid-state battery configurations.[**? Conse-
guently, NMC materials offer high energy density and with the potential application in
ASSBs make them a promising candidate for reaching the targeted energy density for

EVs. 1293

2.6.4 Lithium Iron Phosphate (LFP)

Lithium iron phosphate (LiFePO,4) was first introduced as a cathode active material in 1997
by Padhi and Goodenough.!'?¥ |ts attractive properties like low material cost, environmen-
tal friendliness, good thermal and chemical stability, and long cycle life have made it a
prominent candidate for lithium-ion batteries, especially in applications where safety and

cost outweigh gravimetric energy density.

LFP belongs to the family of phospho-olivines and crystallizes in an orthorhombic olivine
structure. This olivine structure is characterized by a hexagonally close-packed oxygen ar-
ray in which FeOg octahedra share edges and faces. Hereby, lithium ions occupy one-di-

mensional channels. This restricted transport pathway causes a strong anisotropy in lithium
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diffusion and makes ionic conductivity particularly sensitive to crystallographic defects and
impurities. The narrow channels are prone to blockage, which significantly affects rate per-
formance and overall cell kinetics (Figure 2-13) Upon delithiation, FePO4 forms as a sepa-

rate phase without significant distortion of the olivine framework.[19>-197]

fast 1D diffusion
o

defect

Figure 2-13: A Structure of LiFePOs depicting the curved trajectory of Li-ion transport along the b-axis, shown
with red arrows. The FeO6 octahedra are shown in blue, the PO4 tetrahedral in yellow, and the LiOs in green.
B Schematic illustration of lithium ions diffusion impeded by immobile point defects in 1D channels.**®! Cop-

yright 2024, Elsevier.

Other intrinsic drawbacks of LFP include low electronic conductivity (~1077 to
107" S cm™)[197.198] and poor lithium-ion diffusivity (~107"3 to 107> cm? s~ depending on the
SOC).[**%1 Some reported diffusion coefficients are even lower, with sources citing values
up to 1078 cm? s71.[200-202] Thjs is several orders of magnitude lower than the diffusion co-
efficients in typical carbon anodes (107 to 1077 cm?s™) or in electrolyte media (e.g.,
4.1 -10°cm?s7'in 1 M LiPFs in EC/DEC = 1/1).1203] Therefore, controlling lithium transport
within the LFP structure and individual particles is essential for ensuring their economic

viability. To overcome related limitations, several strategies have been developed.

Nanoscale LFP particles (100-500 nm) coated with conductive carbon layers can signifi-
cantly enhance both electronic conductivity and lithium-ion mobility. Such modifications
enable practical capacities of approximately 160 mAh g™, close to its theoretical value of
170 mAh g.[204-208] Fyrther improvements have been pursued via cation doping (e.g. sub-
stitution of Li* with supervalent cations) and synthesis optimization to obtain homogene-
ous polycrystalline LFP.[27] From an electrochemical standpoint, LFP operates at a rela-

tively low voltage plateau of approximately 3.4 V vs. Li*/Li, which limits its theoretical
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gravimetric energy density to 540 Wh kg™.1206! This value is lower compared to previously
described CAMs such as LCO or NMC, which offer higher energy densities in part due to

their higher oxidation potential.

Due to this fact, LFP only gained broad commercial traction around 2020.2%¢! |ts resurgence
was driven by several factors, including cost stability, raw material availability, and ad-
vances in materials engineering. One key development was the improvement of energy
density at the pack level through innovations in battery pack design, particularly BYD’s
blade pack concept, which was the first to implement a cell-to-pack architecture. This in-
creased volumetric efficiency without modifying the intrinsic cell chemistry.[2%°! Addition-
ally, LFP contains no cobalt or nickel, two critical elements associated with high cost and
supply chain risks, which makes it a sustainable and environmentally favourable cathode
option.[1%>210] The |ong-term sustainability of LFP battery systems depends also on the de-
velopment of efficient recycling strategies. In particular, pretreatment and direct regener-
ation methods are being explored to improve material recovery and reduce the environ-
mental impact of end-of-life LFP cells. These approaches aim to close the material loop and

support the broader circular economy for lithium-ion batteries.[1951%I

A competition between LFP and NMC/NCA as cathode materials is currently ongoing. Re-
gional differences are apparent. In China, manufacturers such as CATL primarily focus on
LFP, while in Europe and the USA the emphasis has so far been on high-energy materials
such as NMC and NCA. (Figure 2-14). It is, however, unlikely that one chemistry will fully
replace the other. Instead, both are expected to remain relevant, each serving different
applications depending on specific requirements in terms of cost, safety, energy density,

and raw material availability.[21
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Figure 2-14: Global battery production with LFP and NMC/NCA cathode material between 2022 and 2030.1211
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2.7 Anode Materials

Unlike the previously discussed cathodes, anodes serve as host materials for lithium ions
in the fully charged state. Similar to cathode materials, anodes can also be classified based

on their working mechanisms, as outlined in Table 2-2.

Table 2-2: Theoretical capacities of anode materials which are representatives of the different working mech-

anisms.
Theoretical capacity
Working mechanism Exemplary material Ref
[mAh g™]

Graphite 372 (LiCe) (212]

Lithium intercalation
Lithium titanate oxide 175 - 2932 (213]
3590 (Li1sSia) (214]

Alloy formation with lithium Silicon

4200 (Li22Sis) [215]
Conversion reaction Fe 03 1007 216]
Metals Lithium 3860 (217]

3175 mAh g~*at 1.55 V vs. Li*/Li and 293 mAh g* if all Ti>* convert into Ti** below 1.0 V.

2.7.1 Intercalation Materials

Intercalating anodes are a cornerstone of LIB technology, with graphite being the most
widely used material, accounting for approximately 98% of the market.?8] Graphite has
been the state-of-the-art anode material since the commercialization of the first LIB due to
its highly reversible lithium-ion intercalation and stable structural properties. Structurally,
it consists of ordered, stacked carbon sheets with a honeycomb-like arrangement, allowing
lithium-ion intercalation without significant disruption to the host structure. This process
occurs at a low potential of 0.1-0.2 V vs. Li*/Li, enabling a high nominal cell voltage. How-
ever, the low operating potential also increases the risk of lithium plating, where excess
lithium ions are reduced on the graphite surface during overcharging or when the cell po-
tential drops below 0 V. Lithium plating can lead to the formation of metallic lithium, posing
severe safety risks, such as short circuits due to separator penetration, and negatively im-
pacts battery performance.[22218219] Despite this limitation, graphite remains the preferred
intercalating anode material due to its unmatched cycle stability and minimal volumetric

expansion, which is only 13.2% when fully lithiated.??!
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Lithium titanate oxide (LTO) is another intercalating anode material, occupying a niche mar-
ket with approximately 2% of LIB applications.?!8] LTO offers excellent reversibility in lith-
ium-ion intercalation and extraction, along with its "zero-strain" property, which minimizes
volumetric changes during cycling.[3” This characteristic ensures superior structural stabil-
ity and contributes to its exceptional cycle life, making LTO especially suitable for applica-

tions where durability and safety are critical.

Additionally, LTO exhibits outstanding thermal stability at elevated temperatures, outper-
forming graphite in high-temperature environments. Electrochemically, LTO displays a spi-
nel structure which supports the reversible insertion and extraction of lithium ions. During
lithiation, three lithium ions intercalate into the structure, transforming LiaTisO12 into LizTis
O12. LTO exhibits a theoretical capacity of 170-175 mAh g™* at 1.55 V vs. Li*/Li, a potential
higher than the reduction potential of most organic electrolytes (~0.8 V). This elevated po-
tential prevents the formation of a SEI layer, helping to maintain low cell impedance. How-
ever, LTO's practical application is limited by its low electrical conductivity, along with chal-
lenges such as SEl formation and capacity loss at potentials below 0.7 V. Additionally, its

lower energy density compared to graphite restricts its broader adoption.

While graphite remains the dominant intercalating anode due to its superior energy den-
sity, stability, and scalability, LTO fulfils a specialized role in applications requiring enhanced
safety, thermal resilience, and exceptional cycle life. These characteristics make LTO par-

ticularly suitable for large cells in stationary applications[2213!

2.7.2 Alloy/Silicon based Electrodes

As shown in Table 2-2, silicon possesses an exceptionally high theoretical capacity due to
its ability to form alloys with lithium during lithiation. The fully lithiated phase at room tem-
perature, Li2sSis, illustrates this, as five silicon atoms can alloy with 22 lithium ions, explain-
ing the remarkable capacity. However, this advantage comes with significant challenges,
primarily the volumetric expansion of up to 300—400% during lithiation.2*2! Such extreme
volume changes induce mechanical stress, leading to issues like disconnection from the
current collector, loss of active material due to particle separation, and continuous SEl layer
breakage and reformation.[??!l These factors contribute to poor cycle life and substantial

irreversible capacity loss in consecutive cycles.[215222]
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Moreover, silicon's inherent low electrical conductivity (10 S cm™) and slow ion diffu-
sion (~10-14 cm? s71) further hinder its large-scale application.?*?l On a microscopic level,
silicon particles are prone to pulverization, resulting in electrically isolated regions and fur-
ther loss of active material. To mitigate these challenges, understanding and optimizing the
working mechanism of silicon is essential. During the first lithiation of crystalline silicon (c-
Si), an amorphous alloy (a-LixSi) is formed below 170 mV vs. Li*/Li. By employing a lower
cut-off potential of 170 mV, the amorphous alloy can undergo reversible lithiation without
additional amorphization.[2232241 Additionally, partial lithiation to one-third of the theoret-
ical capacity (~1200 mAh g™) reduces volume expansion to approximately 100%, minimiz-

ing SEI breakage and improving cycle life.[2?]

Despite these challenges, silicon is one of the most promising candidates for next-genera-
tion anode materials. Its high theoretical capacity, combined with strategies to mitigate its
drawbacks, positions it as a strong contender to replace graphite. Furthermore, its natural
abundance as the second most abundant element in the Earth’s crust supports its scalabil-
ity and economic feasibility. With continued advancements in material design and optimi-
zation, silicon has the potential to become the new state-of-the-art anode material in lith-

ium-ion batteries.212]

2.7.3 Conversion Electrodes

Conversion reactions represent a distinct working mechanism for anode materials, differing
from lithium intercalation by involving actual chemical reactions rather than the insertion
of Li* ions into a host material's lattice. These reactions typically follow the general form

(equation 10):
M,X,+ (bxc)Li-+(bXc)e” 2 aM + bLi X 10

where M denotes a transition metal and X an anionic species such as oxides or sulfides.
Conversion electrodes offer high theoretical capacities, generally ranging from 500 to
1500 mAh g1, and their chemical stability contributes to enhanced battery safety by reduc-
ing the risks of thermal runaway and decreasing overall battery mass.!*®3! A prominent ex-
ample of a conversion electrode is iron oxide, which exhibits a theoretical capacity three
times higher than graphite (1007 mAh g™ for Fe203 and 924 mAh g~* for Fe304). However,

several drawbacks limit its practical application. Iron oxide undergoes significant
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volumetric changes of approximately 100% during lithiation, leading to mechanical stress,
pressure buildup, and potential safety risks in the closed system of a battery. Additionally,
the material suffers from poor rate capability and low initial coulombic efficiency. Another
challenge is the large difference between charge and discharge voltages, which results in

inefficient round-trip energy efficiency.[216]

2.7.4 Lithium Metal

Lithium metal (LiM) anodes are widely regarded as the "Holy Grail" of anode materials for
next-generation batteries due to their exceptional properties. With a theoretical specific
capacity of 3860 mAh g™, approximately 10 times higher than that of graphite
(372 mAh g™1), and a low density of 0.534 g cm™3, LiM offers unparalleled potential for en-
hancing both gravimetric and volumetric energy densities while reducing the total cell mass
and volume. Its low reduction potential (—3.04 V vs. SHE) further enables high cell voltages,
making it ideal for achieving high-energy-density batteries.[22°!

Lithium metal's potential was first demonstrated in the 1970s with lithium-metal batteries
using TiS; cathodes, which achieved high energy density and fast charging rates.??”) How-
ever, the application of LiM in practical batteries has been hindered by significant chal-
lenges. A critical issue with lithium metal anodes is their low melting point of 180 °C, which
raises safety concerns during stress conditions. More significantly, lithium metal is prone
to dendrite formation during cycling, resulting from uneven lithium deposition. This uneven
deposition not only promotes dendrite growth, which can penetrate the separator and
cause short circuits, but also contributes to the generation of electrically isolated "dead"

lithium (Figure 2-15).[35228,229]

L

Li stripping

——-

Figure 2-15: The formation of dead Li during the lithium stripping process.!??®! Copyright 2025 Elsevier.
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The high reactivity of LiM intensifies these problems by triggering side reactions with or-
ganic electrolytes, leading to SEI formation. This process consumes both fresh lithium and
electrolyte, reducing active material availability and resulting in poor coulombic efficiency,
often falling below 90% in unoptimized systems.[168226] Additionally, the repeated plating
and stripping of lithium induce volume changes that compromise the SEl's mechanical in-
tegrity, causing its breakdown and reformation, further accelerating capacity loss and the
accumulation of dead lithium.??”! Efforts to overcome these challenges have focused on
optimizing electrolyte compositions and interface stabilization. Fluorinated additives such
as 3,3,3-fluoroethylmethyl carbonate (FEMC),23% bisfluoroacetamide (BFA),231 and
tris(pentafluorophenyl)borane (TPFPB)232 have been shown to form LiF-rich SEl layers that
enhance stability, suppress dendrite growth, and reduce side reactions.3°!

As previously stated, ASSBs with lithium metal anodes offer another promising approach
by the increased electrochemical stability of the solid electrolytes and higher mechanical
integrity, which can hinder lithium dendrite growth. The ultimate goal, however, is to elim-
inate the need for excess lithium by enabling uniform lithium plating directly onto the cur-
rent collector during charging (anode-free lithium metal batteries), thereby maximizing en-
ergy density.l?Y] Despite these challenges, rapid progress in material design, modification
strategies, and electrolyte engineering underscores the transformative potential of LiM an-
odes. By addressing issues such as dendrite formation, SEl instability, and volume changes,
lithium metal anodes could unlock the next generation of high-energy-density batteries,
making them a cornerstone of future high energy dense batteries.[?2” A summary of the
presented electrode materials with their respective electrochemical potentials and specific

capacities is given in Figure 2-16.
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Figure 2-16: Summary of the presented electrode material options. The displayed capacity of the silicon alloy

is 50% of the theoretical capacity of the material due to the limitation for application when fully lithiated.

Reprinted with permission from Ref (1631,
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2.8 Impedance Spectroscopy

Electrochemical impedance spectroscopy is a highly versatile and powerful analytical tech-
nique for investigating electrochemical systems. It involves applying sinusoidal potential or
current perturbations to a system at different frequencies and recording its corresponding
response.". The technique can be performed in two modes: galvanostatic electrochemical
impedance spectroscopy (GEIS), where a controlled current perturbation is applied, and
potentiostatic electrochemical impedance spectroscopy (PEIS), where the perturbation is
in the form of a controlled voltage. GEIS is particularly suited for systems with low imped-
ance, such as commercial batteries, as it avoids signal overflow during measurements. De-
spite differences in the input signals, both techniques operate on the same fundamental
principles.[233]

Of the two methods, PEIS is more commonly used, as it fulfils the requirements for most
systems and provides valuable insights into the characteristic frequencies of various elec-
trochemical processes. For example, ion migration typically dominates at high frequencies,
while diffusion processes are more prominent at lower frequencies.?3¥ The impedance Z
is defined as the complex ratio of the applied potential dE to the resulting current dI and
is expressed in equation 11:[234!

dE

_a& 11
dl

Z

Analogous to resistance, impedance is a frequency-dependent, complex quantity. It follows
the same mathematical rules as described in Kirchhoffs law for series (additive) and parallel
(reciprocal addition) connections. By altering the excitation frequency, an impedance spec-
trum is obtained, providing a detailed understanding of the electrochemical processes oc-
curring in the system. These processes, such as charge carrier transfer, diffusion of active
species, and the formation of the electrochemical double layer, occur at different time
scales and can be distinguished with the distribution of relaxation times (DRT) technique.[88!
To ensure the system remains in a steady state, the amplitude of the applied signal has to
be small enough to maintain linearity between the voltage E(t) and the current I(t). A

sinusoidal voltage signal is given by equation 12:
E(t) = |AE|sin(wt) 12
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where |AE| is the voltage amplitude, and w is the angular frequency. The current response
1(t) shares the same angular frequency but includes a phase shift ¢ (equation 13), depend-

ing on the system's characteristics:
1(t) = |Al|sin(wt + @) 13

Combining these equations with the help of Euler’s formula, the impedance can be ex-

pressed as displayed in equation 14:[236]
For its validity steady-state conditions need to be fulfilled. This equation reveals that im-

pedance has both real 7 and imaginary Z"components. These components can be visual-

ized in a Nyquist plot, where 7 is plotted on the x-axis and —7 on the y-axis. Another com-
mon representation is the Bode plot, where the impedance magnitude |Z| and phase angle

@ are plotted against frequency.

One of the most widely used methods for interpreting impedance data is equivalent circuit
analysis. This approach models electrochemical processes using an equivalent electrical cir-
cuit composed of basic elements such as resistors, capacitors, inductors, and their combi-
nations, as well as more complex components designed to simulate specific electrochemi-
cal phenomena. A commonly employed model is the Randles circuit (Figure 2-17), which
includes the internal resistance (R;,;), double layer capacitance (C4;), charge transfer re-
sistance (R.;), and a Warburg element (Z,,). The Warburg element accounts for diffusion
processes based on semi-infinite linear diffusion and exhibits an impedance inversely pro-
portional to the square root of frequency in a 45° line in the Nyquist plot. The Randles
circuit is particularly prevalent in battery studies, as it effectively represents impedance
spectra under a wide range of typical operating conditions.?3”! This equivalent circuit de-
picted in Figure 2-17 is particularly common in battery studies and provides an effective
representation of impedance spectra for simple conditions, when for example studying just

one electrode.[234
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Figure 2-17: Schematic representation of a Nyquist plot (red) and the corresponding equivalent circuit

(blue).1?*"! Copyright 2025 John Wiley and Sons.

However, the analysis becomes increasingly complex for full battery cells, where overlap-
ping semicircles in Nyquist plots can obscure individual processes. Figure 2-18 illustrates a
Nyquist plot for a LiFePO4 | Li cell, where no distinct semicircles are observed, complicating

the fitting process.[238l
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Figure 2-18: Equivalent circuit model for a LiFePO, | Li cell derived from combined analysis of impedance

spectra.?38l Copyright Elsevier 2025.

To address these challenges, the afore mentioned DRT method can be employed. This ap-
proach separates loss processes based on their characteristic frequencies, providing a
clearer picture of individual contributions. Processes occurring on different time scales ap-
pear at different frequencies, as shown in Figure 2-19, which depicts the observed fre-

quency ranges of loss processes in LiFePO, | Li cells.[238]
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Figure 2-19: Observed frequency ranges of the identified loss processes in LiFePOy | Li cells.’238 Copyright

Elsevier 2025.

Despite its versatility, impedance spectroscopy is not without limitations. Accurate data
interpretation requires a physically consistent equivalent circuit model that aligns with the
specific characteristics of the system. Ambiguity can arise when multiple equivalent circuit
models fit the same experimental data equally well, underscoring the importance of com-

bining impedance spectroscopy with complementary techniques for a reasonable analy-

sis [235,239,240]

Beyond modelling diffusion processes in electrodes using Warburg elements, a more so-
phisticated approach involves the use of transmission line models (TLMs). TLMs provide a
physical framework to address the impedance characteristics of porous electrodes. For a
simple electrode/electrolyte interface, the electrochemical behaviour is typically repre-

sented by a series-connected RC element and the resistance of the solution Figure 2-20a).

b Non-faradaic processes at porous electrode

Electrode Electrolyte

. &Tim distribution
a Faradaic processes at planar electrode Ry Ren Ren R,
Electrode Electrolyte I VW I """" I YW I YW I WAr—e
c c e e

&Interface

(C Faradaic processes at porous electrode

Electrode Electrolyte

&Tim distribution

Interface

&Interface

Figure 2-20: Schematic representations of electrode structures and their equivalent circuit models used in

the TLM approach. Adapted from ref 24, Copyright 2015 American Chemical Society.

However, this simplified model assumes that the interface is a uniform and continuous
plane, which is a condition that is rarely true for LIBs and becomes even less applicable for
solid-state batteries, where contact issues between CAM particles and the catholyte fur-

ther complicate the interface.[?*2 TLMs treat the entire interface of a porous electrode as
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a continuum of infinitesimally small interfaces. Each small interface accounts for three key
physicochemical processes, namely electron conduction in the electrode, ion conduction in
the electrolyte, and interfacial reactions. Figure 2-20b and c illustrate TLMs for different
interfacial reaction scenarios. In the non-faradaic process (b, also referred to as the elec-
tron-blocking condition and comparable to a Warburg open circuit), no charge transfer oc-
curs. In contrast, the faradaic process (¢, comparable to a Warburg short circuit) involves
electron transfer leading to oxidation or reduction reactions (non-electron-blocking condi-
tions). Electron-blocking conditions are typically observed during impedance spectroscopy
when a battery cell is fully charged or discharged, as these states correspond to the cathode

being fully delithiated or fully lithiated.[233241]

Each RC element in the TLM represents an electrochemical reaction occurring on the na-
nometer scale of the total pore surface. These RC elements have distinct time constants,
reflecting the varying time-scale characteristics of processes on the pore surface. This ena-
bles TLMs to estimate the depth of electrochemical accessibility and the electrochemically
active surface area of the porous electrode. TLMs offer significant advantages in assessing
ionic diffusion resistance (R,,,) in porous electrodes and extracting parameters related to
ionic conductivity. Consequently, they are powerful tools for investigating structural deg-
radation during battery aging, such as changes in pore volume and tortuosity within the
electrode. For instance, Nara et al. demonstrated that TLMs provided better fitting accu-
racy compared to conventional Randles circuits when modelling LIB impedance spectra.[243]
Furthermore, TLMs allow direct extraction of the pore resistance from the impedance spec-
trum of a porous electrode, offering rapid insights into electrode quality as demonstrated

by Landesfeind et al. (Figure 2-21).1244]
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Figure 2-21: Simulated impedance response of a porous cathode electrode either under blocking conditions

(red line) or under non-blocking conditions (blue line). The different processes and corresponding frequency

regions are differentiated in the regions I-IV. Reprinted from ref 244,

49



Aim of this Thesis

3 Aim of this Thesis

The demand for high-energy-density storage is driven by the electrification of transporta-
tion and the integration of renewable energy sources. All-solid-state batteries are key to
meeting these demands, replacing flammable liquid electrolytes with solid counterparts to
enhance safety and reduce the risk of thermal runaway, which is crucial for electric vehicle
batteries. Solid-state electrolytes also improve cell design and energy density by enabling
thinner separator layers and the use of high-capacity lithium metal anodes. This simplifies
manufacturing and reduces material costs. However, transitioning to solid electrolytes in-
troduces challenges like limited interfacial contact, and consequently lithium dendrite for-
mation due to current density hotspots. Inorganic electrolytes, while highly conductive, are
brittle and require impractical stack pressures to achieve sufficient interfacial contact. In
contrast, polymer-based electrolytes offer a more flexible solution and are able to accom-
modate volume changes during cycling for maintaining interface contact. Although poly-
mers like PEO have limited ionic conductivity at room temperature due to their semi-crys-
talline nature, recent efforts aim to reduce crystallinity and enhance mobility show great

potential.

To overcome the limitations of current polymer electrolytes, the first part of this work in-
vestigates the potential of polyvinylphosphonates functionalized with ethylene oxide side
chains (Scheme 3-1) to form PX-VP polymers with X being the number of repetition units
in the side chains. As detailed in chapter 2.5.2, vinylphosphonates offer several advanta-
geous properties for solid-state electrolytes, including inherent flame retardancy, biodeg-
radability, and a high degree of amorphous character, which enhances lithium-ion mobility.
Their polymerization can be precisely controlled using catalytic techniques, specifically
REM-GTP. This allows for the creation of tailored polymer structures with high molecular
weights and narrow dispersities, as well as the possibility for copolymerization and end-

group functionalization. Additionally, the phosphonate functionality provides a versatile
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platform for side chain modification, enabling systematic adjustment of properties such as

coordination strength, segmental mobility, and overall polarity.
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Scheme 3-1: Concept of combining the beneficial properties of PEO and polyvinylphosphonates to form a
highly amorphous polymer with intrinsic flame retardancy of the phosphonate and ability to dissolve Li*

ions via the ether side chains.

To evaluate the generated polymers for their suitability as polymer electrolytes, their me-
chanical and thermal properties will be assessed. Furthermore, their electrochemical prop-
erties are investigated, including ionic conductivity, electrochemical stability, and lithium-
ion transference number. Half-cells with lithium metal anodes will be built and tested with

LFP cathodes to determine practical performance.

As previously mentioned, cathode and anode materials experience volume changes during
charging and discharging, which is a primary cause of contact loss between the electrodes
and the electrolyte in ASSBs, leading to capacity fading and dendrite formation due to in-
creased current densities at hot spots. These changes result from lithium plating and strip-
ping, as well as the expansion of active materials, such as a 6.77% expansion for LFP.[24] |n
NMC, the volume change is more complex, with primary particles shrinking during lithiation
while secondary particles expand, leading to particle cracking and further contact loss.[24¢!
Building on the challenges posed by volume changes in electrodes, polymer electrolytes
offer a promising solution due to their inherent softness, which allows them to maintain

better interfacial contact during the breathing of electrodes. To investigate this cushioning
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effect, the second part of this thesis will focus on studying the breathing behaviour of ASSBs
during cycling. This will be accomplished by monitoring thickness and pressure changes us-

ing a specialized measuring cell provided by Sphere Energy.

Building on the strategy of enhancing interfacial contact with soft polymers, to address the
poor contact between hard oxide electrolytes and electrode materials. This issue is partic-
ularly pronounced when oxide electrolytes are used as a catholyte, such as with LCO, and
sintered together to form a cathode.®¥ To investigate interfacial resistances and the im-
pact of polymers in hybrid oxide-polymer solid-state batteries, the first step will involve
creating and analysing a composite cathode with PEO as the catholyte (Figure 3-1). In the
second step, half-cells with a PEO-SPE interlayer will be constructed and analysed to deter-

mine if further improvements to the interface can be achieved.

CAM/PEO mixed CAM/PEO mixed

cathode Honayer cathode
LLZO pellet )  LLZOpelet EEp LLZO pellet
Li metal Li metal Li metal
bad interfacial good interfacial
contact contact

—

high pressure reduced pressure
needed

Figure 3-1: Overview of the strategy to improve interfacial contact and reduce interfacial impedance between
a cathode, an LLZO electrolyte, and a lithium metal anode by incorporating a polymer electrolyte (PEO) into

the cathode and as an interlayer between the LLZO pellet and the mixed cathode.
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4 Results and Discussion

Parts of the following chapters were published in ACS Applied Polymer Materials:
“Introducing a Catalytic Polymerization Approach for Bottlebrush-Vinylphosphonate Solid

Polymer Electrolytes with Ethylene Oxide Side Chains“[247]

4.1 Polyvinylphosphonates as Solid Polymer Electrolyte

In the following chapters, vinylphosphonate monomers serve as the backbone structure
for the attachment of ethylene oxide and carbonate-based side chains, enabling the syn-
thesis of defined polymers. These are evaluated regarding their thermal and electrochem-

ical properties, with a focus on their application as solid polymer electrolytes in ASSBs.

4.1.1 Synthesis of Vinylphosphonate Monomers Functionalized with Ethylene
Oxide

As the first functionalization approach, ethylene oxide side chains of varying lengths were
attached to the vinylphosphonate units. The synthesis of these novel monomers began
with the chlorination of vinylphosphonic acid using oxalyl chloride, following a literature-
reported procedure.[?*8] |n this reaction, N, N-dimethylformamide (DMF) acts as a catalyst,
facilitating the conversion of carboxylic acids into acyl chlorides via the reversible formation
of an imidoyl chloride intermediate, which subsequently reacts with the acid while regen-
erating DMF. In the next step, the chlorine atoms in vinylphosphonic dichloride were sub-
stituted with oligo(ethylene oxide) units of different chain lengths. For this purpose, hy-
droxy-terminated oligo(ethylene oxides) were first deprotonated with triethylamine and
then introduced via a nucleophilic substitution reaction at the phosphorus atom. The re-
sulting HCI-NEts precipitate was removed from the reaction equilibrium, ensuring the com-
pletion of the substitution process. The general reaction is displayed in Scheme 4-1. The
resulting monomers were labelled according to the number of ethylene oxide repetition

units in the side chains.
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Scheme 4-1: General reaction scheme for the synthesis of vinylphosphonate monomers functionalized with
ethylene oxide side chains with different number of repetition units. Monomers were synthesized with X = 1,

2, 3 and 7 repetition units.

For the synthesis of bis(2-methoxyethyl) vinylphosphonate (1-VP), methoxyethanol was
used as the reactant. Similarly, diethylene glycol monomethyl ether led to bis(2-(2-meth-
oxyethoxy)ethyl) vinylphosphonate (2-VP), triethylene glycol monomethyl ether yielded 3-
VP, and a commercial poly(ethylene glycol) monomethyl ether (average molecular weight
350 g mol™) was used for the synthesis of 7-VP. In all cases, the desired monomers with
various ethylene oxide side chains were successfully obtained in high yields (>70 %) and the
structures of all monomers were confirmed by 'H and 3!P-NMR spectroscopy. However, it
was evident that longer side chains required extended reaction times for full conversion,
which is expected due to the slower diffusion of the larger side chains. The primary chal-
lenge, however, lays in the purification process, which became increasingly demanding as

the side chain length increased.

The purification and drying of the synthesized monomers were essential to ensure their
suitability for further polymerization. The drying process was performed prior to purifica-
tion when the monomers were subsequently distilled, and after purification when column
chromatography was applied. Residual moisture removal was crucial, as water can inter-
fere with polymerization. The most effective drying method involved passing the mono-
mers through an activated Al,Os column (using dry DCM as an eluent) followed by storage
over activated molecular sieve 4 A (MS 4 A). The residual moisture content was measured
using Karl-Fischer titration. Although a Karl-Fischer oven was tested—where the sample is
heated and only the released gases are analysed—it was found to be ineffective due to the
small sample volume (<500 puL) and low water content, which fell below the detection
threshold. Instead, direct injection of 200 uL of monomer into a Karl-Fischer titrator pro-
vided accurate water content measurements, consistently yielding values below 20 ppm

with the Al,Os and molecular sieve drying method. In contrast, drying with CaH, resulted
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in higher water contents (>100 ppm) and, in some cases, led to oligomerization, as con-
firmed by 3'P-NMR spectroscopy. Interestingly, during Karl-Fischer analysis, samples with
higher water content exhibited brown discoloration when heated in the Karl-Fischer oven,

suggesting that H,0 accelerates degradation at elevated temperatures.

During purification, it was observed that the starting alcohol was not fully removed by ex-
traction but was more effectively eliminated by distillation. As a result, extraction was
largely omitted without negatively affecting the purity of the final monomers. However,
solubility differences between the monomers influenced the purification strategy. Due to
its higher polarity, 1-VP exhibited reduced solubility in DCM, making extraction ineffective
before distillation. Both 1-VP and 2-VP were efficiently purified using standard distillation
techniques with a rotary vane pump and a silicon oil bath. However, as the molecular mass
increased, distillation became more challenging. For 3-VP, successful purification was
achieved using a turbopump, which reached a vacuum of 10~ to 10°® mbar, along with a
sand bath for heating to 230-250 °C. In the case of 7-VP, the boiling point could not be
reached using these techniques, making distillation impractical. As an alternative, column
chromatography was tested for the purification of both 3-VP and 7-VP. However, the re-

sults were generally inferior to those obtained through distillation.

4.1.2 Polymerization of Ethylene Oxide Functionalized Vinylphosphonates
with REM-GTP Catalysts

Yttrium-based catalytic systems are widely used for the polymerization of various Michael-
type monomers, particularly in REM-GTP of dialkyl vinylphosphonates (DAVPs). These cat-
alysts exhibit high activity, as demonstrated in the polymerization of diethyl vinylphospho-
nate (DEVP), where YCps achieves a turnover frequency (TOF) of 21.000 h™". Even higher
TOF values have been reported with the introduction of pyridine-based initiators for the
REM-GTP of DAVPs. Similar to other REM systems, the complex Cp,LnCH,TMS (Ln =Y or Lu)
undergoes selective C—H bond activation with sym-collidine, leading to highly active cata-
lytic species. Notably, Cp,Y(sym-collidine) achieves a TOF of 59.400 h™" in the polymeriza-
tion of DEVP.!1>42%9] Consequently, this catalyst was also studied for the polymerization of
the ethylene oxide functionalized vinylphosphonates. The corresponding polymerization

reaction is illustrated in Scheme 4-2.
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Scheme 4-2: REM-GTP of the synthesized vinyl phosphonates catalysed by Cp.Y(sym-collidine) and the result-
ing polymers with the transferred sym-collidine group (X =1, 2, 3, 7).

Kinetic studies revealed a TOF of at least 9407 h™ for 1-VP and 5942 h™" for 2-VP using the
Cp2Y(sym-collidine) catalyst (Figure 4-1), with full monomer conversion achieved in under
5 min. These results suggest that the increased steric demand of the functionalized mono-
mers reduces catalytic activity. Despite this, the catalyst enabled the synthesis of high-mo-
lecular-weight polymers, yielding up to 380 kg mol™ for P1-VP and 650 kg mol™ for P2-VP,

as confirmed by gel permeation chromatography (GPC) and NMR (Appendix Figure 8-1 to
Figure 8-6).
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Figure 4-1: Determination of the catalytic activity of Cp2Y(sym-collidine) for the polymerization of 1-VP and

2-VP ([Mon]/[Cat] = 200/1). The turnover frequency is determined from linear fit between the starting

point and the first measurement step after 30 s.

For the polymerization of 3-VP and 7-VP, monomer purity proved to be a limiting factor,

with maximum conversions of 90% for 3-VP and less than 20% for 7-VP. This highlights a
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key drawback of the catalytic system, as it is highly sensitive to impurities and residual
moisture. A general trend was observed for P1-VP and P2-VP where full conversion was
achieved with a [Mon]/[Cat] ratio of 200/1 when the water content was below 50 ppm. At
moisture levels below 20 ppm, a significantly higher monomer-to-catalyst ratio of 1000/1

was possible.

In addition to the Cp,Y(sym-collidine) catalyst, the previously mentioned YCps-THF and the
lutetium variants of both catalysts were also tested (Figure 4-2). Lutetium-based systems
have demonstrated even higher activity in DEVP polymerization, with LuCps reaching a TOF
of 265,000 h~".[151.153.154] For YCp,-THF, significantly lower TOF values of 262 h™" for 1-VP and
176 h™" for 2-VP were observed, resulting in reaction times exceeding 60 min before full
conversion was achieved. Additionally, a short initiation period of approximately 10 s was
noted after mixing the monomer with the catalyst (Figure 8-7). These factors led to lower
molecular weights (<100 kg mol™") and broader dispersities (D > 2). In contrast, both lute-
tium catalysts produced polymers with very high molecular weights exceeding
1000 kg mol™ and narrow dispersities (D < 1.3). Despite their superior performance in
achieving high molecular weights, further investigation of these catalysts was not pursued
due to the high cost of lutetium and the lack of a significant advantage for polymer elec-

trolytes, where such high molecular weights are not necessarily beneficial.

“SVN- Y

X

Tjgx 3_5 [Cat] T:g 15 %/Y\@ %LU\@

£ g

Figure 4-2: Other REM-GTP catalysts studied for the polymerization of functionalized vinylphosphonates.

To provide a complete assessment, radical polymerization was also tested using azobisiso-
butyronitrile (AIBN) and dibenzoyl peroxide (DBPO) as initiators. However, only low molar
masses were obtained, which is consistent with literature reports and can be attributed to

the resonance stabilization of the radical in the phosphonate.!?” The pronounced stability
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of the formed radical species, combined with the frequent occurrence of chain transfer
reactions either to the monomer or the growing polymer chain, resulted in low molecular
masses and low conversions. With AIBN, a conversion of 43% was achieved after 6 h of
reaction time, whereas no conversion was observed for DBPO (Table 8-2). In conclusion,
for the synthesis of polymer electrolytes, Cp,Y(sym-collidine) proves to be an effective cat-
alytic system for the polymerization of oligo(ethylene oxide)-functionalized vinylphospho-

nates.

4.1.3 Introduction of Carbonate Units to the Side Chains

One advantage of the vinylphosphonate structural motif is the ability to introduce various
functional groups into the side chains without significantly altering the polymerization be-
haviour. Carbonate functional groups are of particular interest, as they are widely used as
organic solvents in liquid electrolytes. Additionally, studies by Schénhoff et al. on carbonate
functionalities in solid polymer electrolytes demonstrated that carbonates coordinate lith-
ium ions more weakly than ether units, such as those in PEO. This weaker coordination can
enhance the lithium transference number but may also reduce ionic conductivity.?5% Fur-
thermore, the interaction of lithium ions with cyclic carbonates was found to be stronger
than with linear carbonates, with variations depending on the substituents.!??l Based on
these findings, two types of carbonate side chains were investigated as substituents for
vinylphosphonate monomers: a linear carbonate attached to an ethylene oxide unit and a

cyclic carbonate.

The synthesis of 2-(2-hydroxyethoxy)ethyl methyl carbonate as carbonate-terminated eth-
ylene oxide side chains was optimized by evaluating various catalysts, including K,COs,
NaOCHs, NaOH, NEts, and CaH,. The overall reaction is displayed in Scheme 4-3, while the

studied reaction conditions are displayed in Table 4-1.
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Scheme 4-3: Reaction scheme for the synthesis of a carbonate terminated ethylene oxide side chain, with the

disubstituted side product.
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Among these, CaH, proved to be the most effective catalyst, as confirmed by *H-NMR spec-
troscopy of the obtained reaction mixture. The reaction was best carried out without a
solvent, as solvent addition led to lower yields. A reaction time of 5 hours was identified as
optimal, ensuring a good conversion to the monosubstituted product while minimizing the
formation of the disubstituted byproduct, which increased at longer reaction times. Vari-
ous purification strategies were explored, including extraction, distillation, catalyst re-
moval, neutralization, and chromatography. Extraction was performed using EtOAc and
water, but phase separation was difficult to distinguish, raising concerns about product loss
to the aqueous phase. Distillation was attempted under different conditions (with and
without a Vigreux column at ~10 mbar and temperatures up to 170 °C) but proved ineffec-

tive, as no product was recovered.

Table 4-1: Studied reaction conditions for the synthesis of carbonate terminated ethylene oxide side chains

Reaction
Catalyst ) Conversion? Purification method
time

K2COs 20 h <10% none
NaOCHs 20 h <10% none

NaOH 20 h <10% none

NEts 20 h ~30% distillation

Extraction, distillation, filtration, neu-
CaH3 3-20h >90% tralization with HCl and NaHCOs3,

column chromatography

3determined via aliquot *H-NMR, tested solvents: DMSO, THF, reaction carried out in bulk.

The removal of CaH, by filtration was straightforward, effectively eliminating all solid cata-
lyst, while NEts was removed by evaporation. Neutralization with HCl resulted in a biphasic
solution with milky-white upper components, whereas NaHCO; treatment led to a gel-like
consistency, rendering both methods unsuitable. Column chromatography was tested us-
ing different solvent mixtures, including DCM/MeOH (98/2), pure DCM, pure EtOAc, pure
pentane, and various ratios of pentane/EtOAc (3/1 to 1/5), but none provided sufficient
separation. Due to the challenges in isolating the monosubstituted product, the most ef-
fective approach relied on a combination of catalyst removal and extraction, though com-

plete purification remained problematic.
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The resulting product was used to study the synthesis of a carbonate functionalized vi-
nylphosphonate, as shown in Scheme 4-4. However, the final product could not be isolated,
likely due to the insufficient purity of 2-(2-hydroxyethoxy)ethyl methyl carbonate. Unfor-

tunately, none of the tested purification methods yielded a product with sufficient purity.
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Scheme 4-4: Reaction scheme for the synthesis of a vinylphosphonate monomer functionalized with linear
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carbonates.

The second approach for functionalizing vinylphosphonates with carbonates involved in-
corporating cyclic propylene carbonate side chains, analogous to a phosphate monomer
reported by Wang et al. However, the phosphate monomer featured an acrylate function-
ality, enabling polymerization via radical polymerization. Using AIBN for in-situ or ex-situ
polymerization, they successfully synthesized a quasi-solid-state polymer electrolyte with
an ionic conductivity of up to 5.65 - 107 Scm™, demonstrating good flame retardancy and
72% capacity retention after 150 cycles (compared to 37% for ex-situ polymerization).144
The primary structural difference between the phosphate monomer and the vinylphospho-
nate lies in the oxidation state of phosphorus (+V in phosphate vs. +lIl in phosphonate) and

their respective backbone structures. Both monomers are shown in Scheme 4-5.
0] O
0] O
IO e

_p— O

RO Oyo o—¢

° 2
s ST
O

~ /

Scheme 4-5: Comparison of the phosphate monomer structure reported by Wang et al.'*# (left) and the

target vinylphosphonate functionalized with the same cyclic carbonate groups (right).
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For the synthesis of the vinylphosphonate, commercially available 4-(hydroxymethyl)-1,3-
dioxolan-2-one was used in a reaction starting from vinylphosphonate dichloride, following
the same reaction procedure as for the synthesis of ethylene oxide functionalized vi-
nylphosphonates. After 48 hours of reaction time, a conversion of 63% was achieved, as
confirmed by 3!P-NMR. However, purification remained a significant challenge, as neither
distillation (up to 130 °C and 107 mbar), nor column chromatography on alumina or silica,
nor extraction yielded a carbonate-functionalized monomer of sufficient purity for

polymerization via REM-GTP.

It is worth noting that while the Michael system in the vinylphosphonate remains un-
changed and should allow REM-GTP polymerization, the carbonate functionality in the side
chain could potentially coordinate to the metal center of the catalyst. This coordination
might compete with the P=0 bond interaction required for propagation, potentially affect-
ing the polymerization process. Ultimately, the primary challenge in introducing function-
alized groups into the polymer electrolyte lies in the purification of the functionalized vi-
nylphosphonates. Given that the focus of this study is on understanding the effect of the
phosphonate group on the electrochemical properties, further investigation into this func-

tionalization approach was not pursued in this work.

4.1.4 Preparation of PX-VP Solid Polymer Electrolyte Films

Solution casting was used for the main production method for poly(vinylphosphonate) SPE
films, as free-standing films were required for the electrochemical analyses. Following the
isolation and purification of the polymers, SPE films were prepared using various lithium
conducting salts, including LiBF4 and lithium bis(trifluoromethane)sulfonimide (LiTFSI). The
amount of lithium salt added to the polymer was referenced to the number of ethylene
oxide units in the side chains of the monomers, ensuring a consistent ratio of Li* ions to EO
unit (two EO units for 1-VP, four for 2-VP, and six for 3-VP). The solvents tested for solution
casting were DMF, THF, and MeCN, as all three effectively dissolved both the polymers and
the salts. However, DMF evaporated very slowly, requiring several days, which significantly
prolonged the drying process. Residual solvent can also influence the mechanical and elec-
trochemical properties of SPEs, and since DMF is difficult to remove entirely, its use was
considered impractical.l'=3! In contrast, THF and MeCN produced comparable results for the

poly(vinylphosphonate) films. MeCN was ultimately chosen as the solvent for all film

61



Results and Discussion

production due to its superior ability to dissolve PEO, which was extensively used in hybrid
polymer-oxide cells (chapter 4.2 and onwards). After dissolving both the polymer and con-
ducting salt, the solution was stirred for 3 hours on a magnetic stirrer to ensure complete
dissolution, as polymers with higher molecular weights required more time to fully dis-
solve. Once dissolution was achieved, the polymer solution was cast into Teflon trays and
dried under vacuum after solvent evaporation. Initially, drying was performed in a vacuum
oven at 45 °C, but it was observed that the films rapidly absorbed moisture from the at-
mosphere during transfer to a glovebox. To prevent this, all film production was conducted
under an inert atmosphere, with final drying carried out in vacuo in the antechamber of a

glovebox. The entire process is illustrated in Figure 4-3.
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Figure 4-3: Production of SPE foils via solution casting from MeCN in Teflon trays (2 = 45 mm). Thickness

measurements of the films were conducted with a dial gauge.

As a maximum a ratio of EQ/Li* = 1/1 with various Li-salts was prepared. Hereby, no undis-
solved lithium salt was observed on the final films, which was confirmed by X-ray diffraction
(XRD) measurement (see chapter 4.1.5). Glass trays were also tested, but the films did not
detach from these after drying. A similar issue was encountered when Mylar foil was used
to line the trays. Additionally, the final films exhibited a thickness variation, with the centre
being up to 30 um thinner than the edges, which was attributed to increased wetting at

the dish boundaries.

To analyse the purity of the produced SPE films, scanning electron microscopy (SEM) im-
ages in combination with energy-dispersive X-ray spectroscopy (EDX) were taken (Figure
4-4). The images revealed multiple impurities on the film surfaces. The EDX spectrum indi-
cated that these particles were likely a mixture of dust from the molecular sieve (spec-
trum 1 - increased Al, Si, and O content) and NaCl (spectrum 3). The EDX spectrum of the

clean surface (spectrum 2) showed only elements present in the polymer and the
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conducting salt LiTFSI. To eliminate these impurities, the solvent was filtered after drying,
and a higher-purity conducting salt was used (99.95%). These measures effectively re-

moved both types of impurities.
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Figure 4-4: SEM image (top) and EDX spectrum (bottom) of a P2-VP SPE film (2) with LiTFSI and molecular
sieve (1) and NaCl (3) impurities.

Additionally, mixing was tested using a speedmixer and a dispermat. For SPE films, no ben-
efits were observed with these methods, and the process was unnecessarily complicated.
However, for the production of CPE films with various fillers (e.g., Al,03, TiO,, LLZO),
stronger shearing forces are necessary to homogeneously disperse the fillers in the poly-
mer solution. The speedmixer proved superior in this regard, easily producing homogene-
ous solutions. In contrast, the dispermat required more volume for the blade to effectively
reach the mixture, leading to higher consumption of polymer and lithium salt. Moreover,
mixing was insufficient if the alignment of the blade and crucible was not ideal. Subsequent
doctor blading of the homogeneous dispersions onto aluminum foil yielded films with an

adjustable thickness of less than 10 um after drying. The processes are displayed in Figure
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4-5. Due to the polymer's stickiness, removing the films from the aluminum foil proved

impossible, rendering this method unsuitable for producing freestanding films.

coating on .
Al-foil punching
250 pum of CPE

Tio, LLZO
b) Dispermat (in
GB)

Figure 4-5: Production of SPE/CPE films by doctor blading onto Al-foil. Pictures on the top shop the mixing
process in a speedmixer and consequent processing under air, while the bottom pictures show the mixing

procedure in a dispermat in an Ar filled GB along with the processing under inert atmosphere.

4.1.5 Thermal and Mechanical Properties of the Functionalized
Poly(vinylphosphonates)

The thermal stability of solid polymer electrolytes is a key component in the safety perfor-
mance of lithium metal batteries, thermal gravimetric analysis (TGA) is used to evaluate
the thermal stability of the herein synthesized polymers. Figure 4-6 displays the TGA curves
of P1-VP and P2-VP without Li-salt, as well as their respective SPE films with LiBF4. Both SPE
samples exhibit a weight loss of approximately 3% prior to reaching 100 °C, which is at-
tributed to residual MeCN and moisture absorption during the transfer of samples into the
TGA, as LiBF4 is known for its hygroscopic properties. Moreover, P1-VP exhibited an initial
degradation temperature (T4) of approximately 260 °C, with a corresponding weight loss of
50%, attributed to the cleavage of the C—O bond between the phosphonate group and the
ethylene oxide side chains, leading to the formation of polyvinylphosphonic acid.[*>* An
analogous initial degradation of 65% is visible for P2-VP, but with the onset occurring at
210 °C. A second degradation phase for both polymers started at around 420 °C, associated
with the breakdown of the phosphonate structure. With the addition of LiBF4, the initial
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degradation is reduced to 225 °C for P1-VP and 160 °C for P2-VP. The reduced thermal sta-
bility of PEO-based solid polymer electrolytes with LiBF4 is superimposable with literature
data, showing the same decomposition onset of 160 °C.[253-25%] |nterestingly, the second
degradation step is shifted to a higher temperature in both cases, suggesting that the in-
teraction between polyvinylphosphonic acid and LiBF4 might stabilize the material, as no
separate decomposition of LiBFs was observed at its typical decomposition temperature of
400 °C.12°%] Both effects, the earlier initial decomposition, and the delayed second decom-

position, are enhanced with increasing amounts of LiBF4 (Figure 8-8 and Figure 8-9).
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Figure 4-6: TGA curves of P1-VP and P2-VP under inert atmosphere, with and without LiBF4 (EO/Li* = 10/1);

Decreasing decomposition onset for both polymers with the addition of LiBFa.

When LIiTFSI is used as conducting salt, the onset of thermal decomposition shifts to
~270 °C for both polymers (Figure 4-7). In contrast to the two-step degradation observed
for LiBF4 containing samples, the decomposition with LiTFSI proceeds in a more linear man-
ner and finishes at about 480 °C. This behaviour is consistent with literature, where LiTFSI
generally exhibits higher thermal stability than other fluorine-containing Li salts and de-
composes between 340 and 380 °C.[>7] Consequently, the use of LiTFSI enhances the ther-
mal stability of the SPEs compared to LiBF,. However, the lower onset temperature of the
SPE decomposition is unlikely to result solely from differences of the BF4~ and TFSI" anion
decomposition products. The data suggest that coordination of Li* ions to ether oxygen

atoms weakens the C-0 bond in the side chains, thereby reducing the thermal stability
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independent of the anion. Further mechanistic studies are required to verify this hypothe-
sis but are beyond the scope of this thesis. Overall, TGA analysis indicates that the investi-
gated PX-VP polymers remain thermally stable under elevated temperature conditions rel-

evant for lithium battery operation.
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Figure 4-7: TGA curves of P1-VP and P2-VP pure polymers and their respective SPEs with various amounts of

LITFSI. The amount of LiTFSI is given as ratio of EO units in the monomer side chains to Li*ions.

To evaluate the fire resistance of the electrolytes, SPE films with LiBF4 from both polymers

were exposed to an open flame using a lighter (Figure 4-8).
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Figure 4-8: Flammability tests performed on the SPEs films from P1-VP and P2-VP with LiBF4 (EQ/Li* = 10/1).

In both cases, the flame self-extinguished within a few seconds, leaving a blackened,
charred edge. Notably, the fire did not propagate or consume the entire electrolyte film.
The P1-VP film exhibited less shrinkage compared to the P2-VP film, indicating that a higher
molar ratio of phosphonate units in the side chains enhances flame retardancy, as ex-

pected.

To analyse the crystallinity of the polymer electrolytes, XRD measurements of the pure pol-
ymers and the respective SPE films with LiBF4 are performed (Figure 4-9). No sharp reflexes
are visible for all four samples, indicating the absence of crystalline regions and the purely
amorphous character of the polymers and electrolyte films. Instead for both polymers and
SPE films two broad amorphous halos appear. The first in the range from <5 to 10° and the
second from 15 to 30°. While the maximum of the second halo appears to be identical for
all for samples, the first halo is shifted to higher angles for the P1-VP samples. This shift is
attributed to a higher density of the P1-VP due to the shorter side chains and therefore

better chain alignment.[2>8]
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Figure 4-9: XRD patterns of P1-VP and P2-VP under inert atmosphere, with and without LiBF4 (EQ/Li* = 10/1)
To confirm the fully amorphous character and investigate the glass transition temperatures
of the polymers, differential scanning calorimetry (DSC) measurements are performed. For
P1-VP and P2-VP, glass transition temperatures of —48 °C and —67 °C, respectively, are ob-
served with no detectable melting temperature, confirming the purely amorphous charac-
ter of the polymers (Figure 4-10). The shift of the T; to lower temperature observed in P2-
VP can be explained by the longer side chains. These elongated side chains hinder the align-
ment of polymer chains, thereby diminishing the chemical interactions between them. This

phenomenon is commonly observed in brush-type polymers,[63:110,259]
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Figure 4-10: DSC curves of pure P1-VP and P2-VP polymers with visible glass transitions of the amorphous
regions but no observable melting temperature. Depicted is here the second heating cycle of the measure-

ment.

For pure PEO, a T of —64 to —50 °C is reported, increasing with molecular mass,[138260-262]
Consequently, the flexibility of the chains decreases with short EO side chains, while it in-
creases as the chains lengthen and the alignment of the polymer chains is reduced. This
effect was further investigated for pure P2-VP with molecular weights ranging from 150 to
400 kg mol™". Within this range, no significant change in T, was observed (Figure 8-10). Nev-
ertheless, an increase in Tg with increasing molecular weight is expected for PX-VP poly-
mers, as this is a general trend observed in polymers, predominantly at low molecular
weights, as described by the Flory-Fox equation.?%3! Since lower molecular masses nega-
tively affect the mechanical integrity of the SPE films, these molecular masses were not

studied in detail.

To investigate the influence of Li-salt concentrations on the Tg, SPEs with varying quantities
of LiBF4 were also analysed via DSC. The results for the P2-VP electrolytes are displayed in
Figure 4-11. It is evident that with increasing amounts of LiBF4, the Tg increases from —54 °C
(EO/Li* = 15/1) to —20 °C (EO/Li* = 5/1), as also observed in literature for PEO.[264265] The

same tendency is observed for P1-VP (Figure 8-11). The increase in Tg with higher LiBFa4
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content correlates with enhanced mechanical rigidity of the SPE films, rendering them

harder, less tacky, and more manageable during processing.
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Figure 4-11: DSC curves of pure P2-VP and SPE films with various amounts of LiBF4 (ratios are given as EO/Li").

Films with a higher EO/Li* ratio of 5/1 exhibited increased brittleness, making them prone
to breaking, whereas films with a ratio of 15/1 were excessively soft, often resulting in cell
short-circuiting (Figure 4-12). Although SPE films with high concentrations of Li-conducting
salt exhibited increased brittleness, no sharp crystalline reflections were detected in the
XRD, nor were any melting transitions observed in the DSC. These results indicate that the
films remain fully amorphous despite their reduced mechanical flexibility. Due to the hy-
groscopic nature of the SPE films, their mechanical properties could not be evaluated, as
exposure to air caused the films to become excessively soft and tacky within minutes. As a
compromise between handleability and low Tg/high ionic conductivity a ratio of

EQ/Li*=10/1 is chosen for subsequent electrochemical testing.
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10:1 5:1

Figure 4-12: Visible mechanical integrity variations in P2-VP SPE films with various amounts of LiBFa. Ratios

are given in EO/Li*.

4.1.6 lonic Conductivity of PX-VP with Different Li-Conducting Salts

To determine which lithium conducting salt enables the highest ionic conductivity in PX-VP
based solid polymer electrolytes, temperature-dependent conductivity measurements
were performed on P2-VP films containing LiBF,, LiPFs, and LiTFSI (Figure 8-12). The SPE
with LiPFe displays hereby the lowest overall ionic conductivity of 1.8 - 10 S cm™ at 25 °C,
while a conductivity of 8.1 -10®Scm™ and 3.1- 10 S cm™ was achieved for LiTFSI and
LiBF4 respectively. The same trend is found at 85 °C. From the Arrhenius plot the activation
energy for the ion hopping for Li* along the polymer chains was determined using equation
6. Consistent with the previous results the lowest activation energy was found for LiBF4
with 0.47 eV while the SPE with LiPFs performed worst with an activation energy of 0.58 eV.
All values for the ionic conductivity and activation energy are listed in Table 4-2. The low
activation energy of lithium conduction in the SPE is the basis for the free movement of
lithium ions.[2%¢] Therefore, LiBF4 is chosen as a conducting salt for all further electrochem-

ical measurements.

Table 4-2: lonic conductivities and activation energy for the ion hopping in P2-VP SPE foils.

Li-salt G25°c[S cm™] Gssoc[S cm™] Ea [eV]
LiPFs 1.8-10°° 1.4-10* 0.58
LiBF4 8.1-107 8.2-10™* 0.47
LiTFSI 3.1-107 5.0-10% 0.52

The results for the temperature dependent measurements of P2-VP are further compared

to P1-VP SPE films with LiBF4 (Figure 4-13). On average, at 20 °C a value of 1.5 - 10 S cm™?
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is measured for P2-VP, while P1-VP reached 1.8 - 10 S cm™. All measurements are con-

ducted at least in triplicates.
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Figure 4-13: Temperature dependence of ionic conductivities of P1-VP and P2-VP with LiBF4 (EO/Li* = 10/1).

The results correlate with the observed Tgs of the respective polymers, which indicate
higher chain flexibility in P2-VP compared to P1-VP. The increased chain length of the eth-

ylene oxide side chains consequently benefits the ion transport in the polymer.

The correlation between Tg and ionic conductivity is further evidenced by the observed
decrease in ionic conductivity with increasing salt concentration, which, as shown in previ-
ous chapters, leads to a higher Tg. This increase in Tg reduces chain flexibility, thereby lim-
iting ion mobility (Figure 8-13). The ionic conductivity is in good agreement proportional to
the inverse of the absolute temperature and thus follows the Arrhenius model for polymers
above the T,.'*Y Consequently, the activation energy of P1-VP and P2-VP is calculated to
be 0.57 and 0.47 eV, respectively. This indicates a stronger coordination of the Li-ions to
P1-VP, as it represents the basis for easy movement of Li-ions from one polymer chain to
another.126¢] The results for the ionic conductivities at 20 and 60 °C, as well as the activation

energies, are summarized in Table 4-3.
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Table 4-3. Mean ionic conductivities and activation energy for the ion hopping in P1-VP and P2-VP SPE foils.

Literature values for solution casted PEO with LiBF4 for comparison.

polymer G20°c[S cm™] Geo-c[S cm™] Ea [eV]
P1-VP 1.8-10°° 1.8-10 0.57
P2-VP 1.5-107 8.2-107° 0.47
PEQ(113,138,139] 107-10°° 2-10° 0.78

4.1.7 Electrochemical Stability

For applications involving high-voltage cathodes, it is essential to evaluate the electro-
chemical stability window of the polymers, as it is directly linked to the safety of solid-state
batteries.[?6”l Therefore, asymmetric Li cells with stainless steel (SS) current collectors (CC)
are assembled (Li|SPE|SS) and the anodic stability of P1-VP and P2-VP is studied via linear
sweep voltammetry (LSV) up to 6 V vs. Li*/Li. As shown in Figure 4-14, both polymers show
an onset for an oxidative current at 4.3 V vs. Li*/Li. This is in accordance with the oxidation
of the R-O-R units in the ether side chains, which in general limits the oxidative stability of
PEO based solid polymer electrolytes.[!33.268] Ag in this case, the ether units are present in
the side chains of the polymers, oxidation of these units is hypothesized to not lead to the
destruction of the polymer backbone, which in turn ensures the mechanical integrity of the
polymer electrolyte. However, this hypothesis could not be proven as post-mortem analy-
sis of the polymers was unsuccessful as the SPE foils could not be separated from the lith-

ium foil after cell disassembly (Figure 8-14).
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Figure 4-14. Linear sweep voltammetry measurements of P1-VP and P2-VP SPEs with LiBF4 (EO/Li* = 10/1) in
Li| SPE|SS coin cells at 60 °C from the OCV potential to 6 V vs. Li*/Li with a scan rate of 0.5 mV s™2.

In addition, the cathodic stability was investigated via cyclic voltammetry (CV) in the range
of —1 to 3 V vs. Li*/Li (Figure 4-15). For P2-VP, distinct currents associated with lithium plat-
ing and stripping are observed below and above 0V vs. Li*/Li, respectively. In contrast,
P1-VP exhibits no distinct signals for lithium reduction or oxidation. This absence of redox
activity may indicate that lithium-ion reduction at the working electrode is kinetically hin-
dered by slow ion transport through the P1-VP matrix, resulting in a negligible cathodic
current and insufficient lithium deposition for subsequent stripping. Notably, when the
voltage is only scanned down to 0.2 V and thereby excluding lithium plating and stripping,
additional current features appear in P2-VP, suggesting possible side reactions involving
the ethylene oxide side chains around 1 V vs. Li*/Li (Figure 8-15). However, due to the in-
herently slow kinetics in solid-state systems, a quantitative interpretation of the CV re-

sponse remains challenging.
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Figure 4-15: Cyclic voltammetry measurements of P1-VP and P2-VP SPEs with LiBF4 (EO/Li* = 10/1) in

Li| SPE|SS coin cells at 60 °C between —1 to 3 V vs. Li*/Li with a scan rate of 0.5 mV s7%.

4.1.8 Lithium Transference Number

The ion transport characteristics of the P1-VP and P2-VP electrolyte are further investigated
by determining the Li* transference number (t;;+) via the Bruce-Vincent-Evans method in
symmetric Li| SPE|Li cells.[?®® Figure 4-16A and B display the chronoamperometry curves
for a P1-VP and P2-VP SPE at 60 °C, respectively, while the insets show the Nyquist plots
before and after the cell polarization. For P1-VP, t;;+ only reaches 0.03 while t,;+ for the
P2-VP SPE is calculated to be 0.12. The exact values for the calculation are displayed in
Table 8-5. The low t;;+ for P1-VP is hypothesized to result from the strong coordination of
Li-ions to the phosphonate units of the polymer, which may limit their mobility in the ab-
sence of other coordination sites. In P2-VP, the longer ethylene oxide side chains could
provide additional coordination sites for Li-ions beyond the phosphonate groups, leading
to an increased t;;+. The transference number in P2-VP is still lower compared to other
phosphonate based polymer electrolytes (0.28144, 0.37[2701 0.71146]) which however fea-
ture a higher ratio of additional functional groups and therefore coordinating sites or add

solvent to form a gel polymer electrolyte.
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Figure 4-16. The chronoamperometry profile (AV =10 mV) of symmetric Li|SPE|Li cells of A P1-VP and
B P2-VP SPEs with LiBF4 (EO/Li* = 10/1), and the impedance before and after the polarization in steady-state
current conditions (insert). Equivalent circuits for fitting the impedance data are displayed above the Nyquist

plots.

4.1.9 CCD and Li-shuttle Measurements

As the Li* transference number strongly influences the polarization of a battery cell during
cycling, the critical current density was assessed for both electrolytes in symmetric
Li | SPE| Li cells at 60 °C, with gradually increasing current densities from 1 to 50 pA cm™. As
seen in Figure 4-17A, the potential profile for P1-VP starts to develop a potential polariza-
tion at a current density of 5 uA cm? and drastically increases to the cut-off potential of 4 V
at a current density of 10 uA cm2. For P2-VP in Figure 4-17B, the increase in the overpo-
tential appears when raising the current density above 10 pA cm2. Consequently, the CCD
for these polymers is not reached by short-circuiting due to inhomogeneous lithium plat-
ting and stripping at high current densities, but due to the polarization buildup in the poly-

mer electrolyte, which is a consequence from their low t;;+.
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and P2-VP (B) + LiBF4 SPE film (EO/Li* = 10/1). CCD tests with step-increasing current densities and resulting

potential response at 60 °C.

Interface compatibility is another crucial factor influencing the performance of lithium
metal batteries, significantly impacting both cycle life and rate capability.[®32712721 To study
the performance of the electrolyte/lithium interface, long term lithium plating/stripping
experiments are conducted with current densities of 5 and 10 pA cm? for P1-VP and P2-VP,
respectively. The galvanostatic cycling profiles of both SPEs in symmetrical Li|SPE|Li coin
cells are displayed in Figure 4-18, with a positive potential marking lithium stripping and a
negative potential marking lithium plating. For both polymers, the voltage profile is stable
for over 250 h. While for P2-VP, the voltage profile flattens at an overpotential of around
80 mV, P1-VP displays a continuous rise in polarization up to 200 mV during the plat-
ing/striping process of 30 min. This again indicates an increased resistance caused by po-
larization as a consequence of the low t;;+. Commonly, a current density of >3 mA cm is
considered a prerequisite for the long-term cycling of solid-state batteries without shorting
to ensure sufficient charging and discharging capability. However, this is rarely achieved in
solid electrolytes and is highly dependent on factors such as cell chemistry, temperature,

stack pressure, and plating capacity.[?1.22%:273]
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Figure 4-18. Galvanostatic cycling of Li|SPE|Li coin cells with A P1-VP and B P2-VP SPEs with LiBF4

(EO/Li* = 10/1) at 60 °C (30 min per plating/stripping process, 5 and 10 uA cm™, respectively).
4.1.10Cathode Preparation and Analysis

Cathodes for half cell testing were prepared via the doctor blade method. Optimization of
cathode slurry composition was essential to achieve homogeneous films and good perfor-
mance in half cell tests. Initially, a polymer electrolyte solution comprising PEO, PVDF, and
LITFSI was dissolved in 2 mL NMP at 60 °C under stirring for several hours. This preliminary
dissolution step was critical since adequate polymer dissolution could not be attained in
the planetary mixer alone. Following complete polymer dissolution, conductive carbon
(C65) was added and dispersed for 5 min at 1500 rpm using a planetary centrifugal mixer.
Insufficient mixing duration or lower rotational speeds led to inadequate dispersion of C65.
Subsequently, the active material (NMC or LFP) was incorporated through an additional
10 min mixing step at 1500 rpm. The optimal total solid content (TSC) for achieving medium
viscosity slurries suitable for casting at 33 mm s~ was determined to be 25%, correspond-
ing to 4 mL of NMP. Reduced solvent quantities resulted in higher viscosity slurries that
could not be efficiently transferred from the mixing vial onto the aluminum foil substrate.
For instance, increasing the TSC to 28.5% (3.5 mL NMP) already resulted in uneven slurry
distribution, causing inhomogeneous cathode coatings. Besides solvent content, the ratio
of PEO to PVDF significantly influenced slurry viscosity. Higher PEO content generally low-
ered viscosity, whereas increased PVDF content raised viscosity slurry, but also required
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the use of NMP as a solvent. Attempts were initially made to exclusively use PEO with
MeCN to avoid NMP due to its toxicity, high boiling point, and prolonged drying time. How-
ever, coatings produced using only MeCN exhibited increased porosity due to rapid solvent
evaporation. High PEO content also compromised adhesion of the dried coating to the alu-
minum foil during the subsequent pressing step. The same problem arose when using
P2-VP instead of PEO as the catholyte. Initial compression tests at 250 MPa with either
predominantly PEO (Mw = 300 kg mol™) or PVDF (My = 275 kg mol™) resulted in adhesion
to the stainless steel die, destroying the cathodes. Using a Teflon foil interlayer between
cathode and die failed to solve this issue. To enhance the cohesion within the cathode film
and improve adhesion to the aluminum substrate, a high molecular weight PVDF designed
for battery applications (Solef® 5130, My = 1.000-1.100 kg mol™") was employed. Adjusting
the PEO/PVDF ratio to 65/35 achieved a balance between ionic and electronic conductivity
and mechanical stability. The different cathodes and their adhesion to the Al-foil are dis-

played in Figure 4-19.

LFP:C65:P2-VP:LIiTFSI LFP:C65:PVDFe:LITFSI LFP:C65:PVDFP:PEO:LITFSI
y . i '

Figure 4-19: LFP cathodes with different catholytes and binders and the corresponding adhesion to the Al-
foil. 2 PVDF (Mw = 275 kg mol™), ® Solef® 5130 PVDF.

Following slurry preparation, cathodes were doctor bladed onto 20 um thick aluminum foil
at velocities of 33 mm s™" using gaps ranging from 200 to 600 um. Cathodes were subse-

guently dried in a glove box for several days, followed by vacuum drying in the GB
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antechamber. SEM analysis of dried cathodes revealed crack formation (Figure 4-20), ne-
cessitating subsequent pressing to reduce porosity and enhance contacts between the par-

ticles and the matrix for improved electronic and ionic conductivity.

ASC-T cell

after drying hydraulic press

Figure 4-20: SEM images of LFP cathodes with visible cracks and increased porosity after solvent evaporation,

with more homogeneous surface and decreased porosity after drying, and collapsed LFP particles after press-

ing at 250 MPa for 5 min. EDX images for the cathodes pressed in the ASC-T cell are displayed in Figure 8-16.

Various pressing conditions were evaluated using a hydraulic press and an ASC-T cell from
Sphere Energy, with pressures ranging from 100 to 1000 MPa and durations from 1 to
5 min. Hydraulic pressing showed no further reduction in porosity above 250 MPa. In con-
trast, cathodes compressed using the ASC-T cell exhibited visibly shiny surfaces at pressures
at 200 MPa. Comparative SEM imaging of LFP cathodes pressed in both setups indicated
intact LFP particles after hydraulic pressing, whereas cathodes compressed in the ASC-T cell
demonstrated significant particle collapse, presumably due to uneven pressure distribution
from the cell pistons. Consequently, cathodes processed with the ASC-T cell were unsuita-
ble for practical applications. Ultimately, a pressing protocol of 250 MPa for 2 min was
adopted, resulting in LFP cathode films with final thicknesses ranging from 20 to 50 um and
area loadings between 1 and 10 mg cm™ (equivalent to 0.15-1.5 mAh cm™2, assuming a

specific capacity of 150 mAh g™ for LFP).

To further analyse the prepared cathodes, the porosity was calculated according to equa-

tion 16.12%8) Utilizing bulk density values for the individual components (Table 6-1), the
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calculated porosity ranged from 10 to 30%, with considerable variation observed within the
same cathode sheet after punching and pressing. Generally, cathodes exhibiting lower po-

rosity performed better in subsequent electrochemical tests.

For detailed assessment of the bulk morphology, cathode samples were cut in half and
prepared for SEM via a cross-section polisher. Figure 4-21 displays a cross-sectional SEM
image showing the cathode layer on top of the Al-foil current collector. LFP particles exhibit
a size distribution ranging approximately from 5 to 20 um in diameter, with the largest par-
ticles closely matching the thickness of the cathode film. The particles are densely packed,
typically separated by less than 1 um, indicating good particle-to-particle connectivity.
However, noticeable detachment of the cathode film from the Al-foil is observed at several
locations, suggesting that the PDVF binder quantity employed might be insufficient. How-
ever, it is uncertain whether this detachment was caused by sample preparation during
cutting and polishing. On the bottom of the Al-foil droplets are visible which are caused by
melting of the Al current collector and Cu foil (used to attach the sample in the cross-sec-

tion polisher).

A comparative SEM analysis of a half-cell sample featuring a lithium metal anode, which
was prepared by cutting with a scalpel (Figure 8-17), did not show similar detachment. This
sample could not be polished due to concerns about contamination from lithium evapora-
tion. Additionally, a distinct bright line is visible between the cathode and Al current collec-
tor. EDX spectroscopy analysis shows the presence of Fe within this interface, indicating
potential alloy formation between Fe (from LFP) and Al (Figure 8-18). Since LFP is known
for its thermal stability and negligible reactivity with aluminum under standard conditions,
this phenomenon might also be introduced by the polishing process. Similar observations
of bright interfaces between LFP cathodes and aluminum current collectors have been re-

ported in literature, particularly in aged electrode samples.[24°]
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Figure 4-21: Cross-section SEM image of a polished LFP cathode.

While initially both LFP and NMC were used for the preparation of cathodes, due to time
and resource restrictions only LFP cathodes were optimized. Preliminary comparisons sug-
gested no significant performance differences between cathodes prepared from NMC and
LFP using the optimized LFP protocol, apart from higher areal capacities for NMC due to its

greater specific capacity (180 mAh g™).

To investigate the electrochemical properties of the produced cathodes, both electronic
and ionic resistances were measured. The temperature and pressure-dependent electronic
conductivity (oe)) was assessed using chronoamperometry on a stacked configuration of
two cathode disks (Al-Cat-Cat-Al) to eliminate interference from asymmetry. An exemplary
measurement is displayed in Figure 8-19. The results are displayed in Figure 4-22. At 25 °C
and an applied pressure of 5 MPa, the cathodes exhibited the lowest electronic conductiv-
ity of approximately 10 mS cm™. This value increased to 40 mS cm™ with higher applied
pressure, attributed to greater compression, reduced porosity, and enhanced particle con-
tact, particularly of the carbon additive. Raising the temperature to 60 °C did not result in
a significant change in electronic conductivity. Although most cathode materials are semi-

conductors, and their electronic conductivity typically increases with temperature, the
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major contribution in this case comes from the conductive carbon additive. Hereby, the
electronic conductivity remains largely unchanged or may slightly decrease with increasing

temperature.[274273]
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Figure 4-22: Pressure and temperature dependent electronic conductivity of LFP cathodes.

To measure the ionic resistance of the cathodes, two cathode discs were stacked in the
ASC-T cell and separated by a PEO SPE film in an Al-Cat-SPE-Cat-Al configuration. The SPE
film was essential to isolate the ionic transport contribution, as excluding it would result in
short-circuiting due to the significantly higher electronic conductivity of the cathodes, as
confirmed in previous measurements. Consequently, impedance spectroscopy was per-
formed across various temperatures and pressures and the resulting spectra were fitted
using a transmission line model, according to similar work by Landesfeind et al., allowing
determination of the ionic resistance of the cathode.[?*427%] parameter values and ionic re-
sistance data for two representative samples are listed in Table 4-4. As expected, ionic re-
sistance decreased with increasing temperature and pressure. This behaviour is attributed
to reduced porosity, improved mechanical contact, and enhanced ion mobility due to ther-

mally activated charge transport.
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Table 4-4: Cell parameters for the impedance measurements of cathodes in an LFP|PEO| LFP stack to deter-

mine the ionic resistance (Rion) in the cathode. The initial thickness of the cathode and PEO SPE film before

cell assembly is given.

Cathode sample o(Cat) [um] Oo(SPE) [um] Temperature [°C] Pressure [MPa] Rion [Q2]

25 5 1250
1 22 44 60 5 156
60 25 50.6
25 5 1938
2 34 118 60 5 107.6
60 50 14.24

Notably, at 5 MPa, the impedance spectra exhibit a characteristic straight line at low fre-
quencies, indicative of ionic blocking conditions. However, this feature disappears when
the applied pressure is increased to 25 MPa (Figure 4-23). In a subsequent experiment, the
thickness of the PEO film was increased from 44 to 118 um. Under these conditions, the

blocking feature persisted until a pressure of 50 MPa (Figure 8-20).
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Figure 4-23: Impedance spectra of an LFP|PEO|LFP stack in the ASC-T cell at various temperatures and pres-

sures with respective fits. The equivalent circuit for blocking features uses at 5 MPa use a TLMqo (top left)

transmission line model in the Relaxis software (black and blue curve). The non-blocking feature in the red

curve is fitted with a TLMqs (rop right).
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Upon maintaining pressure for approximately one hour, short-circuit behaviour appeared
in the impedance spectra. These observations suggest that at elevated temperatures and
pressures, the mechanical integrity of the PEO film becomes insufficient to prevent contact
between the cathode discs. This leads to the formation of unintended electronic pathways,
thereby eliminating the ionic blocking conditions. Consequently, the transmission line
model used for fitting the impedance data had to be adjusted to account for the loss of

blocking behaviour in these cases.

4.1.11Half Cells Testing

To further validate these findings, half-cells with LFP cathodes and lithium metal anodes
were assembled. The electrochemical performance of the cathodes was first evaluated us-
ing a standard PEO-CPE at 60 °C and a CCCV protocol. The corresponding charge-discharge
profiles are shown in Figure 4-24. At C/10, a discharge capacity of 137 mAh g™ was meas-
ured, which is in good agreement with the specified value of 151 mAh g™ provided by the
supplier. At C/3, the capacity decreased slightly to 124 mAh g™'. However, a pronounced
capacity loss was observed at 1C, yielding only 83 mAh g™. This drop is attributed to an
increasing internal resistance by polarization and mass transport limitations at higher cur-

rent densities.[277]
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Figure 4-24: Charge-discharge profiles of LFP|PEO]|Li half cell at various C-rates at 60 °C (PEO-CPE composi-
tion EO/SN/LiBF4 = 36/8/1 with 10 wt% SiO2).
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These effects are also reflected in the decreasing coulombic efficiency during extended cy-
cling (Figure 4-25). While the efficiency remained consistently above 95% at C/10, it pro-
gressively declined at higher C-rates, which can be attributed to increased SEI and CEl for-

mation due to electrolyte decomposition.
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Figure 4-25: Cycling and rate performance of of LFP|PEO|Li half cells at 60 °C

The degradation of the electrolyte is further confirmed by impedance spectroscopy, show-
ing an increase in total cell impedance from ~10 Q cm™ before cycling to ~50 Q cm™2 after
cycling (Figure 8-21). Despite these effects, the results demonstrate that the cathodes are

well-suited for application in cell tests.

The half cells with PX-VP SPE separators were cycled with a constant current of 5 pA cm™
and 10 pA cm™2 for P1-VP and P2-VP, respectively (Figure 4-26). The P1-VP cells exhibited
a low specific capacity of approximately 2 mAh g™', whereas the P2-VP cells achieved up to
10 mAh g™. Notably, for P2-VP, most of the capacity increase during charging occurred dur-
ing the constant voltage phase. For both electrolytes, the polarization overpotential caused
by the low t;;+ was evident, as reflected in the continuously increasing cell potential during
charging. This behavior contrasts with the typical charging profile of LFP, which generally
displays a plateau at approximately 3.4 V vs. Li*/Li. The corresponding EIS measurements

for both cells are displayed in Figure 8-22 and Figure 8-23, respectively. An increase in SEl
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and CEl interfacial resistance is observed, analogous to the behaviour in half-cells with PEO,

indicating that both SPEs undergo degradation and form interphases with the electrodes

under the applied cycling conditions. In contrast, the bulk resistance of the electrolyte re-

mains unchanged. These results show that, the low ¢;;+ of the polyvinylphosphonate elec-

trolytes is detrimental to their performance as solid polymer electrolytes in ASSBs.
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Figure 4-26: Charge-discharge profiles of half cells LFP|SPE|Li at 60 °C with A P1-VP and B P2-VP SPEs with

LiBF4 (EO/Li* = 10/1). A CCCV protocol was applied with a constant current of 5 and 10 pA cm™2, respectively
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4.2 Polymer-Oxide Hybrid Batteries

In the following chapters, the volume and pressure changes during cycling of solid-state
batteries are investigated, with a focus on hybrid polymer-oxide systems. The aim is to un-
derstand the breathing behaviour of these batteries and evaluate whether the use of soft
polymer electrolyte interlayers can mitigate mechanical stress caused by volume changes.
Since the lithium transference number of the in the previous chapters investigated PX-VP
SPEs was found to be insufficient for the application in battery cells, a more suitable poly-
mer electrolyte system was needed. Therefore, PEO was chosen as the polymer electrolyte
and LLZO was used as the ceramic component. This project was conducted in collaboration
with Steffen Weinmann from the group of Prof. Jennifer Rupp, who synthesized the LLZO

and prepared the oxide solid electrolyte pellets.

4.2.1 The ASC-T Measuring Cell Setup

One issue already encountered during the measurements with PX-VP SPEs is the uncer-
tainty in determining the actual film thickness within the cell. Typically, the thickness can
only be measured either prior to cell assembly or after disassembly. Both approaches are
prone to error for subsequent calculations, as the polymer electrolyte film is compressed
under applied pressure during assembly, while during disassembling coin cells require sig-
nificant force to separate the cell components, which may further compress the film and

result in inaccurate post-measurement thickness values.

To obtain accurate thickness measurements under operating conditions, an in-situ ap-
proach is required. This is enabled by the ASC-T test cell from Sphere Energy, which allows
real-time thickness and pressure monitoring. The setup is shown in Figure 4-27, configured
in the “constant pressure” mode, which allows vertical displacement of the upper piston in
response to expansion or contraction of the cell stack. To enable pressure-sensitive meas-
urements, the “spring cell top” can be replaced with a rigid spacer to fix the gap between
the screw and the piston. In this configuration, any expansion of the cell stack results in a
measurable force on the pressure sensor (beige platform in Figure 4-27) positioned be-

neath the cell in the pressure frame.
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Figure 4-27: ASC-T cell in a constant pressure setup for monitoring thickness (and pressure) during electro-

chemical measurements. The thickness is measured by a sensor positioned on a platform, which is connected

to a spacer between the top cell piston and the spring/screw to apply a specific pressure.

Initial testing revealed that the deformation sensor does not exclusively capture the com-
pression of the sample inside the cell but also the elastic deformation of the cell housing
itself under applied pressure. This complicates the accurate determination of the sample
thickness during measurement. To quantify the inherent deformation of the empty cell,
measurements were performed without any sample. The cell was incrementally com-
pressed, and the resulting deformation plotted against the applied pressure (Figure 4-28A).
The curves do not start at 0 um, as a minimum preload is required to align the cell compo-
nents. At low pressures, a steep increase in deformation is observed, which gradually flat-
tens around 5 MPa. This behaviour is attributed to the initial compression of softer compo-
nents, such as the PEl housing, followed by minor deformation of more rigid parts such as

the stainless steel current collectors.

Repeated measurements of the empty cell showed slight variation in displacement at a
given pressure, making it difficult to define a reproducible calibration baseline. This limita-
tion becomes evident when comparing the deformation of the empty cell to that of a cell
containing a PEO-based SPE (Figure 4-28B). Due to sensitivity to the initial alignment of the
cell components, the absolute thickness of the sample stack cannot be reliably determined

from these measurements. This is particularly problematic in the low-pressure regime
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below 5 MPa, where small changes in pressure result in disproportionately large changes

in deformation due to the flexibility of the cell housing.
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Figure 4-28: Deformation vs. applied pressure measurements of A the empty ASC-T cell in the constant gap

setup and B comparison of the empty cell to PEO SPE samples.

At each applied pressure point an EIS measurement was performed with the PEO-SPE film.
The resulting Nyquist plots are shown in Figure 4-29. It is visible that the diameter of the
semicircle, corresponding to the bulk impedance of the film, decreases with increasing
pressure, becoming nearly constant above 5 MPa. This behaviour is consistent with the ob-
served flattening in the deformation measurements above 5 MPa. However, while the bulk
resistance decreases by approximately one third, the measured deformation difference be-
tween the empty cell and the setup containing the PEO-SPE is between 80 and 100 um and
therefore exceeding the initial film thickness of 62 um. This discrepancy shows that the in-
situ thickness measurement does not reliably reflect the actual compression of soft mem-
branes. The measured deformation is largely influenced by elastic deformation of the cell
housing and alignment effects within the cell stack, making it unsuitable for accurate thick-

ness determination of soft polymer electrolyte films.

90



Results and Discussion

15 ),

—e— 0.5 MPa
—+—1.5MPa
J 3 MPa
? —+— 5MPa
10 MPa
— 20 MPa
30 MPa

10

Im(Z) (kQ)

0 5 | 10 | 15 | 20 | 25
Re(Z) (kQ)

Figure 4-29: Impedance evolution of a PEO-SPE film with increasing applied pressure in the ASC-T cell setup.

After disassembly, the compressed PEO film exhibited a distinct indentation (Figure 8-25),
suggesting that the applied pressure was not uniformly distributed across the membrane
area. To assess the pressure distribution, pressure-sensitive foils (Fujifilm, Japan) were used
with all three available CC pistons. The results are summarized in Table 4-5. In all cases, the
pressure distribution was found to be highly inhomogeneous. Contact was limited to local-
ized regions where the current collectors pressed directly against each other, with no uni-
form pressure applied over the entire CC area. Such non-uniform or irreproducible pressure
distributions are also known issues in conventional coin cell setups.l?’8! In the present case,
they cannot be fully avoided and may consequently introduce additional variability in the
cell measurements. These results further indicate that the test cell is only partially suitable

for accurate evaluation of soft SPE membranes.
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Table 4-5: Results of the pressure tests with pressure foils at different pressures and current collector com-

binations.

CC combination 3 MPa 4 MPa 5 MPa 10 MPa

1+

I+

While initial experiments demonstrated that the ASC-T cell is not ideally suited for the in-
vestigation of batteries employing soft SPEs, the potential of the setup for systems with
hard SEs was further evaluated. For this purpose, a solid-state battery configuration previ-
ously studied at TUMint Energy Research GmbH was assembled, with a NMC cathode, a
LPSCI electrolyte, and an indium-lithium alloy anode. Upon alloying with lithium, indium
exhibits a volume expansion of up to 105%, which is lower than that of pure lithium
metal.[?7°l However, the indium—lithium alloy is expected to be more stable in contact with
sulfide-based SEs due to its higher electrochemical potential. The alloy exhibits a flat po-
tential plateau at 0.62 V vs. Li*/Li across a broad compositional range, which provides a

stable and well-defined reference potential.

Prior to assembly, the cathode was pressed at 200 MPa for 5 min using a hydraulic press.
The initial stack pressure was set to 100 MPa and decreased to approximately 90 MPa dur-
ing a 2 h equilibration period in the constant gap configuration. The cell was cycled at C/10

for 16 cycles, followed by 12 cycles at C/3, and subsequently at 1C. During the initial C/10

92



Results and Discussion

cycling (constant current of 0.13 mA), a clear correlation between pressure and cell voltage
was observed, as shown in Figure 4-30. During charging, lithium ions are alloyed with the
indium anode, leading to volumetric expansion of the anode and thus an increase in pres-
sure within the stack. Despite using the constant gap configuration, a small positive defor-
mation was recorded, correlating with the increase in pressure and cell potential (Figure
8-26). At maximum, a thickness change of approximately 7 um was measured between the

charged and discharged states.
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Figure 4-30: Cycling profile of an NMC|LPSCI|InLi test cell with corresponding pressure to validate the meas-

urement in the ASC-T cell at elevated pressures. The cell was in the constant gap setup.

In the corresponding cycle, 1.05 mAh of lithium was inserted into the indium anode, corre-
sponding to a composition of approximately Lio24a4ln. Assuming constant volume for the
cathode and solid electrolyte, and using the densities of pure indium (pin=7.31 g cm™3) and
the Li-In alloy (pini = 5.11 g cm™3),[28% the theoretical thickness increase of the indium layer
(d =8 mm, h =50 um) is calculated to be approximately 6.2 um. The measured value aligns
well with this estimation. It is further noted that both the pressure and displacement sig-

nals exhibit similar irregularities, which are unlikely to originate from electrochemical

93



Results and Discussion

effects. Rather, they are attributed to minor mechanical shifts within the ASC-T cell com-

ponents during cycling.

The same correlation between cell pressure and cycling behaviour was observed at higher
charge/discharge rates (Figure 8-27). However, the magnitude of the pressure change was
reduced at higher C-rates, which aligns with a decrease in capacity and therefore coulombic
efficiency. These results confirm that the ASC-T cell setup performs well for systems with
hard SEs and high applied pressures but is limited in its ability to accurately measure pres-
sure distribution and deformation in systems employing soft SEs at pressures below

10 MPa.

4.2.2 PEO Film Production

Firstly, due to the high crystallinity of PEO, modifications were required to achieve suffi-
cient ionic conductivity. Therefore, succinonitrile (SN) was added as a plasticizer to reduce
crystallinity and enhance chain mobility, as reported in literature.?81 In addition, to benefit
from the improved mechanical and electrochemical properties of CPEs, different inorganic
fillers were tested as additives. PEO-based SPE and CPE membranes were prepared either
via solution casting, yielding films with a thickness of approximately 100 um, or by doctor
blading, producing films with a thickness below 50 um. Thin SPE films were not feasible by
solution casting as lowering the polymer concentration in the casting solution resulted in
the PTFE dish being only partially covered after solvent evaporation. The PEO films tended
to form small thick pools, rather than homogeneous films. On the other hand, reducing the
solvent volume resulted in the PTFE dish not being fully covered from the beginning due to

the poor wetting of the PTFE with MeCN.

Initial optimization focused on SPEs based on PEO, LiTFSI, and SN. Several mixing proce-
dures and solvent systems were tested, as simple stirring of the components in MeCN fre-
qguently resulted in incomplete dissolution. The most effective method involved dry stirring
of PEO and LiTFSI, followed by the gradual addition of MeCN containing dissolved SN. Other
approaches, such as stirring at 60 °C or replacing MeCN with THF, DSMO or DMF resulted
either in gelation, incomplete dissolution or slow evaporation. The obtained SPE mem-
branes exhibited low mechanical stability and high surface stickiness, complicating han-

dling and processing. To improve the mechanical integrity, ceramic fillers were
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incorporated to prepare CPEs. LLZO was investigated as an active filler, while Al,0; and SiO,
were employed as passive fillers. The fillers were added to the polymer solution and dis-
persed using a planetary mixer to ensure homogeneity and deagglomeration. A mixing
speed of 1500 rpm for two cycles of 2.5 min each yielded optimal results. Longer mixing
durations led to pressure build-up due to solvent evaporation, and occasionally causing lid

rupture, whereas shorter mixing times resulted in insufficient dispersion.

CPEs containing SiO, and Al,O3 exhibited improved film stability and reduced stickiness. In
contrast, membranes with LLZO as filler turned brown during drying (Figure 4-31A), which
may indicate side reactions involving MeCN. However, such reactions have not been re-
ported in literature, where MeCN is commonly used for these systems. For the preparation
of CPE dispersions, doctor blading was found to be advantageous due to faster solvent
evaporation, which reduced sedimentation of the filler particles. However, this method re-
quired larger volumes of material per film, resulting in higher material consumption. There-
fore, solution casting was used for initial composition screening, while doctor blading was

applied for the preparation of thin, large-area films (Figure 4-31C).

30 o AL

Figure 4-31: Composite polymer electrolyte membranes from PEO. A CPEs with Al20s3, SiO2 and LLZO as fillers
after evaporation of the MeCN solvent. LLZO shows clear discolouration. B free standing PEO-CPE
(PEO/SN/LITFSI = 36/8/1; 15 wt% SiO2 — standard for most further measurements. C Thinner doctor bladed
PEO-CPE membrane used as interlayers between LLZO and the cathode.
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To evaluate morphological changes induced by the addition of fillers, XRD measurements
were performed on the produced SPE and CPE films, as shown in Figure 4-32. For the SPE
containing only SN as an additive, the main reflexes of crystalline PEO are clearly visible at
19° and 23°. Compared to literature data on pure PEO, the number and intensity of sharp
reflexes are reduced, confirming the crystallinity-suppressing effect of SN.1282 Upon addi-
tion of SiO, and Al, O3, no significant morphological changes are detected. However, a slight
reduction in intensity of minor reflexes at 15° and 27° suggests a further decrease in crys-
tallinity. No additional reflections corresponding to the filler phases are visible, as both SiO,
and Al,O; were used in amorphous form. In contrast, for the CPE containing LLZO, addi-
tional reflexes corresponding to crystalline LLZO appear alongside the characteristic PEO
reflexes. These results indicate that the incorporation of inorganic fillers slightly suppresses
PEO crystallization, thereby increasing the proportion of the amorphous phase, which is

beneficial for ionic conductivity.

Additives
—_ SN —— SN + SiO,
—— SN + ALLO, SN + LLZO

Intensity (a.u.)
)
1
i

20 (°)
Figure 4-32: XRD patterns of PEO SPE/CPE films with various fillers (10 wt%). Basic composition of
PEO/SN/LITFSI = 36/8/1. Main LLZO reflexes are marked by *.

To evaluate the electrochemical performance of the prepared SPE and CPE membranes,

ionic conductivities were determined by EIS measurements. Representative Nyquist plots

96



Results and Discussion

for CPEs containing 10 wt% SiO, and Al,O3 at different temperatures are shown in Figure
4-33. As expected from the Arrhenius behaviour, the impedance decreases with increasing
temperature due to enhanced Li-ion mobility. The CPE containing SiO, exhibits a lower
overall impedance compared to the Al,Os-containing sample. Fitting of the impedance
spectra for the SiO,-CPE at elevated temperatures was challenging, due to the absence of

a distinct semicircle.
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Figure 4-33: Nyquist plots for PEO CPEs with A 10 wt% SiO2 and B 10 wt% Al:03 at 25, 50 and 60 °C respec-
tively. Due to the lower overall impedance in sample A with SiOz the equivalent circuit needed an additional

inductor element to account for the cable induction especially visible at elevated temperatures.

The calculated ionic conductivities of the SPEs and CPEs with SN and different fillers are
summarized in Table 4-6. CPEs with Al,Os did show minorly improved conductivity com-
pared to the filler-free SPEs. In contrast, CPEs with SiO, and LLZO exhibited higher conduc-
tivities, particularly at elevated temperatures. Consequently, the brown discoloration ob-
served in LLZO-containing films did not negatively affect ionic conductivity, indicating that
LLZO is a functional filler despite its less favourable handling properties due to increased
stickiness. While SiO, and Al,O; improved the mechanical integrity of the films, only SiO,
resulted in a simultaneous increase in ionic conductivity. Considering both electrochemical
and mechanical performance, SiO, was identified as the most suitable filler for the formu-

lation of PEO-based CPEs.
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Table 4-6: lonic conductivities of SPE and CPE films at 25 and 60 °C. Thicknesses raged from 93 to 129 um

(before cell assembly).

Additives o[mScm?]at25°C o[mScm?]at6e0-°C
SN 0.1 0.97
SN + 10 wt% SiO> 0.2 2.11
SN + 20 wt% SiO> 0.2 1.91
SN + 10 wt% Al;03 0.04 1.49
SN + 20 wt% Al;03 0.03 1.21
SN + 10 wt% LLZO 0.2 1.83

The functionality of the produced PEO films was previously confirmed in coin cells, as
shown in chapter 4.11. To further evaluate the applicability of the ASC-T setup for
LFP|PEO|(LLZO)|Li half-cells, the same PEO films were tested under similar conditions. De-
spite using the same configuration as in coin cells, the discharge capacity was significantly
reduced to 100 mAh g’ at C/10 (Figure 4-34). Moreover, the coulombic efficiency was no-

tably lower, reaching only 83% at C/10 and decreasing further to 36% at 1C.
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Figure 4-34: Charge-discharge curves of an LFP|PEO|Li half cell at various C-rates in the ASC-T cell setup at
2 MPa and 60 °C (PEO-CPE composition EO/SN/LITFSI = 36/8/1 with 15 wt% SiO2,).
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This behaviour is likely attributed to an inhomogeneous pressure distribution in the ASC-T
cell at the applied pressure of 2 MPa, resulting in hotspots with improved interfacial con-
tact that promote non-uniform lithium-ion transport and faster kinetics for the underlying
cell reactions. Attempts to increase the pressure led to a higher incidence of short-circuited
cells, making this approach unsuitable for improving pressure uniformity and cell perfor-
mance. Impedance spectroscopy further revealed that the total cell resistance in the
ASC-T setup was approximately 5 to 10 times higher than in coin cells, although still within
a range that permits reasonable electrochemical performance (Figure 8-28). As a conse-
quence of these results the following measurements with LLZO were performed at in-
creased pressures of 5 to 10 MPa. Post-mortem analysis of the cycled cells revealed a white
discoloration along the edges of the lithium foils, suggesting that the setup may not have
been fully airtight, thereby introducing a potential source of error. At the time, it was not

possible to operate the setup within a glovebox environment.

4.2.3 LLZO Preparation and Interface Characterization

Due to the limited mechanical strength and low ionic conductivity of SPEs, LLZO was inves-
tigated as an oxidic solid electrolyte to address these shortcomings in a hybrid polymer—
oxide solid-state battery. The LLZO was synthesized by collaboration partner Steffen Wein-
mann following a literature-known procedure.?®3] The produced powder was pressed into
pellets with a diameter of 10 mm. After sintering, the pellet diameter slightly exceeded the
8 mm inner diameter of the ASC-T cell. Therefore, the pellet edges were polished to fit into
the PEIl sleeve. This introduced a minor deviation from perfect circularity, which was con-

sidered negligible.

For initial characterization, a symmetrical Li| LLZO|Li cell was assembled to investigate the
pressure dependence of the interfacial resistance between LLZO and lithium. In contrast to
the PEO-based membranes, the bulk impedance of LLZO remained constant over the entire
pressure range studied (Figure 4-35). However, the interfacial impedance between Li and
LLZO showed a significant decrease with increasing pressure, reaching a plateau at approx-
imately 27 MPa. This pressure threshold is considerably higher than the 5 MPa required for
the stabilization of the bulk impedance in PEO-based systems (Figure 4-29). The corre-

sponding impedance spectra at different applied pressures are shown in Figure 8-29.
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Figure 4-35: Pressure dependency of the bulk and interfacial impedance in a Li|LLZO|Li cell setup, with the
corresponding deformation. Measurements were conducted in the ASC-T cell at 25 °C. The LLZO pellet was

polished prior to use, with no additional surface modifications applied.

LLZO is known to suffer from interfacial instabilities with lithium metal, including void for-
mation, which impairs contact and increases resistance. To mitigate these effects, the ap-
plication of thin interfacial metal layers has been shown to enhance Li wettability and ho-
mogenize Li-ion flux.[?84 Based on this, a thin gold layer (<50 nm) was sputtered onto the
LLZO pellet surface to improve interfacial contact with lithium. As shown in Figure 8-30,
this treatment resulted in a substantial reduction in interfacial resistance. From the imped-
ance spectrum, the combined resistance of the grain boundaries (Rgw) and the interface
(Rint) was determined to be below 500 Q cm™ at an applied pressure of 2 MPa. This demon-
strates that interfacial metallization can significantly reduce interface resistance in LLZO-
based systems and enables more precise investigation of other interface effects in hybrid

cell architectures.

To further investigate the cathodic interface of LLZO, symmetrical LFP | LLZO | LFP cells were
analysed by impedance spectroscopy (Figure 4-36). At 25 °C, the interfacial resistance, rep-

resented by the semicircle in the impedance spectra, exceeded 1000 kQ cm™, even when
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the applied pressure was increased to 50 MPa. Raising the temperature to 50 °C signifi-
cantly reduced the interfacial resistance, likely due to softening of the PEO binder in the
cathode. However, the resistance remained above 300 kQ cm?, which is too high for prac-

tical battery applications.
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Figure 4-36: Impedance evolution with increasing applied pressure and temperature of an LFP|LLZO | LFP cell
in the ASC-T cell in the constant pressure setup.

To evaluate whether a PEO interlayer can improve the interfacial contact, an
LFP|PEO|LLZO | PEO|LFP configuration was assembled and analysed likewise. As shown in
Figure 4-37, the interfacial resistance was considerably reduced, reaching approximately
70 kQ cm™2 at 25 °C and 5 MPa. Further increasing the temperature and pressure improved
the contact, reducing the resistance to below 20 kQ cm=2 at 50 °C and 50 MPa. These re-
sults demonstrate that the introduction of a PEO interlayer between the LLZO pellet and
the LFP cathode significantly enhances the interface. This confirms that the PEO content
within the cathode composite alone is insufficient to establish a low-resistance contact

with a rigid oxide electrolyte.
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Figure 4-37: Impedance evolution with increasing applied pressure and temperature of an

LFP|PEO|LLZO | PEQO|LFP cell in the ASC-T cell in the constant pressure setup. PEO-CPE films with a thickness
of 110 um and 10 wt% SiO2 were used.

Since PEO generally exhibits lower ionic conductivity than LLZO, the SPE interlayer repre-
sents a limiting factor for the overall conductivity of the hybrid polymer-oxide electrolyte.
One strategy to address this issue is to minimize the interlayer thickness. As described in
chapter 4.2.2, significantly thinner films can be produced by doctor blading a PEO-based
precursor dispersion onto PTFE foil compared to the solution casting method. An alterna-
tive approach, drop-casting a PEO-SPE solution directly onto the LLZO pellet, was also eval-
uated. However, this method did not yield satisfactory results. Combined with observations
of the discolouration behaviour of LLZO fillers in MeCN, this approach was not pursued
further. In contrast, doctor-bladed films with a thickness of approximately 5 um were suc-
cessfully prepared and used as interlayers. LLZO pellets were sandwiched between two of
these thin films and the interfacial properties were investigated by EIS. The results were
compared to LLZO pellets sandwiched between solution-cast PEO-CPE films, each with a
thickness of ~100 um. Contrary to expectations, the thin-film configuration exhibited an

interfacial resistance approximately seven times higher at 60 °C.

Post-mortem analysis revealed the cause of this increased resistance. Upon heating to
60 °C, the thin PEO films contracted, no longer fully covering the LLZO surface. This suggests
poor wetting of the LLZO surface by the PEO matrix. In contrast, the thicker solution-cast
films maintained full surface coverage during the measurement, ensuring consistent inter-
facial contact across the entire pellet area (Figure 4-38). These results indicate that a min-

imum film thickness is required to ensure complete surface coverage and stable interfacial
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contact in hybrid polymer-oxide systems. Therefore, for subsequent studies, PEO films with
a thickness of approximately 40-50 um were used, as this thickness provided a suitable
compromise between mechanical stability, full surface coverage, and minimized interfacial

resistance. These films were produced by doctor blading using a 600 um gap.

5 um PEO film 100 pm PEO film

Figure 4-38: A LLZO pellet only partially covered by a thin PEO film after heating to 60 °C. B using a thicker
PEO film the LLZO pellet is still fully covered after heating to 60 °C.

Throughout the experiments, it was observed that PEO-CPEs with higher filler content ex-
hibited increased interfacial resistance compared to samples with lower filler ratio. To in-
vestigate whether the improved mechanical integrity of CPEs with a high filler content in-
fluences interfacial resistance, symmetrical PEO|LLZO|PEO cells were assembled using ei-
ther filler-free SPEs or CPEs containing 15 wt% SiO,. At 25 °C, both cell types showed high
interfacial impedance, with the PEO-SPE exhibiting slightly higher resistance. However,
upon heating to 60 °C, this trend reversed (Figure 4-39). The interfacial resistance of the
SPE decreased substantially more and was approximately five times lower than that of the
CPE. Interestingly, at 80 °C and therefore above the glass transition temperature of PEO,
the CPEs again showed slightly improved performance compared to the SPEs. When cooling
back down to 60 °C, however, the interfacial resistance of the CPE increased more substan-
tially than that of the SPE. These observations suggest that while higher filler content im-
proves the mechanical properties and overall electrochemical stability of the PEO matrix,

it may negatively affect interfacial contact with LLZO.

One possible explanation is that the softer SPE may better adapt to the surface of the LLZO
pellet, potentially penetrating surface pores and increasing the effective contact area.

However, as the LLZO pellets exhibited a porosity of only ~5%, this alone is unlikely to fully
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explain the improved interfacial contact. Moreover, the observed increase in interfacial re-
sistance upon cooling from 80 °C to 60 °C suggests that a reversible reduction in effective
contact area is improbable. Further investigation is required to understand the underlying

mechanism, but this could not be completed within the scope of this work.
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Figure 4-39: Interfacial resistances of PEO|LLZO|PEO cells with 1) PEO-SPEs on both sides and 2) PEO-CPEs
with 15 wt% SiOz. After the measurement at 80 °C the samples were cooled again to 60 °C for the final meas-

urement.

Given the importance of sufficient mechanical integrity for separator function, CPEs with a
reduced filler content of approximately 10 wt% SiO, were used for subsequent half-cell ex-
periments. This allowed comparison to reference half-cells without LLZO while maintaining

sufficient film stability.

4.2.4 Half Cells with LLZO

Following the characterization of individual interfaces in an ASSB with a hybrid PEO-LLZO
electrolyte, half-cells using the prepared cathodes and lithium metal anodes were assem-
bled and tested. As a baseline for evaluating interfacial improvements, an LFP| LLZO|Li cell

was assembled and measured in the ASC-T setup at 60 °C under a comparatively high
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applied pressure of 22 MPa (Figure 8-31). The purpose was to verify the insufficient contact
between the LLZO pellet and the PEO-based cathode composite. Initial cycling attempts
resulted in immediate polarization of the interfaces, with the cell potential reaching the
cut-off limits without any observable charge being stored or extracted. This behaviour, to-
gether with the high interfacial resistance confirmed by EIS (Figure 8-32), clearly demon-
strates that this configuration is not functional in its current form and requires interface

modification to become feasible.

To improve the interfacial contact between the LLZO pellet and the LFP cathode, a doctor-
bladed PEO-SPE film with a thickness of 40 um was inserted as an interlayer. The film was
prepared without any filler to reduce mechanical rigidity and enhance conformity with the
LLZO surface. The assembled cell was cycled using a CCCV protocol at various C-rates (C/10,
C/5, C/3). The resulting charge-discharge profiles are shown in Figure 4-40. At C/10 and
C/5, the cell delivered a discharge capacity of 110 mAh g™ with a coulombic efficiency of
95%. When the rate was increased to C/3, the discharge capacity dropped to 38 mAh g™’

and the efficiency declined to 70%.
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Figure 4-40: Charge-discharge profiles of an LFP|PEO|LLZO|Li half cell cycled at various C-rates in the ASC-T
cell setup at 60 °C and 2 MPa (PEO-SPE composition EO/SN/LITFSI = 36/8/1 without added fillers, & = 40 um).

105



Results and Discussion

At lower C-rates, the hybrid cell outperformed the reference setup without the LLZO pellet
(Figure 4-34). The reduced performance at higher C-rates is attributed to the overall in-
creased cell resistance, in particular due to the additional LLZO-PEO interface, which still
poses the major contribution to the total resistance as evident from the impedance spectra
(Figure 4-41). The measurement at 25 °C exhibits a loop in the low-frequency region (LFR),
indicating insufficient equilibration. This suggests that the LLZO-PEO interface is not imme-
diately fully formed but rather improves gradually as the PEO diffuses into surface voids or

irregularities of the LLZO.
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Figure 4-41: Impedance spectra of an LFP|PEO|LLZO|Li cell in the ASC-T setup at 60 °C and 2 MPa. Cell was

not fully equilibrated at 25 °C resulting in the loop in the LFR area (~20 kQ cm?).

In contrast to earlier measurements, a decrease in total cell impedance was observed after
cycling. This behaviour is also attributed to the slow formation of the LLZO-PEO interface,
which likely remained incomplete even after the initial 10 h equilibration at 60 °C. These
results confirm that the use of a PEO interlayer significantly improves the cathodic interface
in hybrid cells with hard LLZO electrolytes. However, when employing a relatively thick PEO
interlayer that could function as a separator but lacks sufficient ionic conductivity due to
the absence of fillers, the resulting high overall impedance limits performance at elevated

C-rates.

As shown in the previous chapter, further reduction of the PEO interlayer thickness lead to
incomplete coverage of the LLZO pellet due to pooling of the PEO on the LLZO surface at
elevated temperatures. This behaviour was confirmed in a half-cell using a 5 um PEO-CPE
interlayer containing 20 wt% SiO, between the LLZO and the LFP cathode. The filler was

added again to assess whether increased mechanical rigidity could mitigate the pooling
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effect. Impedance spectra revealed that upon heating to 60 °C, the interfacial contact ini-
tially improved, reaching a lower interfacial resistance than that observed with the thicker
PEO-SPE layer, with a starting value of ~1 kQ cm? (Figure 4-42). However, over the 10 h
equilibration period, the interfacial resistance increased to ~15 kQ cm? and continued to
rise during subsequent cycling at 60 °C. Although an initial discharge capacity of 80 mAh g™’
was achieved at C/10, this rapidly declined due to progressive degradation of the interfacial

contact, attributed to contraction of the thin PEO layer at elevated temperatures (Figure

8-33).
60
e 25°C e 10hat60°C
| ® 1hate0°C 60 °C, after cycling
= 40 . . .
O ° °
G N o [ ]
\x./ L [ ]
@ 20 . 0,61 .o .. . o .
g ° 041 e*°% . .. . o®
T [ ° o .. ® ., o ° ........
] :’ 0,2 b y 000“"'.. ..v..
0 - /r.\ 0,0 Y[ Y Y
0,0 0,5 1,0 1,5
T T T T T T T ! | '
0 25 50 75 100 125

Re (2) (kQ cm™)

Figure 4-42: Impedance spectra of an LFP|PEO|LLZO|Li cell in the ASC-T setup at 60 °C and 5 MPa. PEO-CPE

composition EO/SN/LITFSI = 36/8/1 with 20wt% SiO2, 8 =5 um.

These experiments underline that the interface between LLZO and electrode materials re-
mains a critical challenge in the development of hybrid polymer-oxide solid-state batteries.
Without tailored interface engineering, high stack pressures are required to ensure suffi-
cient contact, which limits practical applicability. The use of PEO as a polymer interlayer is
insufficient on its own, as the poor wettability of LLZO by PEO significantly impairs interfa-
cial contact and results in high interfacial resistance. This highlights the need for further

studies into the surface interactions between LLZO and potential polymer interlayers.
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5 Summary and Outlook

Throughout the first part of this thesis, functionalized vinylphosphonates with short eth-
ylene oxide, or carbonate side chains were synthesized. While the polymerization of the
monomers with one and two ethylene oxide units could be achieved via REM-GTP, for
longer chains and the monomers with the carbonate functionalities impurities inhibited
successful polymerization. P1-VP and P2-VP however were obtained with narrow dispersi-
ties (P < 1.1) and high molar masses exceeding 350 kg mol™. These polymers were then
used to prepare free-standing SPE films by solution casting with various lithium conducting
salts. TGA revealed that the polymers are thermally stable up to 260 °C (P1-VP) and 210 °C
(P2-VP), with degradation onset reduced by salt addition. Differential scanning calorimetry
and XRD measurements confirmed the amorphous character of the SPE films. lonic con-
ductivities of 1.8-10Scm™ for P1-VP and 8.2- 10> Scm™ for P2-VP at 60 °C were
achieved with LiBF4 as conducting salt. The higher ionic conductivity of P2-VP is attributed
to longer ethylene oxide side chains, which improve segmental flexibility and thereby ena-
bling more efficient ion transport. This was supported by lower activation energies for Li-
ion hopping of 0.59 eV and 0.47 eV for P1-VP and P2-VP, respectively. Electrochemical char-
acterization via LSV confirmed an anodic stability of up to 4.3 V vs. Li*/Li for both materials.
Low Li* transference numbers of 0.03 for P1-VP and 0.12 for P2-VP were measured, at-
tributed to strong coordination between Li* and the phosphonate groups. This coordina-
tion limits the mobility of lithium ions and leads to strong polarization during lithium plating
and stripping. P2-VP performed slightly better, supporting the hypothesis that longer side
chains reduce the influence of the phosphonate anchor on ionic mobility. These limitations
led to low critical current densities (5 pA cm™2 for P1-VP, 10 pA cm™2 for P2-VP) and signifi-
cant overpotentials in Li-shuttle measurements. In half-cell tests with LFP cathodes, specific
capacities remained well below theoretical values due to the high polarization resistance

and insufficient lithium-ion transport.

Based on these findings, future work should focus on modifying the polymer structure to
reduce the lithium coordination strength of the phosphonate units without compromising
the thermal and mechanical stability of the material. This includes investigating the coor-

dination environment of lithium ions in the polymer matrix through solid-state Li-NMR

108



Summary and Outlook

spectroscopy to elucidate the binding mechanism and quantify the interaction strength.
Furthermore, increasing the side chain length or introducing alternative functionalities
could help to spatially separate the coordinating ether moieties from the phosphonate unit
and thereby improve lithium mobility. It is also of interest to determine whether lower
phosphonate contents or smaller molar ratios still impede lithium transport and to what

extent these effects scale with side chain architecture.

In the second part of this work, a special testing cell (ASC-T cell, Sphere Energy) was evalu-
ated as a tool to investigate thickness and volume changes in solid-state battery systems
during cycling. The setup proved to be well-suited for an exemplary system operating at
high pressures around 100 MPa, where a sulfidic electrolyte showed thickness changes
consistent with theoretical values. However, at lower pressures below 5 MPa, which are
relevant for polymer-based electrolytes, the mechanical deformation of the cell housing
overshadowed the thickness variations of SPEs. As a result, precise in situ measurements

of softer SPE systems could not be performed with this setup in its current configuration.

Despite these limitations, the ASC-T cell was successfully applied to study the interfaces in
a hybrid polymer-oxide battery featuring a PEO interlayer between an LLZO solid electro-
lyte and an LFP cathode. A standard LFP cathode directly contacted to the LLZO pellet re-
sulted in high interfacial resistances exceeding 300 kQ cm?, even under elevated pressure
and temperatures of 50 MPa and 50 °C. The introduction of a PEO based SPE interlayer led
to a significant reduction in interfacial resistance, confirming the necessity of suitable in-
terlayers to ensure adequate contact. Systematic variation of the PEO film thickness re-
vealed that layers below 40 um exhibited pooling on the LLZO surface at elevated temper-
atures of 60 °C. Hereby, the thin films contracted and failed to maintain continuous cover-
age, resulting in a growing interfacial impedance. A thickness of 40 um was found to be
sufficient to maintain full surface coverage after thermal equilibration, minimizing the in-
terfacial impedance. Attempts to enhance the electrochemical properties of the PEO film
by incorporating inorganic fillers such as SiO,, were found to worsen the contact with LLZO.
This observation suggests that softer polymers, while mechanically weaker, are able to
form a more intimate and continuous interface with the grain structure of LLZO. Electro-
chemical testing in half-cell configurations confirmed these findings. Among the tested in-

terlayer thicknesses, the 40 um PEO-SPE film resulted in the best performance. Thinner
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layers suffered from incomplete coverage, while thicker films introduced additional re-

sistance due to increased ionic path length.

Future investigations should address how the wetting behaviour of LLZO with various pol-
ymers can be systematically improved. This includes both surface modifications of the LLZO
and the design of polymers with specific functional groups that enable targeted interac-
tions with the ceramic surface. The potential of end-group functionalization introduced
through REM-GTP polymerization is of particular interest in this context, as it may allow for
tailored interfacial chemistry without compromising the bulk properties of the poly-
mer.[285286] | jterature reports show that improved interfacial resistance between LLZO and
surrounding media is possible by specific surface modifications.[287:288] |n addition, modify-
ing the ASC-T cell setup for higher sensitivity at low pressures would allow in situ measure-
ment of polymer volume changes under realistic operating conditions. This is especially
relevant in the ongoing effort to reduce the thickness of the ceramic separator, where the
substitution of pellets with fragile LLZO tapes requires soft interlayers to maintain struc-
tural integrity. In this context, the use of adjusted polymers for improved wettability of the
LLZO surface with lower molecular weight may be advantageous, as their increased soft-
ness could further improve interfacial contact. On the anode side, improving the LLZO-Li
interface by infiltrating lithium into a porous LLZO host structure has shown potential to
reduce the required stack pressure further and eliminate the need for intermetallic inter-
layers, thereby simplifying cell architecture and improving mechanical compatibility. The

three future research areas are displayed in Figure 5-1.

LFP/PEO mixed

cathode LFP/PEO mixed
SPE
interlayer cathode
LLZO pellet - LLZO tape

Li in LLZO matrix

Li metal

Figure 5-1: Next step in improving the hybrid LLZO-PEO battery setup by 1) reducing the LLZO thickness via
tape casing Il) improving the LLZO-Li interface by infiltrating Li into a LLZO host matrix reducing the needed
pressure and removing the need for intermetallic interlayers and Ill) adjusting the polymer interlayer to bet-

ter wet the LLZO surface, making thinner films possible.
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6 Experimental Section

6.1 Materials and Methods

General. All reactions with air- and moisture-sensitive substances were carried out under
argon (99.996 vol.-%, Westfalen) atmosphere using standard Schlenk techniques or in a
glove box (<1 ppm Oz and H,0, MBraun, Germany). Prior to use, all glassware was heat-
dried under vacuum. Unless otherwise stated, all chemicals were purchased from Sigma-
Aldrich, ABCR, or TCl Europe and used without further purification. Toluene, THF, and
MeCN were dried using an MBraun SPS-800 solvent purification system and stored over 3

or 4 A molecular sieves.

NMR spectra were recorded on a Bruker AV-400HD spectrometer. 'H, 3C and 3!P NMR
spectroscopic chemical shifts & are reported in ppm relative to the residual solvent signal
of the deuterated solvent. The NMR spectra were analysed using the MestReNova soft-
ware. Signal multiplicities are abbreviated as follows: s - singlet, d — duplet, t — triplet, m —
multiplet. Unless otherwise stated, coupling constants (J) were the averaged values and
refer to couplings between two protons. All deuterated solvents were obtained from

Sigma-Aldrich and dried over activated 3 A molecular sieve.

Molecular weight distribution. Absolute molecular weights and dispersities of P1-VP were
determined via gel permeation chromatography with samples of 4 mg mL~* on a combina-
tion of a Shimadzu LC-10ADVP with a DGU-3A as degasser (Shimadzu) and a column ther-
mostat CTO-10A (Shimadzu) equipped with two PL Polargel-M columns (Agilent). The elu-
ent used was a mixture of 50% THF and 50% water, treated with tetrabutylammonium bro-
mide (TBAB) (9 g L™1), and 340 mg L™! 3,5-di-tert-butyl-4-hydroxytoluene (BHT) as a stabi-
lizing agent at 40 °C. The samples were analysed via multiangle light scattering (MALS) us-
ing a Wyatt Dawn Heleos Il in combination with a Wyatt Optilab rEX as Rl detector unit.
Absolute molecular weights and polydispersities of P2-VP and were measured on an Agilent
PL-GPC 50 (Santa Clara, CA, USA) with two Agilent PolarGel M columns by triple detection
using two-angle light scattering (15 and 90°), a refractive index detector, and a viscometer.
As the eluent, N,N-dimethylformamide (DMF) with 2.096 g L=* lithium bromide at 30 °C was

used.
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dn/dc was determined on a WGE Dr. Bures dn/dc-2010 from PSS equipped with a 620 nm
light source via measurement of five samples with different concentrations (1-20 mg mL?)
of polymers with various molar masses. It was determined as 0.1290 mL g~* for P1-VP in

THF/H20 (50:50) and 0.0498 mL g~* for P2-VP in DMF.

DSC analysis was performed on a DSC Q2000 from TA Instruments. It was measured in exo
down mode with a heating rate of 10 K min~in a temperature range from -100 °C to 200 °C
with samples of 6-9 mg. Three cycles were run per measurement (heating, cooling, heating)
with the second heating cycle being used for the T determination. Analysis was performed

using TA Analysis software.

TGA was measured on a TGA Q5000 from TA Instruments. The samples are heated with a
heating rate of 10 K min~ under argon. The following thermal program was applied using
argon gas (20 mL min™t) for purging: At 30 °C isothermal equilibration (30 min), ramp from
30 °C to 700 °C with 10 K min™'. The thermal stability was defined at the onset point for the
weight loss. Samples came in contact with ambient atmosphere for <1 min during transfer
of the sample to the device before being the Ar flow turned on. Analysis was performed

using TA Analysis software.

XRD Crystallographic characterization is performed on a STOE STADI P diffractometer in
transmission geometry with Cu-Ko1 radiation (A = 1.54051 A), a Ge(111) monochromator
and a Mythen1K detector (DECTRIS). Scans of at least 5 h in an area 2@ = 5° to 80° are used
for phase analysis. Samples are fixed airtight between two Scotch tapes in a flat sample

holder.

SEM. The surface of the SPE films were characterized by the images taken by JEOL JSM-
7500F field-emission scanning electron microscope coupled with EDX INCA System (soft-

ware) with 50 mm?2 X-MAX detector from Oxford Instruments.

Cathode surfaces were analysed by a JEOL JSM IT-800 field emission scanning electron mi-
croscope. The magnification and distance for each measurement are depicted on every
SEM-image. EDX was conducted using an energy of 5 keV to depict K and L-radiation, for

the elements Ni, Fe, O, C, H.

Cross-section polishing. For cathode bulk investigation, 8 mm sample disks were cut in half

with a scalpel and a copper tape (G253A, from Plano, Germany) was stuck onto the Al-foil
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(Cu-Al-Cat). The sample was polished at -120 °C with a cross-section polisher (1B-19520CCP,
from JEOL, Japan). The surface was thinned using a dual beam focused ion beam (FIB)
(Strata 400 STEM, FEI Company, USA) equipped with a Ga-ion source to cut the sample
(6 kV/0.4 nA). The ion beam was turned on for 10 s followed by a cooling period for 10 s

for a total polishing time of 2 h.

Thickness and porosity determination of cathodes.

Z Wt%i
Vsolia Di
_ — i 15
Ecoating = 1- % = 1- d A ' *Meoating
coating coating ~ ‘Acoating

The thickness of the cathodes before and after pressing was measured with a dial gauge
(IP65, Mitutoyo, Japan). The cathode coating porosity (&coqating) is 1 minus the ratio of the
bulk volume of the electrode components (V,,;;4) over the volume of the coating (Vqting),
with the letter determined by summing up the individual bulk volumes of the electrode
components based on their bulk material density (p;) and their relative weight fraction
(wt%;) and dividing it by the coating area (Acoqting) and the measured thickness of the
coating (dcoating= Aeathode —Aai-foir) and finally multiplying this term by the total mass of

the coating on both sides (M qqting)-

Table 6-1: Individual bulk material densities of cathode components

Component Density [g cm3] Source
1.0-1.4 (tape) IBUvolt LFP400
LiFePO4 (LFP)
3.6 (bulktheo) Yan et al.[289]
Conductive carbon (C65) 2.26 Timical?%0
PEO 1.21 ThermoFisher (300 kg mol™)
PVDF 1.77 Solef® 513012°0]
LiTFSI 1.064 Sigma-Aldrich (99.95%)

General procedure for polymerization of vinylphosphonate monomers with Cp2Y(sym-

collidine)

To prepare the catalyst solution, Cp2YCH2TMS(THF) (10 mg, 26 umol, 1.0 eq.) is dissolved
in 1 mL toluene and subsequently sym-collidine (3.4 mg, 28 umol, 1.05 eq.) is added as a
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1% solution in toluene. After stirring the solution for 3 h, the activated catalyst solution is
diluted with toluene to reach a concentration of 100 mg mL™ of monomer in toluene in
the next step. Next, 500 eq. 1-VP or 2-VP monomer (13 mmol) is added to the yellow cata-
lyst solution and the reaction mixture is stirred for 30 min. Instant initiation is indicated by
discoloration upon monomer addition. Afterwards, the polymerization is terminated by the
addition of 0.5 mL MeOH. The polymer is precipitated by pouring the solution into an ex-
cess of pentane and washed three times. The residual polymer is dissolved in dioxane,

freeze-and vacuum dried at 60 °C for 24 h to yield the pure polymer as a colourless solid.
Preparation of the SPE/CPE membranes
PX-VP (solution casting)

150 mg polymer and a stochiometric amount of Li-salt was dissolved in 2 mL dry MeCN and
stirred at RT for 3 h to form a uniform transparent solution. The amount of Li-conducting
salt is calculated with respect to the ethylene oxide units in the respective monomers. Ta-
ble 8-3 shows exemplary the composition of SPE films of P1-VP and P2-VP with LiBF4.After-
wards, the solution is poured into a Teflon dish (@ 4.5 cm). The solvent is allowed to evap-
orate for 18 h before drying in vacuum for 24 h. The resulting membranes have a thickness
of approximately 100 um. Notably, the thickness in the center of the dish is up to 30 um
lower than at the edges, which is attributed to the increased wetting of the dish at the

edges.
PEO (solution casting and doctor blading)

For the preparation of PEO-based solid (composite) polymer electrolytes, 100-200 mg of
PEO and a stoichiometric amount of LiTFSI, corresponding to a molar ratio of EO/Li* = 36/1,
were dissolved in 1-2 mL dry MeCN. Subsequently, a stochiometric amount of a SN stock
solution in MeCN (80 mg mL™") was added. The final ratio was set to EO/SN/Li* = 36/8/1.
The solution was stirred for at least 3 h at room temperature to ensure complete dissolu-

tion.

For the preparation of composite polymer electrolytes, inorganic fillers (SiO,, Al,Os, or
LLZO) were added after dissolution of the polymer and salt. The filler content was set to
15 wt% relative to the mass of PEO. The resulting suspensions were mixed in a planetary
mixer (ARV-310, Thinky Corp., USA) in 20 mL screw lid vials at 1500 rpm for 5 min. The

114



Experimental Section

polymer solutions were then cast into Teflon dishes (@ 4.5 cm), covered with a paper towel
to avoid contamination, and left to dry under inert atmosphere for 1 day. Final drying was
carried out overnight in vacuo in a glove box antechamber. The resulting membranes ex-

hibited a thickness of approximately 100 um.

For thinner films the dispersion was doctor bladed onto PTFE foil (20 um, Angst+Pfister,
Switzerland) with a gap of 600 um. The resulting films were left to dry under inert atmos-
phere for 1 day and consequently dried in a vacuum oven (G-300, Blichi, Germany) over
night at 50 °C. The resulting membranes exhibited a thickness of 5-50 um depending on the

viscosity and coating speed (20-30 mm s).
LLZO pellet fabrication

Cubic-phase Lig.45A10.05La3Zr1.6Tao.4012 (LLZO) powders were synthesized via a solid-state
reaction as described by Rupp et al.[?83! Sintered pellets were fabricated by uniaxially press-
ing the pre-synthesized powders at 5 MPa with a 10 mm die and isothermal sintering the
green pellets at 1050 °C for 5 h under oxygen flow in magnesium oxide (MgO) crucibles
(heating rate of 5 K min™'). The resulting pellets had a diameter of 8-9 mm with a density
of approximately 95%. After sintering, LLZO pellets were dry polished using silicon carbide
paper with grid sizes of 400, 800, 1200, 2400, and 4000 to a thickness of 0.9-1 mm. The
pellets were annealed in an argon filled glovebox at 600 °C for 2 h to remove Li,CO3z impu-

rities on the surface.

To improve interfacial contact with lithium, a 50 nm layer of gold was sputtered onto LLZO
pellets with a diameter of 6 mm. The formation of a LixAu intermetallic layer was achieved
by placing an 8 mm lithium foil on top of the gold-coated pellet and heating it to 220 °C on

a hot plate in an argon-filled glovebox.
Electrochemical measurements

Cells for electrochemical testing were assembled in an Ar-filled glove box (MBraun, Oz and
H.0 content <1 ppm) and equilibrated at 60 °C until a constant open-circuit potential (OCV)
was reached (about 5 h) before measuring. For temperature dependent ionic conductivity
measurements, SPE disks (@ 10 mm) were placed between two stainless steel electrodes
(@ 8 mm) in a TSC battery cell (rhd instruments, Germany) with an applied pressure of

0.7 MPa. The cell was placed in a temperature-controlled cell stand (Microcell HC, rhd
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instruments) and connected to a potentiostat (Metrohm Autolab B.V. Typ PGSTAT204). All
EIS measurements were performed in a frequency range from 7 MHz to 100 mHz with an
amplitude of 10 mV. The ionic conductivity () of the samples is calculated by equation 16:

)

=— 16
R,A

g

Where & and Ry, is the thickness and bulk resistance (measured by EIS) of the SPE mem-
brane, respectively, and A corresponds to the contact area between the electrolyte and the
stainless-steel electrodes. From the calculated ionic conductivity at different temperatures
the activation energy for the ion hopping in the polymer is calculated using the Arrhenius
equation 6:
g = Aexp <_—Ea) 6
RT

with E, being the activation energy, T the absolute temperature, A the pre-exponential

factor and R the Boltzmann constant.

Apart from the TSC battery cell, electrochemical measurements were also performed in
2032-type coin cells (MTI) and an ASC-T cell (described in the following section) using a
potentiostat (SP-300/VMP3, Biologic, France). If not stated otherwise the standard meas-

uring temperature was 60 °C.
Sphere cell setup

For pressure and thickness monitoring during electrochemical measurements a heatable
ASC-T cell was used (Sphere Energy, Germany) in the corresponding pressure frame with
adjustable pressure, ranging from 0 to 400 MPa, and a sample holder of 8 mm diameter.
Two cell tops were available, one directly connected to the measuring cell for a constant
gap setup and one with exchangeable springs in between for a constant pressure setup.
The samples were assembled in an argon filled GB with cathode, lithium and SPE films with
a diameter of 6-8 mm. The closed cell was then transferred to the pressure frame outside

of the GB under ambient atmosphere.
Linear sweep and cyclic voltammetry

Electrochemical stability measurements for LSV or CV were performed in Li|SPE|SS cell

configurations. SPE samples (~100 um, @ 16 mm), Li metal (450 um thickness, @ 15 mm,
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Rockwood Lithium, USA), and stainless-steel electrode (0.5 or 1 mm thickness, 15 mm di-
ameter) were used in 2032-type coin cells. The amount and thickness of spacers were ad-
justed to reach a pressure between 0.7-1 MPa in the coin cell. If not stated otherwise LSV
measurements were carried out from the OCV to 6 V vs. Li*/Li, while CV measurements

were conducted between —1 to 3 V vs. Li*/Li. A scan rate of 0.5 mV s at 60 °C was used.
DC polarization

The Bruce-Vincent-Evans method was employed to determine the Li* transference number
(t,;i+) of the electrolyte through DC polarization, by analyzing the change in interfacial im-
pedance before and after polarization in symmetrical Li|SPE|Li cells at 60 °C. The values of
t,;+ were calculated using equation :1269:291,292]

_ Iss(AV = IoRpne,0)

L+ = 17
M Ip(AV = IssRine,ss)

where I, and g5 are the current values at the initial and steady state, respectively, AV is
the applied voltage (10 mV), Ry, o and R, ss are the interface resistance values before

and after cell polarization, respectively, determined from the impedance spectra.
CCD and Li-shuttle

For the critical current density measurement, symmetric Li|SPE|Li cells were tested by
gradually increasing the charge/discharge current density from 5 pA to 50 pA cm~2 at 60 °C

with a standard time of 30 min for each platting/stripping step. The lithium plating and

stripping behaviour of SPEs were measured using analogous Li|SPE|Li cells at the current

density of 5 pA cm~2 for P1-VP and 10 pA cm~2 for P2-VP at 60 °C with a 30 min for each
platting/stripping step.
Cathode preparation and half-cell testing

The optimized preparation procedure is described as follows:

LiFePO4 cathodes were mixed at a mass ratio of 8:1:0.65:0.35:0.3 with carbon black (C65,

carbon black SuperC65, 64 m?g?, TIMCAL, Switzerland), poly(ethylene oxide) (PEO,

Mw = 300 kg mol?, thermo fischer scientific — Alfa Aesar, Germany), polyvinylidene difluo-

ride (PVDF, Solef 5130, Solvay, Germany) and LiTFSI (99.95%, Sigma-Aldrich, Germany,

EQ/Li* = 13/1) with N-methyl-2-pyrrolidone (NMP, anhydrous, Sigma-Aldrich, Germany) as
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dispersing agent in a planetary centrifugal mixer (ARV-310, Thinky Corp., USA), using a se-
quential mixing procedure. Mixing procedure: In a 25 mL Vial (Duran) 65 mg PEO, 35 mg
PVDF and 33 mg of LiTFSI are dissolved in 2 mL NMP at 60 °C while stirring. 100 mg of C65
is added and mixed at 1500 rpm for 5 min. 800 mg LFP and 2 mL NMP is added and mixed
again at 1500 rpm for 5 min. For the cycling experiments in coin cells with a lithium metal
counter/reference electrode (Li-CE), the slurries (total solid content (TSC) of 25 wt%) were
coated onto the rough side of an aluminum foil (6 = 18 um, MTI, USA) with a box-type coat-
ing bar (300 um gap, Erichsen, Germany) using an automated coater (33 mm s, RK Print-
Coat Instruments, United Kingdom). All cathode sheets were then dried in the GB for 5 days
and consequently in a vacuum oven at 80 °C for 24 h before LFP working electrodes (LFP-
WE, @ 13 mm, Scoatingpressed = 21 = 3 mm) were punched out and compressed at 250 MPa
for 2 min using a manual hydraulic press (Specac, United Kingdom). The LFP-WE for the
cycling experiments had a loading of 3.5 + 0.2 gcam/cm? which corresponds to a theoretical
areal capacity of 521 +0.23 pAh/cm?. Li-CEs (@ 14 mm, 3= 450 um, Rockwood Lithium,
USA) with solid polymer electrolytes - PEO, P1-VP, and P2-VP - (@ 16 mm, 6= 90 + 30 mm)
as separators. The half-cells were assembled with a pressure of ~0.7 MPa. All half-cell cy-
cling tests were performed in a climate chamber (KB 115 or KB 720, Binder, Germany) at
60 °C with a CCCV protocol. Three charging-discharging cycles (with identical C-rates, C/10-
C/5-C/3-1C) were performed before continuing with the next C-rate. The charging step with
an upper cutoff potential of the LFP-WE of 4.0 Vy; included a CV hold for 1 h or until the
current dropped below C/50. The discharge was performed with an identical C-rate to the
previous charging step with a cutoff potential of 2.8 Vii. An EIS measurement was per-

formed after each discharging cycle at a potential of 2.8 V...
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Chronoamperometry

For temperature and pressure dependent electronic conductivity measurements of cath-
odes, pressed Cat disks (@ 7 mm) were placed in an ASC-T cell in the constant pressure
setup (k =36.8 N mm). After a 60 min OCV period for cell and temperature equilibration
potentiostatic polarization was used applying voltages of 20, 40, 60, 80, and 100 mV for
3 min each. The electronic conductivity is calculated with the electronic resistance (R,;)
determined from the difference of the average steady state current (Algs) of the plateaus

between the voltage steps (AV) according to equation 18:

R, = av 18
Inserting this into equation 19 provides the electronic conductivity:
0 19
Opl = ——
el RelA

Where ¢ is the combined thickness of both cathode films (without the Al-foil), and A is the

area of the cathode discs.
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6.2 Synthesis

Vinylphosphonic dichloride

O 0
O
HO—IIZI‘—OH + ClI cl ﬂ, C|—|I:I>—C|
(CH2Cly)
/ ) r.t. /
overnight

In an oven dried two-necked flask with magnetic stirrer, vinylphosphonic acid (45.0 g,
34.6 mL, 417 mmol, 1.0 eq.) is dispersed in 300 mL DCM. DMF (304 mg, 322 uL, 4.16 mmol,
0.01 eq.) isadded and the dispersion is cooled to 0 °C. Next, oxalyl chloride (116 g, 78.6 mL,
916 mmol, 2.2 eq.) is added dropwise to the reaction mixture over a period of 4 h. After
complete addition, the reaction is stirred at ambient temperature for 16 h. Solvent and
excess oxalyl chloride is removed in vacuo resulting in a yellow liquid. The product is iso-
lated via vacuum distillation (85 °C, 15 mbar) yielding vinylphosphonic dichloride as colour-

less liquid (46.5 g, 321 mmol, 77%).

1H-NMR (400 MHz, C¢Ds, 300 K): & (ppm) = 5.93 — 5.80 (dd, 1H, CH,), 5.72 — 5.55 (m, 1H,
CH), 5.27 — 5.07 (dd, 1H, CH,).

31p.NMR (162 MHz, C¢Ds, 300 K): & (ppm) = 28.59.

1H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 6.64 — 6.40 (m, 2H, CH2, CH), 6.29 —6.19 (m,
1H, CHa).

31p.NMR (162 MHz, CDCls, 300 K): & (ppm) = 31.24.

The reduced integral of 0.75 for the proton in proximity to the phosphorous atom is at-
tributed to the nuclear overhauser effect (NOE) which can change the relaxation time (T1)
of the proton due to the coupling with 3P and consequently lowers the signal intensity
under the standard acquisition conditions.[2°32%4 The reduced intensity of this proton was

observed for multiple spectra in CsDs but is notably reduced in CDCls (Figure 6-3).
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Figure 6-1: *H-NMR spectrum of vinylphosphonic dichloride in CéDs (& = 7.16 ppm) at 400 MHz.
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Figure 6-2: 31P-NMR spectrum of vinylphosphonic dichloride in CéDs at 162 MHz.
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Figure 6-3: 'H-NMR spectrum of vinylphosphonic dichloride in CDCls (6 = 7.26 ppm) at 400 MHz.
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Bis(2-methoxyethyl) vinylphosphonate (1-VP)

/ \
o} 0
O NEt,

Cl—P-Cl + Ho/\/O\ o)
11

= (THF) 0-P-0

0°C —>rt.

overnight /

In an oven dried two-necked flask with magnetic stirrer, methoxyethanol (10.0 g, 10.5 mL,
132 mmol, 2.1 eq.) and vinylphosphonic dichloride (9.10 g, 6.50 mL, 62.8 mmol, 1.0 eq.) are
dissolved in 100 mL THF. After cooling to 0 °C, NEt3 (14.0 g, 19.3 mL, 138 mmol, 2.2 eq.) is
added dropwise to the solution. After complete addition, the reaction is heated to ambient
temperature and stirred for 16 h. Next, the precipitated NH4Cl is removed via Whatman
filtration and the THF and residual NEts is removed in vacuo. The resulting crude yellowish
product is then dried with an activated Al;03 column (dry DCM used as eluent) and purified
via vacuum distillation (110 °C, 2-1072 mbar), yielding 1-VP as colourless liquid (11.3 g,
50.2 mmol, 80%). The monomer is stored over activated 4 A molecular sieves for two weeks

prior to polymerization.

1H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 6.38 —6.25 (m, 1H, CH), 6.21—6.04 (m, 1H,
CH), 4.18 — 4.14 (m, 4H, O-CH,), 3.59 (t, J = 5.1 Hz, 4H, O-CHa), 3.59 (s, 6H, O-CHs).

31p_NMR (162 MHz, CDCls, 300 K): & (ppm) = 18.38.
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Figure 6-6: 3'P-NMR spectrum of 1-VP in CDCls at 162 MHz.
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Bis(2-(2-methoxyethoxy)ethyl) vinylphosphonate (2-VP)

VAN
) O
O NEt,
A (THF) o -G
0°C—rt
overnight

In an oven dried two-necked flask with magnetic stirrer, diethylene glycol monomethyl
ether (15.8 g, 15.5 mL, 132 mmol, 2.1 eq.) and vinylphosphonic dichloride (9.10 g, 6.50 mL,
62.8 mmol, 1.0 eq.) are dissolved in 100 mL THF. After cooling to 0 °C NEt3 (14.0 g, 15.5 mL,
132 mmol, 2.2 eq.) is added dropwise to the solution. After complete addition the reaction
is heated to ambient temperature and stirred for 16 h. Next, the precipitated NH4Cl is re-
moved by Whatman filtration and the THF and residual NEts is removed in vacuo. 20 mL of
water is added to the crude product and the aqueous phase is extracted with DCM
(4 x 30 mL). The organic phases are then combined, dried over MgSQy, filtered, and the
solvent removed in vacuo, yielding a yellowish liquid. The product is then dried with an
activated Al,O3 column (dry DCM used as eluent) and purified by vacuum distillation
(130 °C, 5-1073 mbar) yielding 3-VP as colourless liquid (14.3 g, 45.8 mmol, 73%). The mon-

omer is stored over activated 4 A molecular sieves for two weeks prior to polymerization.

1H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 6.28 (dd, J = 18.7 Hz, 1H, CH), 5.95 (dd, J = 18.7
Hz, 1H, CH), 5.57 (dd, J = 12.7 Hz, 1H, CH), 4.10 — 4.06 (m, 4H, P-O-CH>), 3.42 —3.37 (m, 8H,
0-CH,), 3.29 —3.27 (m, 4H, O-CH,), 3.59 (s, 6H, O-CHs).

31p.NMR (162 MHz, CDCl3, 300 K): & (ppm) = 17.73.
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Figure 6-7: *H-NMR spectrum of 2-VP in CDCl3 (§ = 7.26 ppm) at 400 MHz.
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Figure 6-8: 3'P-NMR spectrum of 2-VP in CDCls at 162 MHz.

Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl) vinylphosphonate (3-VP)
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In an oven dried 1 L two-necked flask with magnetic stirrer, triethylene glycol monomethyl
ether (30.0 g, 29.1 mL, 183 mmol, 2.1 eq.) and vinylphosphonic dichloride (12.6 g, 9.01 mL,
87.0 mmol, 1.0 eq.) are dissolved in 500 mL THF. After cooling to 0 °C NEt3 (18.9 g, 25.9 mL,
187 mmol, 2.2 eq.) is added dropwise to the solution. After complete addition the ice bath
is removed, and the reaction is stirred overnight. Next, the precipitated NH4Cl is removed
by Whatman filtration and the THF and residual NEts is removed in vacuo. The crude prod-
uct is purified by vacuum distillation (240 °C, 3 - 107> mbar) yielding bis(2-(2-(2-methoxy-
ethoxy)ethoxy)ethyl) vinylphosphonate as colourless liquid (20.9 g, 52.2 mmol, 60%).

1H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 6.35 — 6.01 (m, 3H, P-CH-CH,), 4.19 — 4.09 (m,
4H, P-O-CH,), 3.68 — 3.59 (m, 16H, O-CH,-0), 3.52 — 3.50 (m, 4H, P-O-CHy-), 3.34 (s,
6H, -CHs).

31p_NMR (162 MHz, CDCls, 300 K): & (ppm) = 17.73.
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Figure 6-10: 3'P-NMR spectrum of 3-VP in CDCls at 162 MHz.
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7-VP Synthesis
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In an oven dried 250 mL two-necked flask with magnetic stirrer, polyethylenglykol
monomethylether (14.6 g, 41.7 mmol, 2.1 eq.; average M = 350 g mol?, corresponds to 7-
8 rep. units) and vinylphosphonic dichloride (3.03 g, 2.16 mL, 20.9 mmol, 1.0 eq.) are dis-
solved in 120 mL THF. After cooling to 0 °C NEt3 (4.44 g, 6.12 mL, 43.9 mmol, 2.2 eq.) is
added dropwise to the solution. After complete addition the ice bath is removed, and the
reaction is stirred for 72 h. Next, the precipitated NH4Cl is removed by Whatman filtration
and the THF and residual NEts is removed in vacuo. The crude product is purified by column
chromatography (DCM/MeOH = 99/1 gradient to 96/4) yielding the vinylphosphonate
monomer 7-VP as colorless liquid (1.50 g, 6.69 mmol, 32%). A KMnOs staining solution was
used to check the chromatography process on silica thin layer chromatography plates.

p-Anisaldehyde and CAM stain were also tested but gave worse results.

1H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 6.38 — 6.04 (m, 3H, P-CH-CH,), 4.21 — 4.10 (m,
4H, P-O-CH,), 3.70 — 3.63 (m, 52H, O-CH»-0), 3.55 — 3.53 (m, 4H, P-O-CH,-), 3.37 (s,
6H, -CHs).

31p.NMR (162 MHz, CDCls, 300 K): & (ppm) = 18.23.
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2-(2-Hydroxyethoxy)ethyl methyl carbonate

1 oy 1
+ /\/ \/\ —_—
H H
~o o © © 80 °C HO O o
4h

Potassium carbonate (3.1 g, 22.2 mmol, 0.3 eq.), dimethyl carbonate (8.0 g, 88.8 mmol, 1.0
eq.) and diethylene glycol (9.4 g, 88.8 mmol, 1.0 eq.) are dissolved in 100 mL of THF. After-
wards, the mixture is heated up to 65 °C for 4 h and filtrated. Subsequently, the solvent is
removed and the residue is distilled at 130 °C and 5 mbar. The synthesis was adapted from

literature but could not be purified to satisfaction.[29>2%€l
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Figure 6-13: 'H-NMR spectrum of 2-(2-Hydroxyethoxy)ethyl methyl carbonatein CDCl3 (6 = 7.26 ppm) at
400 MHz.
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Bis((2-oxo0-1,3-dioxolan-4-yl)methyl) vinylphosphonate

O o o @)
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HO (THF)
0°C—>rt /

In an oven-dried 1 L two-necked flask with a magnetic stirrer, 4-(hydroxymethyl)-1,3-diox-
olan-2-one (25.g, 17.9 mL, 191 mmol, 2.2 eq.) and vinylphosphonic dichloride (12.6 g,
8.97 mL, 86.6 mmol, 1.0 eq.) are dissolved in 500 mL THF and cooled to 0 °C. NEts (20.2 g,
27.8 mL, 199 mmol, 2.3 eq.) is added dropwise to the solution. After complete addition,
the reaction mixture is stirred for 2 h at 0 °C, then subsequently for an additional 4 days at
room temperature. Afterward, 400 mL water is added, and the solvent is evaporated. The
aqueous phase is extracted with dichloromethane (6 x 300 mL). The crude product is ob-
tained as an orange solution.

Further attempts to purify the product via distillation and column chromatography were

unsuccessful.

Tris(cyclopentadienyl)yttrium(lll) (YCp3)

(THF)
rt., 3h

~4
YCl; + = Yy
Na %‘@)

In an oven dried Schlenk tube with a magnetic stirring bar NaCp (505 mg, 5.74 mmol,
4.0 eq.) is dissolved in 2.5 mL THF giving an orange solution. YCl3 (280 mg, 1.43 mmol,
1.0 eq.) is suspended in 3 mL THF and dropwise added to the NaCp solution. After complete
addition the reaction mixture is stirred at r.t. for 3 h. The solvent is removed in vacuo and
the product is purified by sublimation (100 °C, 2:10"2 mbar) yielding YCps as colorless crys-
tals (252 mg, 0.88 mmol, 62%).
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Tris(cyclopentadienyl)yttrium(l1l)-THF adduct (YCps-THF)

4. o g 5
%@ Q rt, 7 h %/Y\@

YCps (252 mg, 0.88 mmol, 1.0 eq.) is suspended in 9 mL THF and stirred for 7 h. Subse-
quently, the solvent is removed in vacuo giving the THF adduct (6) as white power (316 mg,
0.88 mmol, 100%).

1H-NMR (400 MHz, CsCs, 300 K): & (ppm) = 5.94 (s, 15H, Cp-H), 3.32 — 3.28 (m, 4H, THF-H),
1.15—1.11 (m, 4H, THF-H).

Trimethylsilylmethyl lithium

| , |
NA. + Li > ~N .
S Cl
N (pentane) SN

35°C,8h

In a Schlenk tube Lithium granulate (1.49 g, 215 mmol, 3.3 eq.) is suspended in 100 mL hex-
ane and while stirring chlorotrimethylsilane (8.00 g, 9.10 mL, 65.2 mmol, 1.0 eq) is added.
The reaction mixture is stirred for 8 h at 35 °C while the Schlenk tube is placed hourly in an
ultrasonic bath for 2 min. Subsequently, the violet reaction mixture is filtrated and the res-
idue is extracted with pentane (3 x 4 mL). The solvents are removed in vacuo yielding tri-

methylsilylmethyl lithium a colourless powder (4.51 g, 47.9 mmol, 73%).

1H-NMR (400 MHz, CsCs, 300 K): & (ppm) = 0.16 (s, 9H, CHs), -2.07 (s, 2H, CHa).

Y(CH2TMS)3(THF),
1. (THF),55°C,2h <O>
2. (pentane), 0 °C, 3 h 7
| | \CH,TMS
YCI + NA. . > —
’ S TMSHC™YS o, TS

O
In a Schlenk flask YCI3 (1.50 g, 7.68 mmol, 1.0 eq.) is suspended in 55 mL THF and stirred at

55 °C for 2 h. Followingly, the THF is removed in vacuo and the residue is suspended in
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60 mL pentane. The reaction mixture is cooled to 0 °C and slowly a solution of LiCH,TMS
(2.17 g, 23.1 mmol, 3.0 eq.) in 40 mL pentane is added. The resulting mixture is stirred at
0 °C for 3 h and then filtrated and the solvents removed in vacuo giving Y(CH2.TMS)3(THF);

as a colourless solid (2.01 g, 4.06 mmol, 53%).

1H-NMR (400 MHz, CsCs, 300 K): & (ppm) = 3.96 — 3.93 (m, 8H, THF-H), 1.32 — 1.29 (m, 8H,
THF-H), 0.30 (s, 27H, TMS-H), -0.68 (d, J = 2.65 Hz, 6H, CH,).

13C-NMR (100 MHz, C6Cs, 300 K): & (ppm) = 70.7, 33.9, 33.5, 25.1, 4.6.
295i-NMR (100 MHz, C6Cs, 300 K): & (ppm) = -4.6.

Synthesis of Cp2YCH,TMS(THF)

v g5
) CHTMS . \,-©

TMSH,C-Y<

- Y//
\ CHzTMS @ (toluene) / \
(Oy r.t., overnight % CHZTMS

Y(CH,TMS)3(THF)2 (1.90 g, 3.84 mmol, 1.0 eq.) is dissolved in 35 mL toluene and cooled to

0 °C. freshly cracked cyclopentadiene (507 mg, 7.69 mmol, 2.0 eq.) is added dropwise at
room temperature. The mixture is stirred overnight. The volatile compounds are removed
in vacuo and the product is recrystallized from benzene giving Cp2YCH.TMS(THF) as white

needles (912 mg, 2.42 mmol, 63%).

1H-NMR (400 MHz, CCs, 300 K): & (ppm) = 6.12 (s, 10H, Cp-H), 2.98 — 2.93 (m, 4H, THF-H),
0.95 —0.90 (m, 4, THF-H), 0.43 (s,9H, TMS-H), -0.67 (d, J = 3.54 Hz, 2H, CH-).

13C-NMR (100 MHz, CsCs, 300 K): 6 (ppm) = 110.4, 71.2, 25.4, 24.9, 4.8.

296j-NMR (100 MHz, C¢Cs, 300 K): & (ppm) = -3.0.
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Activation of Cp,YCH,TMS(THF) with sym-collidine

50 ﬂ\p
Y. Pz - YNG4

ST e &

Cp2YCH,TMS(THF) (365 mg, 0.96 mmol, 1.0 eq.) is dissolved in 7 mL toluene and sym-col-

/

lidine (117 mg, 0.96 mmol, 1.0 eq.) is added giving a yellow solution. After stirring at r.t. for
3 h the complete activation of the catalyst could be certified via aliguot NMR and the solu-

tion is further used in polymerization reactions.

For isolation of the catalyst the volatile compounds are removed in vacuo and the residue
is recrystallized from a toluene pentane mixture yielding YCp2(sym-collidine) as yellow crys-

tals (247 mg, 0.73 mmol, 76%).

1H-NMR (400 MHz, C6Cs, 300 K): & (ppm) = 6.41 (s, 1H, Py-H), 6.05 (s, 10H, Cp-H), 5.80 (s,
1H, Py-H), 2.83 (s, 3H, CHs), 2.44 (s, 2H, CH-), 1.79 (s, 3H, CHs).
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8 Appendix

Polymer NMR P1-VP
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Figure 8-1: *H-NMR of P1-VP in CDCl3 at 400 MHz.
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Figure 8-2: 3P-NMR of P1-VP in CDClz at 162 MHz.
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Figure 8-3: GPC trace of P1-VP; THF/H,O (50:50) with 9 g L' TBAB and 0.34 g L BHT as solvent, dn/dc =
0.129 mL g™, absolute determination of molecular weights and dispersity by multi angle light scattering at 40

°C. (Mon/Cat = 500/1) My(abs) = 185 kg mol, b = 1.12.
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P2-VP

i TTTO0 T T
g
g g
\ /
(6] (0]
f f
e e
(0] 0]
d d
c (0] c
1 f
0-P-0
)
a b ”*
C
|
a+b
| !
1 L
T 1 T T
?‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 d
f1 (ppm)
Figure 8-4: *H-NMR of P2-VP in CsDs at 400 MHz.
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Figure 8-5: 3P-NMR of P2-VP in CsDs at 162 MHz.
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GPC of P2-VP in DMF
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Figure 8-6: GPC trace of P2-VP; DMF + 2 g L™ LiBr as solvent, dn/dc = 0.0498 mL g™, absolute determination of
molecular weights and dispersity by triple detection (refraction index, differential pressure and light scattering)

at 30 °C. ([Mon]/[Cat]= 2000/1) Mn(abs) = 670 kg mol!, b = 1.16.

GPC and polymer data

Table 8-1: Polymer parameters of P1-VP and P2-VP polymerized REM-GTP via using Cp2Y(sym-collidine).?

Mn abs Td onset
o/1a 4 _]c o/1d orle ,
Polymer [Mon]/[Cat] Xm [%] [kg/mol]? Dabs [-] I.E. [%] T, [°C] cy
500/1 100 185 1.12
P1-vP 60-95 -48 260
1500/1 78 320 1.37
500/1 100 205 1.04
P2-vP 60-80 -67 210
2000/1 88 650 1.16

9Reactions performed with [Mon] = 100 mg mL?, 10 mL of solvent, and a reaction time of 30 min at 25 °C.
bConversion of monomer (Xwm) calculated from the 3!P NMR spectrum of aliquots at the end of the reaction
via the ratio of signals of the polymer (& = 32-35 ppm) and the monomer (8 = 16-18 ppm). >“Determined via
GPC dn/dc(P1-VP) = 0.129 mL g* (in THF/H20); dn/dc(P2-VP) = 0.0497 mL g™* (in DMF). “Initiator efficience
calculated by I.E. = Mn,calc/Mn,abs at the end of the reaction with My caic = M x (([Mon]/[Cat]) x Xm. ¢Determinded

via DSC. ’Determinded via TGA in argon.
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Kinetic investigations of the PX-VP polymerization
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Figure 8-7: Determination of the catalytic activity of YCps-THF for the polymerization of 1-VP and 2-VP

([Mon]/[Cat] = 200/1). Both reactions show an initiation period (marked in green).

Table 8-2: Radical polymerization of 2-VP with various reaction conditions.

V(toluene) Conversion
[Mon]/[Cat] Initiator Temp. [°C] Time [h]
[mL] [%]
200/1 AIBN 12 60 0
200/1 AIBN 0.75 a0 18
200/1 AIBN 0.2 110 43
150/1 DBPO 0.2 90 0
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Composition of SPE membranes

Table 8-3: Exemplary composition of the SPE films with LiBF4 as a conducting salt.

m(poly) m(LiBF,)
Polymer EO/Li* Mon/Li* wt% (LiBFa)
[mg] [mg]
25.1 5/1 2.5/1 14.3
P1-vP 150 12.5 10/1 5/1 7.7
8.4 15/1 7.5/1 5.3
36.0 5/1 1.25/1 19.3
P2-vP 150 18.0 10/1 2.5/1 10.7
12.0 15/1 3.75/1 7.4

Table 8-4: Exemplary composition of the SPE films with LiTFSI as a conducting salt.

m(poly) m(LiTFSI)

Polymer EO/Li* Mon/Li* wt% (LiTFSI)
[mg] [mg]
76.8 5/1 2.5/1 33.8
P1-VP 150 38.4 10/1 5/1 20.6
25.6 15/1 7.5/1 14.7
110 5/1 1.25/1 73.5
P2-VP 150 55.2 10/1 2.5/1 36.7
36.8 15/1 3.75/1 24.5
PEO? 150 27.2 36/1 36/1 18.1

@ mostly used in an 36/8/1 ratio of EO/SN/Li* and therefore 60.6 mg of SN.
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TGA data of PX-VP
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Figure 8-8: TGA curves of P1-VP pure polymers and SPEs with increasing amounts of LiBFs4, respectively.

Amount of LiBF4 is given as ratio of EO units in the monomer side chains to Li*ions.
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Figure 8-9: TGA curves of P2-VP pure polymers and SPEs with increasing amounts of LiBFs, respectively.

Amount of LiBF4 is given as ratio of EO units in the monomer side chains to Li*ions.
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DSC Measurements
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Figure 8-10: DSC curves of P2-VP of different molecular weights without Li-salt.

Figure 8-11: DSC curves of pure P1-VP and SPE films with various amounts of LiBF4 (ratios are given as

EO:Li*).
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lonic conductivity of P2-VP with various conducting salts
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Figure 8-12: Temperature dependent ionic conductivity of P2-VP with various Li-salts (EOQ/Li* = 10/1).

lonic conductivity P1-VP and P2-VP with different EO/Li* ratios
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Figure 8-13: lonic conductivity of A P1-VP and B P2-VP SPE films with various amounts of LiBF (ratios are
given as EOQ/Li*).
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Unsuccessful post mortem analysis of PX-VP after voltammetry measurements

Figure 8-14: Post-mortem analysis attempts of Li|SPE|SS coin cells. A Lithium foil and polymer electrolyte

remained inseparable after cooling the disassembled cell in a cold trap to =100 °C under inert conditions
inside a GB. B Partially oxidized lithium observed after freezing the cell components in liquid nitrogen under

ambient atmosphere. Separation of the lithium foil and PX-VP foils was not possible.

Cathodic stability of P1-VP and P2-VP SPEs
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Figure 8-15: Cyclic voltammetry measurements of P1-VP and P2-VP SPEs with LiBF4 (EQ/Li*=10/1) in
Li| SPE|SS coin cells at 60 °C between 0.2 to 3 V vs. Li*/Li with a scan rate of 0.5 mV s7%.
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Lithium transference number

Table 8-5: Parameters used to determine the Li* transference number (t;;+) of P1-VP and P2-VP SPE with
LiBF4 (EO/Li* = 10/1) in symmetrical Li|SPE|Li cells. Initial and steady state current are determined from
chronoamperometry with a voltage of 10 mV over 90 min. Resistance values are obtained from the Nyquist

plots by fitting in the Relaxis software to the respective equivalent circuits.

Steady state Initial re- Steady state  Li* transfer-
Initial cur-
Polymer current (lo) sistance resistance ence num-
rent (lo) [HA]
[HA] (R(int0)) [€]  (Rint,ss)) [Q2]  ber (£,:+)
P1-VP 4.85 0.29 912 989 0.03
P2-VP 7.47 1.30 498 541 0.12

Cathode analysis — SEM imaging and EDX spectra

O (LFP and PEO)

C (C65 and PEO) Fe LFP)

Figure 8-16: SEM and associated EDX spectra of a LFP cathode pressed in the ASC-T cell.
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VBED_SS 108.00kV WD 9.7mm © x750 Std.P.C.50.@ S = 5.00kV WD 9.8mm © x600 Std.P.C.50.8 STD - loum
FOV:171x128um 06/087/2024 FOV:213x160um HV 06/07/2024

Figure 8-17: Top: SEM images of a half cell cut in half with a scalpel. VBED_SS detector for left image; SED
detector for right image. Corresponding EDX spectra to top right SEM for C (C65), O (PEO, LiTFSI, LFP), Al

(current collector), Fe (LFP). Lithium can hardly be detected by EDX and could therefore not be analysed.
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Figure 8-18: SEM images with two different magnifications and corresponding EDX spectra for Fe (LFP and
suspected Al-Fe alloy band) and Cu (molten droplet in bottom right corner). SEM images on the left use SED

detection while the ones on the right use a VBED_A detector.
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Figure 8-19: Exemplary chronoamperometry measurement of an LFP cathode in an Al-Cat|Cat-Al setup in the

ASC-T cell at 5 MPa and 60 °C.
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Figure 8-20: Impedance spectra of a LFP|PEQO|LFP stack in the ASC-T cell at various temperatures and pres-
sures with respective fits. Equivalent circuit for blocking features (5 MPa) shown top left. The non blocking

feature in the red curve is fitted with a TLMgs (top right). 6(PEO) = 118 um before assembly.
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Half cell impedance measurements with PEO
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Figure 8-21: Impedance spectra of a LFP|PEO|Li half cell before and after cycling for 32 times with a CCCV
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protocol at 60 °C. Equivalent circuit used for fitting displayed at the top.
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Half cell impedance measurements with P1-VP
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Figure 8-22: Impedance spectra of LFP|P1-VP|Li half cells at before and after cycling at 60 °C.

Half cell impedance measurements with P2-VP

] ]
QOo—1 Timgo
600
500
&
e 400 ~
o
S 300 -
N
£ 200 -
100 » after equilibration fit
« after cycling —fit
0 T T T T T T T
0 250 500 750 1000

Re (Z) (Q cm™)

Figure 8-23: Impedance spectra of LFP|P2-VP|Li half cells at before and after cycling at 60 °C.
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Validation of the ASC-T cell setup
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Figure 8-24: Relation of deformation and pressure with time in the ASC-T cell when stepwise increasing the
applied pressure in an empty cell. Measurements are slightly shifted on the X-axis as the pressure and thick-

ness measurement are independently started and recorded.

Figure 8-25: PEO-SPE film after a pressure test in the ASC-T cell. Clear indentation visible due to uneven pres-

sure distribution in the cell setup.
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Figure 8-26: Measured pressure-deformation correlation of the NMC|LPSCI|InLi test cell in the ASC-T cell

with the constant gap setup.
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Figure 8-27: Cycling profile of an NMC|LPSCI|InLi test cell measured in the ASC-T cell setup with correspond-

ing pressure at charging rates of C/3 and 1C. The cell was in the constant gap setup.
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Half cell impedance measurements with a PEO separator in the ASC-T cell setup
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Figure 8-28: Impedance spectra of an LFP|PEO|Li half cell before and after cycling for 15 times with a CCCV
protocol at 60 °C in the ASC-T cell setup at 2 MPa. Equivalent circuit used for fitting displayed at the top.
Impedance measurements of Li| LLZO|LLi cells w/o Au for interface improvement
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Figure 8-29: Impedance evolution with increasing applied pressure of an Li|LLZO|Li cell in the ASC-T cell in

T T
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the constant pressure setup. Impedance measurements were taken when a constant pressure was reached,

after about 3 min of equilibration time.
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Figure 8-30: Impedance spectrum of a Li|LLZO|Li cell with Au sputtered ontop of the LLZO to improve the

interface between LLZO and Li by creating a LixAu alloy.
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Half cell measurements with only an LLZO pellet as the electrolyte in the ASC-T cell setup

T T T T T
4,0
- 26

3,5 1
3
+\ —~
5 g
230 s =
> J24 @
- >
© 7
= o
g T
O 2,5
o

2,0+ —— Potential

—— Pressure
T T T T T T T T T
0,0 0,1 0,2 0,3 0,4 0,5
Time (h)

Figure 8-31: Cycling profile of an LFP|LLZO|Li cell with corresponding pressure. C-rates of C/10-C/5-1C were

applied. Measured in the constant pressure setup of the ASC-T cell (spring constant k = 167 N mm™) at 60 °C.

Thickness did not change over the measurement duration.
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Figure 8-32: Impedance spectrum of an LFP|LLZO|Li cell in the ASC-T setup at 60 °C and 22 MPa. Interfacial

resistance is far greater than bulk resistances.
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Half cell measurements of an LFP|PEO|LLZO| Li cell with a thin PEO-CPE interlayer
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Figure 8-33: Charge-discharge profiles of LFP|PEO|LLZO|Li half cell cycled at C/10 in the ASC-T cell setup at
60 °C and 5 MPa. PEO-CPE composition EO/SN/LITFSI = 36/8/1 with 20wt% SiO2, 8 = 5 um.
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