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Abstract 

Hybrid electrolytes have emerged as a promising solution to address the limitations of 

purely inorganic and polymer-based electrolytes in solid-state batteries. While 

inorganic electrolytes offer high ionic conductivity, they suffer from poor mechanical 

flexibility and interfacial compatibility. Conversely, polymer electrolytes provide 

flexibility and ease of processing but generally exhibit lower ionic conductivity. 

Hybridization seeks to combine the advantages of both classes, mitigating interfacial 

resistance, improving mechanical stability, and enhancing electrochemical 

performance. However, achieving an optimal balance between these properties 

remains challenging due to complex interactions between the polymer and inorganic 

particles. The present thesis explores multiple strategies for optimizing hybrid 

electrolytes, focusing on hydrogenated nitrile butadiene rubber (HNBR)-based 

composite polymer electrolytes (CPEs), sulfur-containing polymers for argyrodite-

based CPEs, the coating of lithium aluminum titanium phosphate (LATP) and lithium 

lanthanum zirconium oxide (LLZO) particles for poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP) CPEs, and self-crosslinking oxide-based CPEs. 

The first project investigates the use of HNBR as a polymer matrix for CPEs, 

incorporating LATP and Li6PS5Cl to enhance the poor ionic conductivity of HNBR. Ionic 

conductivity measurements showed that adding pristine LATP slightly improved 

conductivity at elevated temperatures, while polyacrylonitrile (PAN) coated LATP 

exhibited reduced ionic conductivity. The coating of LATP with PAN was systematically 

optimized through a model system utilizing SiO2 nanoparticles. Additionally, a mixed 

and a layered HNBR-Li6PS5Cl system were evaluated. While the layered system 

achieved an ionic conductivity improvement by a factor of 5.8, overall performance 

remained insufficient for practical applications due to poor reproducibility and low 

conductivity at ambient temperatures. 

In a second project sulfur-containing polymers as an alternative to oxygen-based 

polymer matrices for argyrodite-based CPEs are explored. The high oxophilicity of 

phosphates in argyrodites leads to degradation in the presence of oxygen-rich 

polymers, limiting their long-term stability. Sulfur-based polymers such as 

polytrithiocarbonates and polythioethers are synthesized and characterized. These 

polymers demonstrated improved chemical compatibility with argyrodites while 

maintaining mechanical flexibility, potentially enabling higher polymer content in CPEs 
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without compromising performance. It was found that the nucleophilicity of the 

argyrodite surface is able to attack polytrithiocarbonates leading to depolymerization. 

Polythioethers on the other hand are stable in contact with argyrodites but do decrease 

ionic conductivity. Thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) were employed to evaluate the thermal properties and stability of 

the synthesized polymers. Electrochemical impedance spectroscopy (EIS) 

demonstrated that these sulfur-based polymers exhibited enhanced chemical 

compatibility with argyrodites while maintaining mechanical flexibility. 

The third project focuses on the optimization of surface coatings of LATP and LLZO 

particles to enhance their dispersion and stability in polymer matrices. A grafting-to 

approach was applied using alkoxy silane-modified poly(ethylene glycol) methyl ethers 

(mPEG) of different chain lengths, leading to improved particle distribution. For LLZO, 

mPEG-silane (Mn = 1,000 g mol-1) coatings successfully prevented agglomeration and 

degradation of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), 

resulting in CPEs with significantly enhanced cycling stability. Electrochemical 

impedance spectroscopy (EIS) and rate capability tests confirmed lower interface 

resistance and prolonged cycle life in lithium iron phosphate (Li||LFP) cells. 

The fourth and last project builds upon the alkoxy silane modified polymers and 

translates the findings into self-crosslinking oxide-CPEs as a solvent-free alternative 

to conventional hybrid electrolytes. Systematically, the properties of oxide particles, 

polymers, and processing are optimized resulting in a novel and simple toolbox for thin 

high-performance CPEs. This approach not only reduces manufacturing complexity 

but also improves mechanical stability and ion transport by preventing particle 

sedimentation. The resulting CPEs are characterized regarding mechanical, thermal 

and electrochemical properties. By utilizing roll-to-roll press manufacturing, thin 

poly(ethylene oxide) (PEO)-LLZO CPEs of 30 µm are made and show superior 

performance in Li||LFP cells compared to similar systems. 

In summary, the findings of this thesis highlight multiple strategies for optimizing hybrid 

electrolytes. The use of sulfur-based polymers for argyrodite-CPEs demonstrated 

superior chemical compatibility, while surface modification of oxide particles 

significantly improved interfacial stability and electrochemical performance. Self-

crosslinking oxide-CPEs provided an innovative approach for solvent-free fabrication, 

simplifying processing while maintaining high ionic conductivity. Overall, these 

advancements contribute to the development of commercially viable hybrid solid-state 
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electrolytes, bridging the gap between fundamental research and practical application 

in next-generation lithium-metal batteries. 
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Kurzzusammenfassung 

Hybride Elektrolyte haben sich als vielversprechende Lösung erwiesen, um die 

Einschränkungen rein anorganischer und polymerbasierter Elektrolyte in 

Festkörperbatterien zu überwinden. Anorganische Elektrolyte bieten zwar eine hohe 

Ionenleitfähigkeit, leiden aber unter ihrer geringen mechanischen Flexibilität und 

Grenzflächenkompatibilität. Umgekehrt bieten Polymerelektrolyte Flexibilität und 

einfache Verarbeitung, weisen aber im Allgemeinen eine geringere Ionenleitfähigkeit 

auf. Durch Hybridisierung wird versucht, die Vorteile beider Klassen zu kombinieren, 

indem der Grenzflächenwiderstand verringert, die mechanische Stabilität verbessert 

und die elektrochemischen Eigenschaften gesteigert werden. Aufgrund der komplexen 

Wechselwirkungen zwischen dem Polymer und den anorganischen Partikeln ist es 

jedoch nach wie vor schwierig, ein optimales Gleichgewicht zwischen diesen 

Eigenschaften herzustellen. In der vorliegenden Arbeit werden mehrere Strategien zur 

Optimierung von polymeren Hybridelektrolyten untersucht, wobei der Schwerpunkt auf 

hydriertem Nitrilbutadienkautschuk (HNBR) basierenden Kompositpolymerelektrolyten 

(CPEs) und schwefelhaltigen Polymeren für CPEs auf Argyroditbasis liegt. Darüber 

hinaus werden die Beschichtung von Lithium-Aluminium-Titan-Phosphat (LATP) und 

Lithium-Lanthan-Zirkonium-Oxid (LLZO) für Poly(vinylidenfluorid-co-

hexafluoropropylen) (PVDF-HFP) CPEs und selbstvernetzende Oxid-basierte CPEs 

untersucht. 

Im ersten Projekt wird die Verwendung von HNBR als Polymermatrix für CPEs 

untersucht, wobei LATP und Li6PS5Cl zugesetzt werden, um die schlechte 

Ionenleitfähigkeit von HNBR zu verbessern. Messungen der Ionenleitfähigkeit zeigten, 

dass die Zugabe von unbehandeltem LATP die Leitfähigkeit bei erhöhten 

Temperaturen leicht verbesserte, während mit Polyacrylnitril (PAN) beschichtetes 

LATP eine geringere Ionenleitfähigkeit aufwies. Die Beschichtung von LATP mit PAN 

wurde anhand eines Modellsystems mit SiO2-Nanopartikeln systematisch optimiert. 

Zusätzlich wurden ein gemischtes und ein geschichtetes HNBR-Li6PS5Cl-System 

untersucht. Während das geschichtete System eine Verbesserung der 

Ionenleitfähigkeit um den Faktor 5.8 erzielte, blieb die Gesamtleistung aufgrund der 

schlechten Reproduzierbarkeit und der geringen Leitfähigkeit bei 

Umgebungstemperaturen für praktische Anwendungen unzureichend. 

In einem zweiten Projekt werden schwefelhaltige Polymere als Alternative zu 

sauerstoffbasierten Polymermatrizen für CPEs auf Argyroditenbasis erforscht. Die 
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hohe Oxophilie der Thiophosphate in Argyroditen führt zu Nebenreaktionen in 

Gegenwart von sauerstoffreichen Polymeren, was die Langzeitstabilität von 

hybridisierten Systeme einschränkt. Als Alternative werden Polymere auf 

Schwefelbasis wie Polytrithiocarbonate und Polythioether synthetisiert und 

charakterisiert. Diese Polymere zeigen eine verbesserte chemische Kompatibilität mit 

Argyroditen bei gleichzeitiger Beibehaltung der mechanischen Flexibilität, was einen 

höheren Polymeranteil in CPEs ohne Leistungseinbußen ermöglichen könnte. Es 

wurde festgestellt, dass die Nukleophilie der Argyrodit-Oberfläche in der Lage ist, 

Polytrithiocarbonate anzugreifen, was zur Depolymerisation führt. Polythioether 

hingegen sind im Kontakt mit Argyroditen stabil, verringern jedoch die 

Ionenleitfähigkeit. Die thermogravimetrische Analyse (TGA) und die Differential-

Scanning-Kalorimetrie (DSC) werden eingesetzt, um die thermischen Eigenschaften 

und die Stabilität der synthetisierten Polymere zu bewerten. Die elektrochemische 

Impedanzspektroskopie (EIS) zeigt, dass diese Polymere auf Schwefelbasis eine 

verbesserte chemische Kompatibilität mit Argyroditen aufweisen und gleichzeitig ihre 

mechanische Flexibilität beibehalten. 

Das dritte Projekt befasst sich mit der Optimierung von Oberflächenbeschichtungen 

von LATP- und LLZO-Partikeln, um deren Dispersion und Stabilität in Polymermatrizen 

zu verbessern. Es wurde ein Pfropfverfahren mit Alkoxysilan-modifizierten 

Poly(ethylenglykol)methylethern (mPEG) unterschiedlicher Kettenlänge angewandt, 

was zu einer verbesserten Partikelverteilung führte. Bei LLZO verhindert die mPEG-

Silan-Beschichtungen (Mn = 1,000 g mol-1) erfolgreich die Agglomeration und den 

Abbau von Poly(vinylidenfluorid-co-hexafluorpropylen) (PVDF-HFP), was zum Einsatz 

in CPEs mit deutlich verbesserter Zyklenstabilität führt. Elektrochemische 

Impedanzspektroskopie (EIS) und Ratenfähigkeitstests bestätigen einen geringeren 

Grenzflächenwiderstand und eine verlängerte Zyklenlebensdauer in Lithium-

Eisenphosphat-Zellen (Li||LFP). 

Das vierte und letzte Projekt baut auf den mit Alkoxysilan modifizierten Polymeren auf 

und setzt die gewonnen Erkenntnisse anderweitig in selbstvernetzende Oxid-CPEs als 

lösungsmittelfreie Alternative zu herkömmlichen Hybridelektrolyten um. Systematisch 

werden die Eigenschaften der Oxidpartikeln, Polymeren und Verarbeitung optimiert, 

was zu einem neuartigen und einfachen System für dünne Hochleistungs-CPEs führt. 

Dieser Ansatz reduziert nicht nur die Komplexität der Herstellung, sondern verbessert 

auch die mechanische Stabilität und den Ionentransport, indem er die Sedimentation 
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der Partikel verhindert. Die resultierenden CPEs werden hinsichtlich ihrer 

mechanischen, thermischen und elektrochemischen Eigenschaften charakterisiert. 

Durch den Einsatz von Rolle-zu-Rolle-Pressen werden dünne Poly(ethylenoxid) 

(PEO)-LLZO-CPEs von 30 µm hergestellt, die in Li||LFP-Zellen im Vergleich zu 

ähnlichen Systemen eine überlegene Leistung zeigen. 

Zusammenfassend lässt sich sagen, dass die Ergebnisse dieser Arbeit mehrere 

Strategien zur Optimierung von Hybridelektrolyten aufzeigen. Die Verwendung von 

schwefelbasierten Polymeren für Argyrodit-CPEs zeigt eine hervorragende chemische 

Kompatibilität, während die Oberflächenmodifikation von Oxidpartikeln die 

Grenzflächenstabilität und die Leistung in Batteriezellen deutlich verbessert. 

Selbstvernetzende Oxid-CPEs bieten einen innovativen Ansatz für die 

lösungsmittelfreie Herstellung, der die Verarbeitung vereinfacht und gleichzeitig eine 

hohe Ionenleitfähigkeit gewährleistet. Insgesamt tragen diese Fortschritte zur 

Entwicklung kommerziell nutzbarer hybrider Festkörperelektrolyte bei, die die Kluft 

zwischen Grundlagenforschung und praktischer Anwendung in Lithium-Metall-

Batterien der nächsten Generation überbrücken. 
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1 Introduction 

The transition to sustainable energy sources is one of the most pressing global 

challenges of the 21st century. As fossil fuel-based energy systems give way to 

renewable alternatives such as solar and wind power, the need for efficient, high-

capacity energy storage solutions becomes increasingly critical.1 Among various 

energy storage technologies, rechargeable batteries play a pivotal role in enabling this 

transition, particularly in electric vehicles (EVs) and grid storage applications.2 Lithium-

ion (Li-ion) batteries, which have dominated the energy storage market for the past 

three decades, have facilitated significant advancements in portable electronics, 

transportation, and renewable energy integration. However, as the demand for higher 

energy densities and safer battery chemistries grows, Li-ion technology is approaching 

its theoretical limits, necessitating the exploration of the next-generation battery 

architectures.3 

Li-ion batteries rely on intercalation-type electrodes and liquid electrolytes (LEs), which 

inherently limit their energy density and introduce safety concerns due to the 

flammability and instability of organic solvents. With the increasing energy demands of 

modern applications, the limitations of Li-ion batteries, such as finite specific capacity, 

risk of thermal runaway, and cycle life constraints, become more apparent. In response 

to these challenges, lithium-metal (Li-metal) batteries have emerged as a promising 

alternative due to their significantly higher theoretical energy density. Li-metal anodes, 

with a specific capacity of 3,860 mAh g-1, far surpass conventional graphite anodes, 

which are limited to approximately 372 mAh g-1. This dramatic increase in capacity, if 

successfully implemented in a stable electrochemical system, could lead to a new era 

of energy storage technology and enable various new technologies like electric 

passenger planes.4 

Despite their potential, Li-metal batteries have faced critical hurdles, primarily 

associated with the formation of lithium dendrites, which compromise battery lifespan 

and safety. The use of solid-state electrolytes (SSEs) has been identified as a key 

strategy to mitigate these challenges. SSEs offer intrinsic safety advantages by 

eliminating flammable liquid electrolytes and providing mechanical suppression of 

dendrite growth. However, conventional solid-state electrolytes, such as ceramic and 

polymer-based materials, each present their own set of limitations. Ceramic 

electrolytes, while highly conductive, suffer from brittleness and poor interfacial contact 
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with lithium metal,5 whereas polymer electrolytes exhibit improved flexibility but often 

lack sufficient ionic conductivity at ambient temperatures.6 

To address these limitations, hybrid solid-state electrolytes (HSSEs) have emerged as 

a compelling research focus, combining the benefits of both ceramic and polymer 

components. By strategically integrating inorganic fillers with polymer matrices, HSSEs 

aim to achieve an optimal balance of ionic conductivity, mechanical stability, and 

interfacial compatibility with lithium metal.7 

Among the various polymer matrices explored for HSSEs, hydrogenated nitrile 

butadiene rubber (HNBR),8–10 poly(vinylidene fluoride-co-hexafluoropropylene) 

(PVDF-HFP),11–15 and poly(ethylene oxide) (PEO)16–22 have garnered significant 

attention. HNBR is known for its exceptional mechanical strength and thermal stability, 

making it a suitable candidate for enhancing the durability of hybrid electrolytes.8 

Whereas, PVDF-HFP, with its high dielectric constant and flexibility, facilitates 

improved lithium-ion transport while maintaining mechanical integrity.23 PEO, a widely 

studied polymer electrolyte, enables effective lithium-ion conduction through solvation 

with lithium salts but often requires optimization to achieve high conductivity at room 

temperature.24–26 By incorporating inorganic fillers such as Li1.5Al0.5Ti1.5(PO4)3 

(LATP),27,28 Li7La3Zr2O12 (LLZO),29–31 or Li6PS5Cl,32–34 into a polymer matrix the main 

disadvantage of polymer electrolytes, the comparatively low ionic conductivity, could 

be overcome while maintaining the facile processing of polymers.2 

However, current research indicates that a simple mixing of polymers and inorganic 

fillers does not increase electrochemical performance as much as necessary due to 

incompatible interfaces.22,35–37 By finetuning the surface properties of inorganic fillers 

with specifically designed coatings, the interaction between the polymer matrix and the 

filler can be enhanced.22,38 Accordingly, this dissertation explores the design, 

synthesis, and electrochemical performance of novel hybrid solid-state electrolytes for 

Li-metal batteries with the objective of enhancing their energy density, safety, and long-

term stability. 
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2 Theoretical Background 

2.1 Step Polymerization 

Step polymerization is one of the two principal methods for polymer synthesis, the other 

being chain polymerization. In contrast to chain polymerization, where polymerization 

occurs through the successive addition of monomers to an active center (e.g., free 

radicals, cations, or anions), step polymerization involves the reaction of bifunctional 

or multifunctional monomers containing two or more reactive groups.39 In the case of 

a polycondensation reaction these monomers react in a stepwise fashion, forming 

covalent bonds and producing small molecules, a condensate, such as water, 

methanol, or other byproducts. For another type of step polymerization, the 

polyaddition, no small molecules are released during the polymerization process.40 

Step polymerization involves the gradual joining of monomers or oligomers through 

covalent bonds, where any molecule (monomer, dimer, or oligomer) may react with 

another molecule that contains the appropriate reactive group. The fundamental 

reaction mechanism involves the interaction of complementary functional groups, 

which may include amines, alcohols, carboxyls, isocyanates, or epoxides.39 

Often, step polymerizations differentiate between AA+BB and AB monomers, with A 

and B depicting compatible complementary functional groups. AA+BB-type reactions 

use two different monomers which contain two of each functional group. An example 

would be, on the one hand, the synthesis of Nylon-6,6 from hexamethylene diamine 

and adipic acid. AB-type monomers on the other hand, have both functional groups in 

one monomer. An example for AB-type monomers are amino acids that contain a 

primary amine and a carboxylic acid, which can polymerize into polypeptids.41,42 In 

Scheme 1, a simplified reaction scheme of AA+BB-type and AB-type monomers for 

polycondensation and polyaddition reactions is depicted. 

For step polymerizations, the process begins when two complementary functional 

groups (e.g., a hydroxyl group and a carboxyl group in polyester synthesis, releasing 

a water molecule) react to form a dimer. These dimers can then react with other 

monomers or oligomers to form larger species, and the polymerization proceeds 

through the random linking of the intermediates. 
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Scheme 1 Simplified reaction scheme of AA+BB (up) and AB (bottom) type polycondensation and 
polyaddition reactions, respectively. R can be any, under polymerization conditions, unreactive, group 
of aliphatic or aromatic nature. 

 

The resulting polymers grow until the polymerization reaction reaches a high degree 

of conversion (i.e., 99 %), at which point the polymer chains become sufficiently long, 

and high molecular weight products are achieved. Through addition of different 

monomers with suitable functional groups, multifunctional moieties and/or linkers for 

orthogonal reactions, a platitude of polymer architectures, such as copolymers, block 

polymers, radial/star polymers, graft polymers, and dendrimers could be synthesized.41 

The kinetics of step polymerization follow a second-order reaction mechanism, where 

the rate of polymerization is dependent on the concentration of reactive functional 

groups in the system. For a simple system with two reactants (AA+BB), the reaction 

rate can be expressed following Equation 1: 

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 𝑘 ∗ [𝐴][𝐵] Equation 1 

where k is the rate constant, and [A] and [B] are the concentrations of the reactive 

functional groups on the two different monomers. This equation reflects the fact that 

polymerization proceeds through the random collision of reactive groups. As the 

reaction progresses and monomers are consumed, the concentration of reactive 

groups decreases, leading to a reduction in the rate of polymerization over time.43 
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As a result of this decrease in the concentration of functional groups, the 

polymerization rate declines progressively as the reaction approaches completion. 

Unlike chain polymerization, where the polymerization rate remains relatively constant 

throughout the process, step polymerization exhibits a progressively decreasing 

reaction rate as the number of available functional groups declines.44 

A key feature of step polymerization is the direct correlation between the conversion of 

monomers and the molecular weight of the resulting polymer, with high values of the 

molecular weight forming only at very high conversions. This relationship is described 

by Carothers equation. For a simple step polymerization involving bifunctional 

monomers, the Carothers equation is following Equation 2: 

𝑋𝑛 =
1

1 − 𝑝
 Equation 2 

where Xn is the number-average degree of polymerization and p is the conversion, i.e., 

the fraction of the functional groups that have reacted. This equation demonstrates that 

as the conversion increases, the molecular weight of the polymer increases 

significantly. However, the relationship is not linear, and molecular weight only rises 

sharply after a significant portion of the monomers have reacted, typically around 90% 

conversion. At lower conversions, the polymer consists mostly of oligomers with low 

molecular weights. At higher conversions, polymerization becomes more efficient, and 

larger polymer chains form as larger oligomers are combined. Therefore, step 

polymerization is inherently slow in terms of molecular weight development, and high 

molecular weights are generally achieved only near the completion of the reaction.43,45 

This is a fundamental difference from chain polymerization, where the polymerization 

rate and molecular weight increase continuously as monomers are added to the 

growing polymer chain.40 

Several factors influence the efficiency and outcome of step polymerization. The 

reactivity of the functional groups involved in the polymerization is one of the most 

important factors. For example, in polyester synthesis, the reactivity of the hydroxyl 

and carboxyl groups determines how efficiently the polymerization proceeds. Similarly, 

in polyurethanes, the reactivity of the isocyanate groups with hydroxyl groups is critical 

in controlling the rate of polymerization. Temperature also plays a significant role, as 

increasing temperature generally accelerates the reaction by increasing the kinetic 

energy of the molecules, thus enhancing the frequency of collisions between reactive 

groups. However, excessively high temperatures can lead to side reactions or the 

degradation of monomers.46 
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Solvent choice is another important consideration in step polymerization, particularly 

in condensation reactions, where solvents can aid the removal of the byproducts, such 

as water, and drive the equilibrium toward polymer formation. The use of solvents can 

also influence the viscosity of the reaction mixture, which in turn affects the diffusion 

rates of the monomers and oligomers. Furthermore, catalysts are often employed to 

increase the rate of polymerization, especially when dealing with functional groups that 

have low reactivity.46 

Step polymerization is widely used in the synthesis of a range of commercially 

important polymers. Polyesters, such as polyethylene terephthalate (PET), are 

produced through polycondensation reactions between diols and dicarboxylic acids, 

making them essential in the manufacturing of fibers, films, and bottles. Polyamides, 

such as nylon, are formed through similar condensation reactions between diamines 

and dicarboxylic acids. Polycarbonates, which are commonly used in optical lenses 

and engineering plastics, can be synthesized through the polycondensation of 

bisphenol A and phosgene.41,47 

Polyaddition reactions are also critical for producing high-performance polymers such 

as polyurethanes and epoxy resins, which find applications in adhesives, coatings, 

automotive parts, foams, and electronic devices.48,49 

While step polymerization is typically slower than radical polymerization and requires 

high conversion rates to achieve high molecular weights, it offers significant versatility 

in the production of polymers with a broad range of properties through a plethora of 

available monomers. 

 

2.2 Anionic Ring Opening Polymerization 

Anionic ring-opening polymerization (AROP) is an ionic polymerization where the 

polymerization process involves the opening of a cyclic monomer (typically a lactone, 

lactam, epoxide, siloxanes, or cyclic ether) through the nucleophilic attack of an anionic 

initiator, following a chain-growth mechanism. This process leads to the formation of 

linear or branched polymers with well-defined structures and controlled molecular 

weights. AROP is particularly useful for synthesizing polymers with high 

stereoregularity, such as polyesters,50 polyamides,51 and polyethers,52 as well as for 

the preparation of functional materials,53 biodegradable plastics,54 and block 

copolymers.55 
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The mechanism of AROP closely resembles that of traditional living anionic 

polymerization but differs in that the initiator first attacks a monomer that is cyclic rather 

than linear. The attack on the monomer results in the opening of the ring and the 

formation of an active anionic center at the chain end. This active species can then 

propagate the polymerization by reacting with additional monomer units, causing the 

cycle to open and extend the polymer chain. Importantly, because AROP does not 

typically involve the formation of any side products, the process can produce high-

purity polymers with narrow molecular weight distributions.56 Exemplary, the main 

steps of an AROP on ε-caprolactone are shown in a simplified manner in Scheme 2.  

 

 

Scheme 2 The three steps of an AROP exemplary on ε-caprolactone as monomer. First, the nucleophilic 
Initiator I opens the ring and forms the reactive propagating species. Second, the active species 
propagates by opening other monomers and extending the chain. Third, termination by recombination 
is impossible due to the coulombic repulsion of the anionic species. Hence, termination typically occurs 
by transfer of a proton to terminate the active species. The proton can be transferred from monomers 
or solvent molecules (rare) or by addition of protic molecules at the end of the reaction, such as, acids, 
water, or methanol. 

 

The initiation of AROP can occur using a variety of initiators, including alkali metals 

(e.g., lithium or sodium),52 metal alkoxides,57,58 strong organic bases,59 and 

organometallic compounds.53 The choice of initiator depends on the monomer being 

used and the employed polymerization conditions. For example, in the case of the 

polymerization of cyclic esters like lactones, an alkoxide initiator is commonly 

employed,57 while for epoxide polymerization, a metal-based initiator, such as an 
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organolithium compound, is often preferred.52 Depending on the choice of initiator, and 

monomer, the addition of complexing agents like crown ethers can be beneficial to 

obtain higher molecular weights, as the cations are complexed and the active species 

anions gain higher reactivity towards polymerization.56 

One of the key advantages of AROP is its ability to produce polymers with controlled 

topologies, such as block copolymers, by sequentially adding different monomers. The 

living nature of the polymerization allows for the precise control over the block 

sequence and the molecular weight of each block. Additionally, AROP enables the 

creation of polymers with functional end groups that can be further modified or used 

for subsequent reactions, making it a versatile tool for the design of complex polymer 

architectures, e.g., star polymers.60 

Factors that influence the rate and control of AROP include the monomer structure, 

the polarity of the solvent, the temperature, the type of counter cation and the 

concentration of the initiator.61 For example, less reactive monomers, such as cyclic 

ethers, may require higher temperatures or more aggressive initiators to initiate 

polymerization.62 A main driving force of ring-opening polymerizations is the ring strain 

of the monomer. Stable ring conformations with low ring strain, e.g., 5 and 6 membered 

rings are often thermodynamically favored over polymers due to their higher entropy 

especially at elevated temperatures. These monomers often require catalysts to 

achieve high molecular weights.63 Thermodynamic considerations are crucial, as 

polymerization is only possible when the free energy change is negative under given 

conditions. The ceiling temperature, above which polymer formation is 

thermodynamically unfavorable, and the equilibrium monomer concentration are 

important factors.64 

AROP can also be used to implement comonomers into the chain. Especially with 3-

membered heterocycles, such as epoxides65 and thiiranes,63 this technique is used to 

obtain polymer structures that would be difficult to synthesize otherwise, e.g., aliphatic 

5-membered repeating units, which favor cyclisation over polymerization.66 In 

particular, the reaction of epoxides with CO2 to polycarbonates is interesting as it can 

be used for carbon capture and produce polymers at the same time (Scheme 3).67 

 

Scheme 3 Reaction of ethylene oxide and carbon dioxide to poly(ethylene carbonate). This reaction is 
able to capture and convert carbon dioxide into usable polymers. 
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Overall, anionic ring-opening polymerization offers exceptional control over polymer 

molecular weight, architecture, and functionality, making it an important method for 

synthesizing high-performance materials with tailored properties. 

 

2.3 Free Radical Polymerization 

Free Radical polymerization (FRP) is a widely used method for synthesizing polymers, 

characterized by the generation of reactive radical species that initiate the 

polymerization process, following a chain-growth mechanism. 

Similar to the AROP, the radical polymerization process involves three main steps:  

1. initiation 

2. propagation 

3. termination 

In the initiation step, free radicals are formed through the thermal decomposition of 

initiators (e.g., azo compounds, peroxides) or via photochemical processes. These 

initiators generate radicals that react with monomers, leading to the formation of an 

initiating radical. During the propagation phase, the active radical reacts with monomer 

units, adding them to the growing polymer chain. Each addition generates a new 

propagating radical, allowing the chain to continue growing rapidly. The process 

concludes in the termination step, where two radical chain ends combine to form a 

stable polymer or through disproportionation, where one radical transfers a hydrogen 

atom to another, resulting in two stable polymer chains.68 In Scheme 4 a simplified 

FRP of styrene as the monomer with azobisisobutyronitrile (AIBN) as initiator to yield 

poly(styrene) (PS) is illustrated. 

Opposed to the step polymerization, the radical polymerization generally generates 

polymers with large molecular weights even at low conversions.69 The aforementioned 

disproportion reaction to terminated growing chains can also occur with solvent 

molecules. Other reactive species, such as oxygen or water can also terminate the 

propagating radical and form, for polymerization reactions unreactive, radical species 

or recombine. This has significant impact on the dispersity Ð which is defined as 

Equation 3 

Ð  =  
𝑀𝑤

𝑀𝑛
 Equation 3 

with Mw being weighted average molecular weight and Mn number average molecular 

weight. Due to the random nature of radical formation and termination processes, along 
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with potential chain transfer reactions there is a significant variation in chain lengths, 

ultimately resulting in a broad molecular weight distribution of approximately 2 in a free 

radical polymerization but can vary widely depending on polymerization kinetics and 

conditions.70 

 

Scheme 4 Simplified depiction of the polymerization of styrene with AIBN. First, decomposition of AIBN 
into two radicals and nitrogen gas. The radical attacks a double bond and leads to the formation of the 
initiating radical. Second, the initiating radical propagates the chain-growth by attacking further 
styrene double bonds, extending the chain through the propagating radical. Lastly, either two radical 
chains recombine to terminate the reaction or through disproportionation a proton is transferred from 
one propagating radical to another. 

 

FRP is utilized in the synthesis of numerous commercial polymers. Key applications 

include acrylate71 and methacrylate72 derived polymers, which are used in paints,73 

adhesives,74 superabsorbents,75 and synthetic glas76 for their durability and versatility. 

Styrene-based polymers, such as polystyrene and styrene-butadiene rubber, are 

widely used in packaging,77 insulation,78 and construction.79 The production of 

synthetic rubbers through radical polymerization is also critical in the tire industry.80 

Moreover, various copolymers of rubbers like acrylonitrile-butadiene rubber (NBR) are 

synthesized on an industrial scale using emulsion polymerization. Their application are 

highly important in electrical insulation and sealing under harsh conditions.81 



Theoretical Background 
___________________________________________________________________ 

11 

The versatility of radical polymerization allows for the synthesis of diverse polymer 

architectures, including copolymers and branched structures, establishing it as a 

cornerstone of modern polymer chemistry and industry.82 

 

2.3.1 Chain Transfer Polymerization 

As aforementioned, the most common mechanism of radical polymerization proceeds 

via the initiation, propagation, and termination steps. However, a crucial side reaction 

that influences molecular weight distribution and the final properties of the polymer is 

the process named chain transfer (Scheme 5).  

 

Scheme 5 Schematic representation of different chain transfer types. In all cases, the active radical 
abstracts a hydrogen atom which terminates the growing polymer chain and moves the active radical 
to the position of the hydrogen atom. The transferred hydrogen atom is highlighted. a) Transfer of the 
active radical to a solvent molecule (THF). b) Transfer to a monomer, the monomer radical may 
undergo rearrangements. c) Transfer to a polymer chain, this can occur inter- or intramolecular. d) 
Transfer to a chain-transfer agent (1-dodecanethiol). Thiols and halogenated molecules are frequently 
used for this purpose. 

 

Chain transfer refers to the process in which the active radical center of a growing 

polymer chain is transferred to another molecule or polymer chain, leading to the 

formation of new active radical species and a terminated polymer chain. This 

phenomenon plays a significant role in controlling the molecular weight, dispersity and 

the polymerization kinetics.68 

Chain transfer reactions can occur through several pathways, depending on the nature 

of the transfer agent and the conditions of the polymerization.83 

One of the most common forms of chain transfer occurs when the growing polymer 

radical abstracts a hydrogen atom from the solvent (Scheme 5 a) or monomer 
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(Scheme 5 b). This process leads to the formation of a new polymer chain while 

simultaneously generating a new free radical, which can initiate further polymerization, 

rearrange, or recombine.83,84 

For example, in the case of polymerizations using methyl methacrylate (MMA), chain 

transfer can occur between the growing radical and an MMA monomer molecule, 

resulting in the formation of a new active MMA radical. This reduces the overall polymer 

chain length, thus affecting the molecular weight and dispersity.85 

Chain transfer can also occur between the growing polymer radical and an existing 

polymer chain either inter- or intramolecular (Scheme 5 c). This type of transfer is 

commonly seen in systems with high polymer concentration, where the probability of 

interaction between growing polymer chains is elevated. The active radical is 

transferred to the polymer chain, creating a new polymer radical while terminating the 

original growing chain. Especially but not limited to polyethylene, intramolecular chain 

transfer, leads to so called “back-biting” leading to short chain branches (Scheme 6). 

 

Scheme 6 Schematic representation of a favored “chair”-conformation of the propagating chain of 
polyethylene leading to the intramolecular chain transfer due to the vicinity of the hydrogen atom 
and active radical. Chain propagation continues from the new radical position leading to short 
sidechains and branching. 

 

The propagating chain may form a cyclic intermediate close to e.g., the chair 

conformation of cyclohexane as it is thermodynamically favored. In this formation, the 

active radical is close to a hydrogen atom of the polymer backbone. The vicinity 

facilitates a reaction and the active radical transfers to the backbone, which then 

propagates and forms a branching point. Polyethylene where this effect is not 

suppressed by catalysts or chain-transfer agents (CTA) is called low-density 

polyethylene (LDPE) and is often used in packaging and “one use” plastics. It exhibits 

lower degrees of crystallization and therefore mechanical stability, due to the increased 

branching.86 

A more deliberate approach to control the molecular weight in radical polymerization 

involves the use of chain transfer agents (Scheme 5 d). These agents are compounds 

that react with growing polymer radicals, transferring the radical to themselves, and 

thus limiting the growth of the polymer chain, while initiating a new one. This process 

reduces the overall polymerization rate and results in the formation of polymers with a 
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more controlled molecular weight distribution. CTAs can be classified based on their 

chemical structure, which influences their efficiency and reactivity in the polymerization 

process. Common examples include thiols, halogenated compounds, and certain 

solvents.87 

The use of CTAs allows for the manipulation of polymer properties, such as viscosity, 

strength, and solubility, which are highly dependent on the molecular weight of the 

polymer. By selecting an appropriate CTA, it is possible to fine-tune the polymerization 

to produce materials with specific characteristics, making this technique valuable in 

applications ranging from coatings88 to adhesives89 and biomedical devices.90 Despite 

the advantages of using CTAs, challenges remain in selecting the optimal agent, as 

the choice can significantly affect the efficiency of polymerization and the final product's 

properties.91 

Several factors influence the rate and extent of chain transfer reactions, and 

understanding these factors is crucial for controlling the polymerization process. 

The reactivity of the monomer with the growing radical significantly influences the chain 

transfer rate. Monomers with weak C-H bonds or those capable of forming stable 

radicals, such as styrene, acrylates, and methacrylates, are more prone to participate 

in chain transfer reactions. In contrast, monomers with strong C-H bonds or lower 

reactivity reduce the likelihood of chain transfer.92,93 

Additionally, the selection of the CTA is critical in governing the extent of chain transfer. 

Key factors affecting CTA reactivity include bond dissociation enthalpy, steric 

hindrance, and electronic properties. For example, thiols (R-SH) are highly reactive 

due to the weak S-H bond, making them effective targets in H-abstraction through 

radical processes. Further, CTA concentration influences chain transfer frequency: 

higher concentrations promote more frequent transfer events and lower molecular 

weights, while lower concentrations allow for larger polymer chains.83,94 

Temperature significantly affects chain transfer rates by increasing radical formation 

and the kinetic energy of monomer and CTA molecules, thus enhancing chain transfer 

likelihood. However, this can also lead to broader molecular weight distributions if not 

carefully controlled. Pressure, particularly in gas-phase or supercritical fluid 

polymerizations, impacts the solubility of CTAs in the monomer phase, affecting the 

chain transfer rate as well.95,96 

Moreover, the solvent plays a crucial role in the rate of chain transfer by influencing 

the diffusion of radicals and CTAs. Polar solvents may stabilize free radicals, reducing 
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the chain transfer rate, while non-polar solvents can enhance radical diffusion, thereby 

increasing the likelihood of chain transfer.97 

One of the primary applications of chain transfer in radical polymerization is controlling 

the molecular weight of the polymer. By selecting appropriate CTAs and adjusting their 

concentration, desired molecular weights and dispersities can be achieved.98 

 

2.3.2 Reversible-Deactivation Radical Polymerization 

The chain transfer plays an integral role in reversible-deactivation radical 

polymerization (RDRP), also called controlled radical polymerization (CRP), 

techniques, such as nitroxide-mediated polymerization (NMP), atom transfer radical 

polymerization (ATRP), and reversible addition-fragmentation chain transfer (RAFT) 

polymerization. In these processes, chain transfer reactions are used to regenerate 

the active species, thus allowing for the growth of the polymer chains in a controlled 

manner. The ability to control the polymerization process enables the synthesis of 

polymers with narrow molecular weight distributions, specific architectures, and 

functional end groups, which are crucial for a variety of advanced materials and 

applications.99 

The inherent problem of free radical polymerizations RDRP techniques solve is that 

the propagation and termination of growing chains is significantly faster than the 

initiation. Since the effectivity of a polymerization is dependent on several factors, 

especially monomer concentration and viscosity, chains, that are initiated at the start 

of the reaction, and chains that are initiated at the end of the reaction, have vastly 

different polymerization conditions because of lower monomer concentration and 

increased viscosity towards the end. Due to the different environments the propagating 

chains are subjected to, the molecular weights differ, and polydispersity is increased. 

NMP, ATRP, and RAFT use different techniques to reduce the propagation rate 

through the addition of a controlling agent. The controlling agent can reversibly 

transform propagating chains into a dormant species, thus decreasing the propagation 

rate and enabling more homogenous conditions for all propagating chains. 

Consequently, since most growing chains experience similar conditions throughout 

their propagation, the dispersity is significantly reduced.99 

 

Nitroxide-mediated polymerization is one of the earliest controlled radical 

polymerization techniques developed. NMP employs a stable nitroxide radical as a 
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controlling agent that can reversibly interact with the growing polymer chains. The 

nitroxide radical, typically an alkoxyamine (R-N-O•), can act as both a chain transfer 

agent and a radical scavenger, helping to control the initiation and termination steps of 

the polymerization. The deactivation prevents the chain from undergoing further 

polymerization, but the chain can be reactivated by breaking the bond between the 

polymer chain and the nitroxide group, typically through thermal or chemical means. 

This equilibrium between active and dormant species results in a controlled growth of 

the polymer chain (Scheme 7). 

 

Scheme 7 Simplified mechanism of the active-dormant species equilibrium during NMP. The active 
species on the left has a propagating polymer chain (Pn•), while the predominant dormant species 
(R-N-O-Pn) on the right is not able to insert monomers. 

 

At high temperatures, the C-O-N bond in the alkoxyamine is cleaved, generating a 

carbon-centered radical (Pn•) that can react with vinyl monomers, along with a stable 

nitroxide radical (R-N-O•). The propagating radicals can recombine with the nitroxide 

radicals, resulting in the formation of a dormant alkoxyamine species (R-N-O-Pn). The 

homolysis of the C-O-N bond is influenced by both the temperature and the specific 

structure of the alkoxyamine. Hence, depending on monomer and desired reaction 

conditions, the synthesis of different alkoxyamine derivatives is necessary. 

However, NMP is limited by the requirement for high temperatures to initiate the 

process, which also promotes frequent side reactions involving the nitroxide, which can 

lead to the formation of undesired by-products.100 

 

Atom-transfer radical polymerization is another widely used controlled radical 

polymerization method that relies on the reversible activation and deactivation of a 

dormant species through a redox process. In ATRP, a transition metal complex, often 

a copper or iron-based complex, coordinates with a halogen atom attached to the 

polymer chain end, forming a dormant species. The activation step involves the 

transfer of the halogen atom from the dormant chain to a metal complex, generating a 

free radical that can propagate the polymerization (Scheme 8). 



Theoretical Background 
___________________________________________________________________ 

16 

 

Scheme 8 Simplified mechanism of the active-dormant species equilibrium during ATRP with a 
copper complex. The active species on the left has a propagating polymer chain (Pn•), which is 
deactivated by a halogen (X) transfer from a metal complex (CuL, L is the ligand) to the active radical.  

 

ATRP operates through an equilibrium between these active (Pn•) and dormant (Pn-X) 

species. The metal complex facilitates the transfer of the halogen atom by change of 

oxidative state, which is a reversible process that controls the rate of polymerization. 

The key to ATRP is maintaining a low concentration of radicals, which prevents the 

formation of excessive side products and leads to the synthesis of polymers with 

controlled molecular weights and low polydispersities.101 

The efficiency of ATRP can be significantly affected by the choice of metal catalyst, 

ligand, solvent, and temperature. Copper-based catalysts are commonly used because 

of their low cost and efficiency. The advantages of ATRP include its versatility, as it 

can be used to polymerize commonly used monomers, including styrenes, acrylates, 

and methacrylates, and its ability to produce well-defined polymers with controlled 

architectures, such as block copolymers and star polymers.102 However, ATRP is 

sensitive to impurities, particularly oxygen, which oxidize the catalyst and lower 

polymerization efficiency.103 

 

Both NMP and ATRP are widely employed in the synthesis of well-defined polymers. 

However, due to their distinct disadvantages regarding polymerizable monomers, 

sensitivity to oxygen, and strict reaction condition requirements, RAFT polymerization 

emerged as another technique to obtain control over radical polymerizations.104,105 

RAFT polymerization is adaptive to the thiol-based chain-transfer mechanism and is 

the only technique, that does not suppress the free radical concentration.101 

 

RAFT polymerization utilizes a chain transfer agent to mediate the radical 

polymerization process, facilitating the control of chain growth through a reversible 

addition-fragmentation mechanism. This technique is applicable to a wide range of 

monomers, including functional and challenging monomers that are difficult to 

polymerize using other RDP methods, such as ATRP and NMP.101 

RAFT polymerization is a widely used CRP technique that enables the synthesis of 

well-defined polymers with precise molecular weights and narrow distributions. It relies 
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on a chain transfer agent (CTA), typically a thiocarbonyl compound, to mediate radical 

polymerization through a reversible addition-fragmentation mechanism. This process 

allows control over chain growth and can polymerize a broad range of monomers, 

including those challenging for other CRP methods like ATRP and NMP.101 

A schematic representation of the RAFT mechanism is shown in Scheme 9. The RAFT 

mechanism begins with a free radical initiator that generates radicals, which then react 

with monomers to form growing polymer chains. The key feature is the reversible chain 

transfer process, where the polymer radical interacts with the CTA, forming an 

equilibrium that regulates polymerization. The side-group (Z) in the CTA significantly 

influences reaction rates and must be carefully selected based on the monomer and 

reaction conditions. Termination occurs via recombination or disproportionation but is 

minimized due to the reversible nature of the RAFT process. 

 

Scheme 9 Mechanism of RAFT polymerization. I is the initiator radical, M are monomers, Z is the side-
group controlling addition-fragmentation rates, R is a free radical leaving group. Adapted from 
Handbook of RAFT Polymerization.106 
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A major advantage of RAFT polymerization is its versatility, enabling the synthesis of 

various polymer architectures such as block copolymers, graft polymers, and star-

shaped polymers. Additionally, RAFT polymerization is less sensitive to oxygen and 

moisture than ATRP, making it easier to handle. However, limitations include potential 

side reactions, challenges in achieving very high molecular weights, and the sensitivity 

of CTAs to strong nucleophiles, which can degrade their effectiveness. Despite these 

challenges, RAFT polymerization remains a valuable tool for designing advanced 

materials with controlled properties.106 

 

2.4 Post-Polymerization Modification 

While traditional polymerization methods are crucial for the synthesis of a broad range 

of polymer materials, the ability to further manipulate the properties and functionalities 

of polymers after their initial synthesis is equally significant. This concept, known as 

post-polymerization modification (PPM), has emerged as a powerful tool for tailoring 

the physical, chemical, and mechanical properties of polymers. By introducing 

modifications at specific sites of the polymer chain or by altering the molecular 

architecture, PPM allows to design polymers with enhanced properties for specialized 

applications.107 

Post-polymerization modification involves chemical changes to a polymer after its initial 

polymerization. Unlike copolymerization or other methods that involve adding 

monomers during the polymerization process, PPM typically takes place after the 

polymer backbone has been formed. The primary goal of PPM is to introduce new 

functional groups, alter the polymer's structure, or modify its physical properties without 

compromising the integrity of the polymer chain.108 

In essence, PPM can be divided into two main categories: 

1. Functional Group Modification: This involves the introduction of new functional 

groups to the polymer which may not be available through standard polymerization 

procedures, such as amines, alcohols, carboxylic acids and derivatives, or alkyl chains. 

These groups can modify the polymer’s reactivity, solubility, or interaction with other 

substances.109 

2. Structural Modification: Structural modifications alter the polymer’s architecture, 

such as changing the molecular weight, branching, or crosslinking, to enhance 
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mechanical or thermal properties. These changes may also impact the crystallinity, the 

glass transition temperature (Tg), or the polymer morphology.110 

 

Various strategies can be employed to carry out PPM, and the choice of method 

depends on the desired modification and the type of polymer. These methods can 

generally be divided into two main approaches: chemical modification and physical 

modification. 

Chemical modifications are typically achieved through reactions that either attach new 

functional groups or alter the existing ones on the polymer chain. Common chemical 

post-polymerization techniques include click reactions, thiol-disulfide exchange, 

cycloadditions, Michael-additions, or chemistries based on, active esters, isocyanates, 

and epoxides.107,108,110 

A click reaction is characterized by several key features: modularity, insensitivity to 

solvent parameters, high chemical yields, and resilience to the presence of oxygen and 

water. Additionally, these reactions exhibit both regiospecificity and stereospecificity. 

A crucial aspect is a large thermodynamic driving force, which ensures that the reaction 

favors the formation of a single product. This exothermic nature drives the reaction 

towards completion. Typical reactions include but are not limited to: copper-catalyzed 

azide-alkyne cycloaddition (CuAAC), strain-promoted azide-alkyne cycloaddition 

(SPAAC), thiol-ene, nucleophilic ring-opening, and isourea formation.111,112 

For all chemical modifications of polymers, high yields and selectivity are crucial as 

they ensure efficient, cost-effective modifications without unwanted by-products since, 

steric hindrance can present challenges, especially when modifying polymers with 

bulky side groups or dense structures. This can result in lower reaction rates, 

incomplete modifications, or the need for harsher conditions (e.g., higher temperature 

or pressure), which may risk degrading the polymer.113 PPMs may be used to target 

the repeating units of a polymer but are also useful to modify end-groups to enable 

chemistries which are not accessible during polymerization conditions (Scheme 10). 
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Scheme 10 a) The reactant of a PPM is used to modify/attach to a functional group of the repeating 
unit along the backbone. b) The reactant is used to modify/attach to the end-group of a polymer. 

Exemplary, poly(glycidyl methacrylate) exhibits a reactive epoxide in its repeating unit, 

which can be ring-opened by nucleophiles such as, thiols or amines(Scheme 11 a). 

However, if an RDRP method like RAFT is employed to control the molecular weight 

and dispersity, modifying the monomer before polymerization can be harmful to the 

CTA. Hence, a PPM would be the preferable synthetic pathway. Similarly, polyethers 

such as, poly(ethylene oxide) (PEO) often have hydroxy end-groups which can be used 

for chemical PPM. A simple and quantitative option is the addition of isocyanates 

(Scheme 11 b) which have further functional groups for applications like coating114 and 

crosslinking.115

 

Scheme 11 a) PPM of poly(glycidyl methacrylate) with a primary amine on each repeating unit along 
the backbone. b) End-group PPM of PEO with an isocyanate. 

 

Physical modifications, on the other hand, typically involve changes to the polymer 

morphology or architecture without altering the chemical composition. These changes 

include processes like crosslinking and self-assembly. 

Post-polymerization crosslinking involves the formation of covalent bonds between 

polymer chains, which can enhance the mechanical strength and thermal stability of 
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the material. Crosslinking can be achieved through thermal, photochemical, or 

chemical methods, and it is commonly used to produce materials such as hydrogels, 

elastomers, and coatings. It is also one of the oldest forms of PPM as the vulcanization 

of natural rubber with elemental sulfur is known since the 1840s.107 

Self-assembly is the process by which individual polymer chains spontaneously 

organize into higher-order structures such as nanoparticles, micelles, or films.116 This 

can be facilitated by block copolymers, which have distinct segments with different 

solubility or reactivity. Self-assembly can be triggered by solvents, thermal or 

photochemical activation. PPMs can further control or fine-tune the self-assembly 

process by incorporating specific interactions such as hydrogen bonding, ionic 

interactions, or metal-ligand coordination.117 

 

2.5 Particle Coating 

Particle coating is a highly versatile technique used in numerous fields, including 

materials science,118 biotechnology,119 and pharmaceuticals.120 Typically done through 

applying a thin, uniform layer of material to the surface of particles to modify their 

properties, improve stability, or enable specific functionality. Although there are a 

plethora of different organic121 and inorganic122 coating materials available, this chapter 

will focus on polymers as coating materials for particles. In polymer science, particle 

coating plays a key role in the design of advanced materials with tailored 

functionalities.123  

At the core of particle coating chemistry is the interaction between the coating material 

and the particle surface. This interaction is critical to ensure that the coating adheres 

strongly to the particle without compromising the particle’s integrity. For efficient 

coating, adhesion forces such as van der Waals forces, hydrogen bonding, and 

covalent bonds must be strong enough to ensure stability.124 Additionally, the solubility 

of the coating material in the chosen solvent and its ability to uniformly spread across 

the particle surface are essential for achieving a consistent and effective layer.125 

To further enhance adhesion and tailor the properties of the coating, surface 

modification of the particles is often required. This can include the introduction of 

reactive functional groups that facilitate better interactions between the particle and the 

coating material. For example, the use of catechol-based126 and silane-based127 
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coatings has gained significant attention due to their strong bonding properties, 

particularly in aqueous environments.128 

Grafting is a widely used strategy in particle coating, as it allows the attachment of 

polymers or other materials to the particle surface. There are three primary approaches 

for grafting, namely, grafting-from, grafting-to, and grafting-through, each with distinct 

chemical mechanisms and advantages (Scheme 12).129 Often it is necessary, to 

activate the surface to be reactive enough for these grafting approaches. Activating 

the surface include chemical and physical techniques such as plasma discharge, UV 

irradiation, ozone treatment, acidification/basification, and attachment of functional 

surface-ankers.130,131 

 

Scheme 12 Schematic representation of grafting strategies for surface modification with polymers. 
black: particle surface; violet: surface-anker; green: monomers. The red box shows the (pre-treated) 
surface before the polymer coating reaction begins 

 

Grafting-from involves growing polymer chains directly from the particle surface by 

initiating polymerization at reactive sites on the particle. This method typically employs 

surface-initiated polymerization techniques, such as ATRP,132 RAFT,129 or NMP133 

methods. The key advantage of the grafting-from approach is the ability to control the 

polymer architecture, such as chain length and density, directly on the particle surface. 

However, the method requires careful control of polymerization conditions to avoid 

unwanted crosslinking or aggregation of the grafted chains. Further, often it is 

necessary to synthesize the surface-ankers, which increases cost and can be 

challenging depending on the intended use.129 

Grafting-to involves attaching pre-synthesized polymer chains to reactive groups on 

the particle surface. This method is generally simpler and faster than grafting-from, as 

it does not require initiating polymerization on the particle itself. However, the process 

can be limited by steric hindrance, especially when long polymer chains are involved. 

This can lead to incomplete attachment or difficulty in achieving a uniform coating. To 
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overcome these limitations, the particle surface can be modified with smaller functional 

groups that allow for efficient attachment of the polymers.131,134 

Grafting-through combines aspects of both grafting-from and grafting-to. In this 

approach, monomers are polymerized in the presence of particles with monomers 

attached to the surface, resulting in the formation of polymer chains that are covalently 

bond to the particle surface. This method allows for more control over the length and 

density of the grafted polymer, similar to grafting-from, while also allowing for the use 

of pre-formed polymerizable monomers, similar to grafting-to.131 

 

2.5.1 Silane-based Coatings 

Silane-based coatings are another popular choice for particle coating, particularly for 

silica-based particles or other materials that can react with alkoxy silane functional 

groups. Alkoxy silanes are compounds that contain silicon atoms bonded to organic 

groups, typically with the general formula R-Si(OR')3, where R is an organic group 

(often a functional group such as an amine or thiol) and OR' is an alkoxy group (e.g., 

methoxy or ethoxy).135 

The chemistry behind silane-based coatings involves the hydrolysis of the alkoxy 

groups to form silanol (Si-OH) groups, which then condense with other silanol or 

hydroxy groups to form siloxane (Si-O-Si) and metal-silane (M-O-Si) bonds. This 

reaction results in the formation of a strong, covalent bond between the silane molecule 

and the particle surface, providing a durable coating (Scheme 13).136 

 

Scheme 13 Schematic reaction steps in particle coating utilizing alkoxysilanes. a) Hydrolysis of alkoxy 
groups to yield silanol. Silanol can homocondense into siloxanes. b) Silanols react with hydroxy groups 
at an oxide particle surface to yield a covalently bond silane with a functional group attached to the 
particle surface. 
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The ratio of homocondensation versus surface grafting depends on the pH-value, 

concentration, and the surface properties. Due to this behavior, it is possible to coat 

particles and surfaces in a single layer of silane. Usually, pH 4 is necessary to suppress 

the formation of siloxanes in solution.136,137 

Silane-based coatings are particularly effective in modifying surfaces to increase their 

hydrophobicity,138 improve dispersion in polymer matrices,139 or impart specific 

chemical functionalities such as RAFT agents.140 Further, silanes can be used to 

functionalize silica nanoparticles for drug delivery,141 sensors,142 or as catalyst 

supports.143 The versatility of silane chemistry allows for fine-tuning of the particle 

surface, enabling specific interactions with biological systems or enhancing the 

mechanical properties of composite materials. Hence, many alkoxysilanes with various 

functional groups are commercially available and also employed in industrial 

processes.144,145 

 

2.6 Lithium-Ion Batteries 

Lithium-ion (Li-ion) batteries have revolutionized energy storage technology since their 

commercialization in the early 1990s. Li-ion batteries were and are of significant 

importance in the development of advanced technologies such as portable electrical 

devices (e.g., smartphones, laptops, tablets), electrical vehicles, and stationary energy 

storage. 

With their higher energy densities compared to other battery chemistries, they play an 

important role in the energy transition and the implementation of renewable energies. 

The development of the Li-ion battery by John B. Goodenough, M. Stanley 

Whittingham, and Akira Yoshino was awarded with the Nobel Prize in Chemistry in 

2019 underlining the high impact of their invention for society.146 

Like all batteries, Li-ion batteries work through a reversible redox reaction (reduction-

oxidation reaction), where one material loses electrons (oxidation) and another 

material gains electrons (reduction). During discharge this reaction occurs between 

two electrodes: the anode (where oxidation happens) and the cathode (where 

reduction takes place). As the redox reaction happens, electrical energy is generated 

by the movement of electrons through an external circuit from the anode to the cathode 

through current collectors. Meanwhile during charging the process is reversed and 

electrical energy is converted to chemical energy which is stored in the battery’s 
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materials. To prevent direct contact between the anode and cathode, a separator 

keeps them apart while still allowing ions to move through an electrolyte, maintaining 

the flow of charge needed for the battery to function.147 

The underlined components are the core parts of a battery cell and essential for its 

operation. 

 

They are explained more in-depth in the following: 

 

Anode: In LIBs, the anode is typically made from graphite. Novel developments also 

aim to employ silicon, alloys, and Li-metal in the anode.148 During discharge, lithium 

ions migrate from the anode to the cathode through the electrolyte, releasing electrons. 

Charging reverses the direction of ion and electron flow. 

 

Cathode: The cathode of LIBs is typically composed of a lithium metal oxide. Several 

different chemistries with their own advantages and disadvantages are used such as 

lithium cobalt oxide (LCO), lithium manganese oxide (LMO), lithium nickel cobalt 

aluminum oxide (NCA), lithium nickel manganese cobalt oxide (NMC), and lithium iron 

phosphate (LFP). It serves as the destination for lithium ions during discharge and the 

source of lithium ions during charging.149 

 

Electrolyte: The electrolyte is a liquid or gel-like substance that facilitates the 

movement of (lithium) ions between the anode and cathode. In a LIB, it usually consists 

of a lithium salt (e.g., LiClO4, LiPF6) dissolved in an organic solvent, such as ethylene 

carbonate, propylene carbonate or dimethyl carbonate.150 

 

Separator: The separator is a porous, insulating material (often polymers such as 

polyethylene or polypropylene placed between the anode and cathode to prevent direct 

contact between the electrodes, thus avoiding short circuits. It also allows the passage 

of lithium ions during charging and discharging.151 

 

Current Collectors: The current collectors, typically made from copper (for the anode) 

and aluminum (for the cathode), serve to collect and transport electrons from the 

external circuit to the electrodes.152 
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Lithium-ion batteries operate based on the intercalation and de-intercalation of lithium 

ions into the graphite anode and cathode materials during charging and discharging 

cycles. 

During discharge, when the battery is supplying power to a load, lithium ions move 

from the anode to the cathode through the electrolyte. This movement occurs because 

of the electrochemical potential difference between the anode and cathode. The 

electrochemical reactions for a typical commercial Li-ion battery can be summarized 

as follows:153 

Anode Reaction (Graphite): 

𝐿𝑖𝐶6 → 𝐿𝑖+ + 𝑒− + 𝐶6 

Lithium ions (Li+) are released from the graphite structure and move through the 

electrolyte towards the cathode, while electrons (e-) flow through the external circuit, 

generating electrical energy. 

 

Cathode Reaction (LCO): 

𝐿𝑖𝐶𝑜𝑂2 + 𝐿𝑖+ + 𝑒− → 𝐿𝑖2𝐶𝑜𝑂2 

At the cathode, lithium ions combine with the cobalt oxide, incorporating electrons from 

the external circuit. 

 

During charging, when an external voltage is applied to the battery, lithium ions are 

forced to move from the cathode back to the anode, where they are intercalated into 

the graphite. The reactions are reversed from the discharging process (Scheme 14).154 
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Scheme 14 Simplified scheme of a Li-ion battery with a liquid electrolyte (LE) (not shown). Lithium ion 
and electron flow direction is depicted in red during charge and blue during discharge.156 

 

The energy density of a battery is one of its most critical performance metrics and is 

defined as the amount of energy that can be stored per unit of mass or volume. Li-ion 

batteries typically exhibit an energy density ranging from 100 to 250 Wh kg-1, 

significantly higher than older battery technologies, such as nickel-cadmium (NiCd) 

and lead-acid batteries. Additionally, the nominal voltage of a lithium-ion cell is usually 

around 3.7 V, which is higher than that of most other rechargeable batteries 

contributing to the widespread adoption of Li-ion technology.155 

Other factors which are of high importance for batteries and especially in their 

application are cycle life, C-rate capability, temperature sensitivity, and safety. 

Cycle life refers to the number of charge and discharge cycles a battery can undergo 

before its capacity drops below a specified percentage of its original capacity (typically 

80%). The cycle life of Li-ion batteries can range up to 10000 cycles under ideal 

conditions.157 

 

The C-rate (Equation 4) at which a battery is charged or discharged is critical to its 

performance. Higher charge and discharge rates generally result in greater power 
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output but can also lead to increased heat generation, reduced efficiency, and 

increased degradation rates. 

C-rate =
𝐼

𝐶𝑚𝑎𝑥
 Equation 4 

with I (in A) being the current of charge or discharge and Cmax (in Ah) the maximum 

capacity of the battery cell.158 

Temperature plays a crucial role in the performance and longevity of lithium-ion 

batteries. High temperatures can increase the rate of side reactions within the battery, 

potentially leading to capacity degradation, overheating, or even thermal runaway, 

which can result in dangerous situations such as fires. On the contrary, extremely low 

temperatures can reduce the battery’s efficiency and available capacity, as the 

movement of lithium ions is slower in colder environments.159 

The stability of the voltage during both charge and discharge cycles is critical to battery 

performance. Overcharging or discharging a lithium-ion battery beyond a specific 

voltage range (typically below 3.0 V or above 4.2 V per cell) can significantly reduce 

its lifespan or cause safety hazards.160 Battery management systems (BMS) are used 

to monitor and control voltage levels, temperature, and charge/discharge speed to 

prevent harmful conditions. All properties of a Li-ion battery are depending on factors 

such as the specific chemistry used, depth of discharge, cycling behavior, and 

operating temperature. 

The main benefits of Li-ion batteries compared to other cell chemistries are the high 

energy density, long cycle life, low self-discharge, and no memory effect. However, 

there are still many limitations which need to be lifted to enable more applications such 

as long-distance electric vehicles or electric air and nautical travel. The main concerns 

are the relatively high cost, safety concerns due to fires and explosions, and 

environmental impact of the required materials like cobalt.161,162 

 

2.7 Solid-State Batteries 

The development of solid-state batteries (SSBs) promises to reduce many drawbacks 

of the current Li-ion technology. One of the most notable benefits is their higher energy 

density. SSBs may utilize a lithium metal anode rather than the graphite anodes used 

in conventional lithium-ion batteries. Lithium metal has a much higher theoretical 

capacity (3,860 mAh g-1) compared to graphite (372 mAh g-1), which allows for a higher 
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energy density. This results in increased volumetric and gravimetric energy densities. 

Additionally, these batteries may operate at higher voltages, further boosting their 

performance.163 

Improved safety is another significant advantage of solid-state lithium metal batteries. 

Unlike liquid electrolytes, which are flammable and prone to leaks, solid-state batteries 

use non-flammable solid electrolytes. These solid electrolytes provide better thermal 

stability, which reduces the risk of battery fires and leaks. Moreover, solid-state 

batteries help mitigate dendrite formation, a challenge in conventional lithium-ion 

batteries. Lithium dendrites are tree-like structures of lithium metal that can penetrate 

the separator and cause short circuits. Solid-state electrolytes (SSE) can help prevent 

dendrite growth, leading to safer operation and longer cycle life.164 

The development of solid-state lithium metal batteries is driven by several key 

technologies. One of the most important points is the advancement of high-

performance SSEs. In general, SSEs must possess high ionic conductivity, stability at 

room temperature, and mechanical properties that prevent dendrite penetration.  A 

schematic representation of the requirements of SSEs is shown in Scheme 15. 

Currently, there are three main SSE categories: polymers, oxides, and sulfides which 

will be explained in more detail in Chapter 2.7.1, 2.7.2, and 2.7.3, respectively.163 

Another critical area of focus is the lithium metal anode. Although lithium metal 

provides a higher energy density than traditional graphite anodes, it is more prone to 

dendrite formation. Depending on the SSE employed this issue varies widely as e.g., 

oxide SSEs are harder and therefore dendrite penetration is suppressed compared to 

soft polymers. Techniques to mitigate this issue, such as using protective coatings on 

the lithium metal anode or incorporating solid electrolytes that prevent dendrite growth 

are being developed.165 
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Scheme 15 Ideal solid-state electrolyte for Lithium metal batteries. The cathode active material (CAM) 
is the Li-ion intercalating material on the cathode side.163 

 

The interface between the solid electrolyte and the lithium metal anode also requires 

attention. A stable interface is essential to prevent delamination and reduce 

degradation, which can reduce battery efficiency and lifespan. Different strategies such 

as the use of protective layers or special processing techniques to improve the 

adhesion and stability of these interfaces are under investigation.166,167 

In addition to the anode and electrolyte, the development of high-energy cathodes is 

also crucial. Materials such as lithium-rich layered oxides and sulfur are being 

investigated as potential candidates for high-capacity cathodes that pair well with 

lithium metal anodes in SSBs.168,169 

Manufacturing techniques also play a vital role in the commercialization of solid-state 

lithium metal batteries. Scaling-up production is challenging due to the delicate nature 

of solid electrolytes, which require advanced deposition, lamination, and sintering 

processes. Achieving cost-effective mass production methods is essential to make 

SSBs more affordable and scalable for widespread use.170 

2.7.1 Polymer Electrolytes 

Polymer electrolytes (PEs) have emerged as a favorable choice due to their 

processability, flexibility, low cost, and the ability to form stable interfaces with lithium 

metal, making them an ideal candidate for lithium metal solid-state batteries.171 

In general, polymer electrolytes consist of a polymer matrix in which lithium salts are 

dissolved, providing the ionic conductivity necessary for battery operation. The most 
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common types of PEs used in SSBs are based on polyethers, polyesters, 

polycarbonates, halogenated polymers and their derivatives. Polymers for SSEs need 

to have polar groups that can dissociate the lithium salt.172 Single-ion conducting 

polymers, which incorporate the anion of the dissociating lithium salt into their 

structure, are also explored.173 These materials offer varying combinations of 

mechanical flexibility, processability, electrochemical stability, and electrochemical 

performance.4 

The ability to conduct lithium ions (Li⁺) is crucial for efficient battery operation. The ionic 

conductivity of PEs is highly dependent on the polymer's amorphous nature, dielectric 

constant, the concentration of the lithium salt, and temperature.172 

Nevertheless, the ionic conductivity of PEs is typically lower than that of liquid 

electrolytes, which has limited their widespread adoption. However, various strategies, 

such as increasing the lithium salt concentration, incorporating plasticizers, or 

developing composite electrolytes with inorganic fillers, have been used to enhance 

the conductivity and thermal stability of PEs. 

The transport of lithium ions in PEs is a critical aspect of their performance in solid-

state batteries. Understanding the ion transport mechanism is essential for optimizing 

the ionic conductivity and enhancing the overall performance of SSBs. 

Lithium ions move through the polymer matrix via a process of diffusion. The polymer 

chains undergo motion, allowing lithium ions to hop between available sites in the 

polymer backbone. The driving force is the electric field originating from the electrodes. 

There are three main Li+ diffusion mechanisms in PEs: interchain hopping, intrachain 

hopping, and segmental motion (Scheme 16). The Lithium-ion transport in inter- and 

intrachain hopping occurs through the breaking and new formation of Li+ coordination 

from the polar groups of the polymer along the same or different polymer chains. This 

is the main transport mechanism in crystalline phases or at low temperatures.16 At 

elevated temperatures above the melting point Tm the segmental motion of polymer 

chain segments with the coordinated Li-ions amplifies the other two transport 

mechanisms and adds to a strongly increased ion transport.174 
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Scheme 16 Schematic depiction of: a) interchain hopping b) intrachain hopping c) segmental motion. 

 

The overall ionic conductivity σ of the polymer electrolyte is governed by the number 

density of free lithium ions and their mobility, which depends on the polymer chain 

dynamics. There are two main models that can be applied to the ion transport in 

polymers. If inter- and intrachain hopping is the main contributor, the ionic conductivity 

follows Arrhenius behavior: 

𝜎 = 𝜎0 ∗ 𝑒
−𝐸𝑎
𝑅𝑇  Equation 5 

σ0 is the pre-exponential factor, Ea is the activation energy for ion migration, R is the 

molar gas constant, T is the temperature.175 

If the segmental motion has a significant contribution, the Vogel-Tamman-Fulcher 

(VTF) model includes ion-hopping and segmental motion: 

𝜎 = 𝜎0 ∗ 𝑇
1
2 ∗ 𝑒

−𝐵
𝑇−𝑇0 Equation 6 

Here B is a pseudoactivation energy and T0 the equilibrium glass transition 

temperature (approximated by Tg-50 K).176 

In general, at lower temperatures, the polymer matrix becomes more rigid, which 

reduces ion mobility and, consequently, ionic conductivity. Conversely, higher 

temperatures provide more polymer chain mobility, increasing the ion conduction. 

However, there is a trade-off, as excessive temperatures may cause the 

decomposition of the electrolyte or increase the risk of lithium dendrite formation. 

The role of the lithium salt is essential in the ion conduction process. Common salts 

such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), lithium 

hexafluorophosphate (LiPF6), lithium perchlorate (LiClO4), lithium triflate (LiTf), and 

lithium tetraborate (LiBOB) are typically used in polymer electrolytes.177 These salts 

dissociate into lithium ions and counterions in the electrolyte. The dissociation is not 
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always complete, and salt clusters of Li+ and the anions can form depending on 

concentration. The transport mechanisms for the clusters are identical to completely 

dissociated salts, but may reduce the ionic conductivity due to the generally bulky 

anions.178 Fluorinated salts are generally preferred as they stabilize the anion through 

the strong electron withdrawing effect which increases acidity. Further, they tend to 

form a more stable solid electrolyte interface (SEI) between the anode and the 

electrolyte. In the SEI, the formation of LiF is generally preferred as it is Li+ conductive 

while simultaneously passivating the anode.179,180 

 

2.7.2 Oxide Electrolytes 

Oxide electrolytes for lithium metal batteries (LMB) are typically made from inorganic 

materials that possess high ionic conductivity and electrochemical stability, essential 

for stable and safe operation of LMBs. The most widely studied classes of ceramic and 

oxidic electrolytes include: NaSICON-type, Garnet-type, Perovskite-type, and 

LiSICON-type.181 

NaSICON (Sodium (Na) Super Ionic Conductor) type solid-state electrolytes, known 

for their high ionic conductivity, are increasingly explored in LMBs, particularly for their 

ability to enable safe and efficient ion transport. They typically have a framework 

structure composed of interconnected polyhedra (such as phosphate or silicate 

groups), allowing for easy movement of sodium/lithium ions through the material and 

therefore exhibit enhanced safety by preventing dendrite growth in lithium metal 

anodes. A well-known example of a lithium-based NaSICON electrolyte is 

Li1.5Al0.5Ti1.5(PO4)3 (LATP), which exhibits high ionic conductivity and stability.182 LATP 

will be explained in more detail in Chapter 2.7.2.1. 

Garnet-type solid-state electrolytes are named after the garnet crystal structure, which 

is a cubic structure typically. For Li containing garnets the general structure is 

LixA3B2O12, with A and B being other metals. This three-dimensional network facilitates 

the efficient movement of lithium ions. One of the most well-known garnet-type SSEs 

is Li7La3Zr2O12 (LLZO), which has gained significant attention due to its high ionic 

conductivity and excellent stability at room temperature.183 LLZO will be explained in 

more detail in Chapter 2.7.2.2. 

Perovskite-type SSEs are an important class of materials for LMBs, primarily due to 

their unique crystal structure and stability. The perovskite structure is characterized by 

an ABO3 arrangement, where A and B are cations, forming a 3D-network where Li-
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ions hop through octahedral channels inside a generally tetragonal crystal structure. 

Perovskite-type Li-ion SSEs are A site deficient, which enables spacious vacancies 

facilitating Li-ion hopping. Perovskite SSEs are notable for their ability to maintain 

structural integrity when in contact with lithium metal, preventing dendrite formation. A 

well-known example is Li3xLa(2/3)-xTiO3 (LLTO), where titanium ions are surrounded by 

oxygen octahedra, forming a stable lattice structure with deficient La layers. These 

materials although promising, have some drawbacks as they exhibit poor stability 

against lithium metal and high interface resistance.184 

LiSICON (Lithium Super Ionic Conductor) solid-state electrolytes are another class of 

SSEs. The LiSICON structure typically consists of a network of lithium ions 

interspersed with other metal or non-metal ions, arranged in a framework that allows 

for fast ion migration. They are structurally similar to γ-Li3PO4 and are based on XO4 

(X = P, Al, Si, Ge, S, and Ti) tetrahedral and Li-O polyhedral groups. This highly 

ordered framework provides excellent stability, particularly when in contact with lithium 

metal. Further, substituting oxygen for sulfur expands this group of SSEs into the 

thiophosphate Li-ion conductors, which often have significantly increased ionic 

conductivity compared to their phosphate counterparts.185 Thiophosphates will be 

explained in more detail in Chapter 2.7.3. 

Other oxide SSE types include the anti-perovskite-type and amorphous oxides. They 

are not as commonly utilized in current research but interested readers may find more 

information here: anti-perovskite-type,186–188 amorphous oxides.189–193 

Ionic conductivity in ceramic and oxidic solid-state electrolytes depends on several 

factors, including the crystallographic structure, the types of defects or vacancies in 

the material, and the interaction between lithium ions and the electrolyte lattice. 

In ceramic electrolytes, lithium ions typically migrate through the crystal lattice by 

hopping between available sites or vacancies within the material. 

In crystalline structures, cationic vacancies or interstitials act as the mobile charged 

species. The three primary migration mechanisms, depicted in Scheme 17, are: (left) 

vacancy diffusion, where an ion moves into an adjacent vacant site, (middle) the direct 

interstitial mechanism, where ions migrate between partially filled sites, and (right) the 

concerted or correlated interstitialcy (knock-on) mechanism, where the migrating 

interstitial ion displaces a neighboring lattice ion to an adjacent site.194 
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Scheme 17 Migration mechanisms for cations in latices. Left: vacancy diffusion from an occupied to a 
vacant lattice position. Middle: direct interstitial mechanism of no fully occupied positions. Right: 
concerted or correlated interstitialcy mechanism. The migrating ion pushes a neighboring ion into a 
vacant position.194  

 

For garnet-type materials like LLZO, lithium conduction is facilitated by vacancies in 

the structure. The ionic conductivity of ceramic electrolytes is often enhanced by 

doping with various elements to create vacancies or to increase the lattice parameters, 

thereby improving ion diffusion. In garnet-type electrolytes, doping with elements such 

as Al, Ga, or Ta increases the number of available lithium sites, facilitating faster ion 

migration. The type and concentration of dopants play a crucial role in tuning the ionic 

conductivity and stability of these materials.195 

One of the most significant challenges with ceramic electrolytes is ensuring stable 

contact with the lithium metal anode. The interface between the electrolyte and lithium 

metal can form a passivating layer that inhibits ion conduction, leading to an increase 

in interfacial resistance and the potential for dendrite formation. This problem is 

exacerbated in the case of oxide-based electrolytes, where the formation of a stable 

SEI layer is difficult to achieve.196 

Recent research has focused on modifying the electrolyte surface or introducing 

interlayers between the lithium metal and electrolyte to improve interfacial stability. 

Thin lithium-based interlayers or the application of buffer layers protective coatings, 

has been shown to help mitigate these issues.196 

Ceramic electrolytes, particularly those made from garnet or oxide materials, often 

exhibit brittleness, which poses challenges during the cycling of lithium metal batteries. 

Mechanical failure, such as cracking or delamination, can significantly degrade battery 

performance.197 
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Further, many ceramic electrolytes, such as garnet-based and perovskite-type 

materials, require high-temperature sintering (above 1000°C) to achieve optimal ionic 

conductivity. This high-temperature requirement makes the production process costly 

and energy-intensive, which limits the scalability of these materials for commercial 

applications.182,198 

 

2.7.2.1 LATP 

First reported in the late 1980s, LATP is a highly promising solid-state electrolyte SSE 

as it provides high ionic conductivity and uses no critical elements.199 Additionally, 

phosphates are stable against air and water which for oxides often leads to chemical 

degradation.200 

LATP is typically synthesized using a variety of solid-state and sol-gel techniques. The 

most common approach involves the high-temperature solid-state reaction of 

stoichiometric amounts of lithium phosphate (Li3PO4), titanium dioxide (TiO2), and 

aluminum oxide (Al2O3). The precursors are mixed in a ball mill and subsequently 

densified by calcination and sintering. This method allows for the formation of the 

crystalline LATP phase at temperatures typically ranging from 700 to 1200°C.27,201–203 

A similar method is melt quenching. The precursors are molten at even higher 

temperatures (1500 °C) and quenched at room temperature to obtain an amorphous 

glass. The glass is sintered for crystallization.204,205 

An alternative solution method is the sol-gel synthesis, which allows to produce LATP 

with improved homogeneity and lower sintering temperatures. In this process, metal 

alkoxides or aqueous solutions of metal salts are used to create a gel-like precursor, 

which is then heated to form the desired LATP phase. This method can reduce the 

formation of impurities and control the particle size distribution, potentially improving 

the ionic conductivity of the final product.206–208 

Coprecipitation is also possible. The precursors are dissolved and precipitated through 

pH adjustment followed by calcination.209 

Additionally, other approaches, such as hydrothermal210 or microwave-assisted 

synthesis,211,212 have been explored to produce LATP at lower temperatures, 

enhancing process efficiency and reducing energy consumption. These techniques are 

still being developed and refined to optimize the properties of LATP for large-scale 

applications. 
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The main phase of LATP is LiTi2(PO4)3 (LTP) in a NaSICON-type structure with partial 

substitution of Ti4+ with Al3+. LTP forms a 3D network from TiO6 octahedra and PO4 

tetrahedra. Li+ fully occupies the Li1 sites in between the octahedra but also partially 

fills other sides (Li3) (Scheme 18).213 

The lattice parameters and the degree of crystallinity significantly influence the ionic 

conductivity of LATP, which is typically in the range of 10-6 to 10-3 S cm-1 at room 

temperature, depending on the synthesis method, density, and material purity. The 

structure also allows for the incorporation of various dopants.182 

 

Scheme 18 Crystal lattice of LATP. Reproduced from Epp et al. with permission from the Royal Society 
of Chemistry.213 

 

LATP has a wide electrochemical stability window (between 2 V and 6 V vs. Li|Li⁺), 

making it suitable for use with a variety of electrodes, including high-voltage cathodes. 

This stability is critical for preventing unwanted side reactions and enhancing the 

overall safety of the battery system.214 

Further, it is mechanically strong, with a relatively high modulus, making it more 

resilient to the mechanical stresses that arise during the cycling of solid-state batteries. 

This property reduces the risk of cracking or failure during charge and discharge 

cycles.215 Also, LATP exhibits good thermal stability, retaining its properties at elevated 

temperatures.216 
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One of the major challenges in the development of solid-state batteries is the stability 

of the electrolyte against lithium metal, which is commonly used as the anode material. 

LATP's stability against lithium is influenced by several factors, including the grain 

boundary structure, the presence of impurities, and the operating temperature. In some 

cases, small amounts of reaction with lithium can occur at the interface, leading to the 

formation of SEI layers, which can impact the overall performance.217 LATP has 

demonstrated some degree of stability against lithium metal, but ultimately fails to form 

a stable SEI in long term cycling. Artificial SEI formation,218 protective layers,219 and 

interface engineering220 seem to be effective methods to reduce or mitigate this 

problem. 

 

2.7.2.2 LLZO 

LLZO (Li7La3Zr2O12) has emerged as another highly promising SSE due to its high 

ionic conductivity and high stability against lithium metal. 

LLZO has an ionic conductivity typically in the range of 10-4 to 10-3 S cm-1 at room 

temperature,221,222 which is higher than LATP. Further, LLZO's electrochemical stability 

window is wider than LATP’s, typically ranging from 0 V to > 6 V vs. Li|Li⁺ depending 

on the specific dopants and synthesis conditions.223 This wide voltage window allows 

LLZO to be compatible with a broader range of high-voltage cathodes, which is 

beneficial for advancing solid-state batteries, particularly those aimed at high-energy 

applications and allows direct contact with the Li-metal anode. 

The synthesis of LLZO uses a lot of the same techniques224 as aforementioned for 

LATP (2.7.2.1) with the addition of some methods like spark plasma sintering,225 pulsed 

laser deposition,226 or chemical vapor deposition.227,228 

One of the major challenges for LLZO, compared to LATP, is its instability when 

exposed to air. Unlike LATP, which is stable under ambient conditions, LLZO is highly 

reactive with moisture and CO2 in the atmosphere. When exposed to air, LLZO the 

forms lithium carbonate (Li2CO3) at the surface which significantly reduces its ionic 

conductivity and leads to dendrite penetration of the SSE.229,230 This air instability 

poses significant challenges in both its synthesis and handling, as precautions must 

be taken to prevent degradation during processing and storage.231 To improve the air 

compatibility, LLZO can be coated with different organic and inorganic compounds to 

reduce the formation of Li2CO3 at the surface and in grain boundaries.229,232–234 
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Another issue is the high hardness of LLZO. Powders or pellets are highly abrasive to 

machinery leading to contamination and accelerated mechanical degradation.30 

LLZO has a tetragonal and a cubic garnet structure consisting of ZrO6 octahedra with 

LaO8 dodecahedra. The cubic phase has the higher ionic conductivity (~ 10-4 to 

10-3 S cm-1) compared to the tetragonal phase (~ 10-6 S cm-1) and is therefore the 

preferred phase.31,235 Increased ionic conductivity is caused by more empty Li+ 

positions available in the cubic phase.236 Li1 and Li2 Li-coordination sites are located 

in between the octa- and dodecahedra. The cubic structure is depicted in Scheme 19. 

LLZO is often doped to improve its electrochemical performance. Various dopants, 

such as Al3+,237 Ga3+,237 Ce4+,238 Ta5+,239 and Nb5+,240 are introduced to modify the 

crystal structure and increase lithium ion mobility. For instance, doping with Al3+ or Ga3+ 

typically leads to the substitution of La3+ or Zr4+ sites, which can create additional 

lithium ion conduction pathways, thereby enhancing the ionic conductivity of LLZO.236 

 

Scheme 19 a) Crystal structure of cubic LLZO. b) L1 and L2 coordination sites in the polyhedra. 
Reproduced from Awaka et al. with permission from the Chemical Society of Japan.241 

 

Additionally, these dopants help stabilize the crystal structure, which is crucial for 

maintaining the high ionic conductivity at elevated temperatures. Elements like Ta5+ or 
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Nb5+ can enhance the overall stability of the garnet structure and reduce the grain 

boundary resistance, further improving the material’s ionic conductivity and long-term 

cycling performance.242 Doping not only optimizes the ionic conductivity but also 

enhances the stability of LLZO in contact with lithium metal, helping mitigate issues 

related to dendrite formation and interface stability. However, the precise control of 

doping concentration is essential, as excessive doping can lead to defects or instability 

that might negate the benefits of doping.239 

 

2.7.3 Sulfide Electrolytes 

As aforementioned, sulfide-based compounds have emerged as a promising class of 

materials due to their high ionic conductivity and wide electrochemical stability window. 

Sulfide-SSEs can be categorized into different classes depending on their chemical 

composition: thiophosphates, halide thiophosphates, sulfides without phosphorous, 

and glassy sulfides.243 

Thiophosphates generally only contain the elements Li-X-P-S (X = Sn, Ge, Al, Y, Si or 

nothing) but can have a wide range of molar ratios. Lithium thiophosphate (Li3PO4) 

was the discovered in 1984 as a sulfide-based crystalline Li-ion conductor.244 Since 

then, many iterations and optimizations of the simple structure lead to a stark increase 

in ionic conductivity at room temperature from 3·10-7 S cm-1 to 10-3 S cm-1.245 This is 

mainly due to the optimized molar ratio and synthesis procedures as the Li7P3S11 

exhibits a ionic conductivity up to 10,000 times higher.245 

The structure of thiophosphate electrolytes is typically characterized by a framework 

that consists of tetrahedral [PS4]3− units, where the phosphorus atoms are surrounded 

by sulfur atoms. The lithium ions are intercalated into the structure and can move 

through the crystal lattice, primarily via a vacancy-mediated mechanism. The ionic 

conductivity of thiophosphate-based materials depends heavily on the structural 

features, such as the size and connectivity of the channels through which lithium ions 

migrate. Additionally, the presence of sulfur in the structure significantly affects the 

material's electronic properties, helping to mitigate issues related to electronic 

conduction.246 

Introducing other elements like Sn, Ge, Al, Y, or Si changes the crystal structure into 

different thio-LiSICONs. Moreover, these additions often aim to increase ionic 

conductivity and lower the ion-migration activation energy.243 
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However, thiophosphates suffer from challenges such as low mechanical strength, 

which can result in poor interface contact with electrodes, which require high stack 

pressures for battery operation and limited processability at large scales.247 

Additionally, thiophosphates tend to degrade in contact with air and water while 

releasing toxic H2S.248 

The introduction of halides into the thiophosphate structure leads to the formation of 

argyrodites. They will be explained in Chapter 2.7.3.1. 

Another class of sulfide-based electrolytes that has attracted attention for lithium metal 

batteries is phosphorus-free sulfides. These materials consist of lithium and sulfur, and 

other metal sulfides, but lack the phosphorus component found in thiophosphates. 

Some examples are Li2GeS3,249 Li4SnS4
250 or Li3SbS4.251 Similar to the 

thiophosphates, optimizing the molar ratios of the elements can improve their 

performance. It is also reported that these non-phosphor based SSEs are less 

susceptible to hydrolysis and oxidation.252 

Phosphorus-free sulfide-based electrolytes typically suffer from a lack of structural 

stability, which can lead to issues such as reduced performance overtime or during 

cycling. Their relatively high reactivity with lithium metal can lead to the formation of 

detrimental interphase layers that degrade performance. Additionally, these materials 

often require precise synthesis conditions, and the cost and toxicity of the raw materials 

(e.g., antimony or arsenic) can pose challenges for scalability.253 

The main advantage of glassy sulfides is the absence of grain boundaries due to their 

amorphous nature. Further, they exhibit isotropic ionic conduction and usually are easy 

to fabricate through a wide range of compositions.  

Glassy sulfides lack the long-range order seen in crystalline sulfide electrolytes, but 

they retain many of the desirable ionic conductivity characteristics. The absence of 

grain boundaries in amorphous materials can reduce resistance to ion flow and 

enhance overall conductivity. Glassy sulfides are often composed of lithium sulfide 

(Li2S) or lithium thiolates in combination with other glass-forming materials such as 

germanium, boron, or phosphorus. Most research in this field is focused on Li2S-P2S5 

and Li2S-SiS2 doped with various compounds such as LiI or Li3PO4.254–256 

One of the key advantages of glassy sulfides is their ability to be processed into thin 

films or complex shapes, which is essential for the development of flexible and high-

performance solid-state batteries. These materials also tend to have relatively low 
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activation energy for ionic conduction, allowing them to operate efficiently at room 

temperature or even slightly lower temperatures.257 

Although glassy sulfides offer improved ionic conductivity and processability, they often 

face challenges related to mechanical stability and long-term cycling performance. The 

amorphous structure can result in reduced stability under prolonged electrochemical 

cycling, and these materials may suffer from high reactivity with lithium metal. 

Additionally, glassy sulfides are typically brittle and prone to hydrolysis and oxidation, 

which can lead to cracking during battery operation and affect their mechanical 

integrity.258 

 

2.7.3.1 Argyrodites 

Among the various sulfide-based solid-state electrolyte materials mentioned above, 

argyrodite-type sulfide compounds, specifically those with the general formula LiPSX 

(where X represents a halide such as Cl, Br, or I), have emerged as highly promising 

candidates for LMBs. These materials offer exceptional ionic conductivity, wide 

electrochemical stability windows, and compatibility with lithium metal anodes, making 

them particularly attractive for next-generation battery technologies.259 

Argyrodite-type sulfides are a unique class of materials that feature a distinctive crystal 

structure. The general formula LiPSX refers to lithium phosphorus sulfide halides, 

where free sulfide (S2-) halide (X-) ions are integrated into a framework of [PS4]3- 

tetrahedra, with lithium ions occupying interstitial sites within the lattice (Scheme 

20).260 

The ionic conductivity of LiPSX electrolytes is generally in the range of 10-3 to 

10-2 S cm-1 at room temperature, with some compositions exceeding these values at 

elevated temperatures. This high ionic conductivity is critical for enabling fast charge 

and discharge rates, which are essential for high-performance lithium metal batteries. 

This high conductivity is attributed to the relatively low activation energy for Li-ion 

migration in the crystal structure, as well as the well-defined pathways for lithium ions 

to travel through the framework.259,261 
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Scheme 20 Crystal structure of Li6PS5Cl. Reproduced from Baktash et al. with permission from Springer 
Nature.261 

 

In addition to their high ionic conductivity, argyrodite-type electrolytes also exhibit 

relatively high stability against lithium metal, which is a significant advantage in 

preventing the formation of dendrites.262 To further improve the Li-metal-argyrodite 

interface, Li-In alloys are often used as anodes to reduce side reactions.263 The ability 

of these electrolytes to support stable cycling and mitigate dendrite growth is one of 

the key factors driving their potential in lithium metal battery applications. 

Another critical property of LiPSX electrolytes is their electrochemical stability window. 

These materials are typically stable within a voltage range of 0.5 to 3.0 V versus Li|Li⁺, 

which makes them incompatible with a wide range of cathode materials, like NCM, and 

other high-energy-density materials. However, in practice the window is wider as the 

(de)lithiation in full cells is favored compared to the decomposition of the argyrodite.264 

Further, the degradation products passivate the cathode and do not lead to continuous 

decomposition as was confirmed by Auvergniot et al.265 

The synthesis of argyrodite LiPSX-type electrolytes requires careful control of 

composition, stoichiometry, and processing conditions. Several synthesis methods 

have been explored for the preparation of these materials, each influencing the 

microstructure and ionic conductivity of the final product. 

The most common method for synthesizing LiPSX argyrodite electrolytes is solid-state 

synthesis, in which stoichiometric amounts of Li2S, phosphorus pentasulfide (P4S10), 

and halide salts (e.g., LiCl, LiBr, or LiI) are mixed or ball milled and heated at high 

temperatures. This approach typically requires temperatures in the range of 400–

600°C, depending on the specific composition and desired properties. The solid-state 

method is relatively straightforward and cost-effective, but it may result in the formation 
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of unwanted phases or poor control over the final particle size and morphology. Post-

annealing and sintering can help to improve the ionic conductivity of the argyrodites.266 

In order to improve the homogeneity of the precursor materials and the overall quality 

of the final product, solution-based methods such as sol-gel or precipitation techniques 

are increasingly being explored. These methods involve dissolving the precursors in a 

solvent, followed by gelation and subsequent precipitation or heat treatment to form 

the argyrodite electrolyte. This approach allows for better control over the 

stoichiometry, morphology, and microstructure of the resulting materials, and it has the 

potential to yield higher ionic conductivity compared to solid-state synthesis.267–270 

One of the significant challenges for solid-state electrolytes is maintaining mechanical 

integrity during cycling. While argyrodite LiPSX electrolytes offer good mechanical 

properties relative to other sulfide-based SSEs, they are still relatively brittle compared 

to liquid electrolytes. However, their high ionic conductivity, coupled with the ability to 

form dense, uniform thin films, can help improve their mechanical stability, especially 

when used in combination with appropriate electrolyte composite structures.271 

Cycling stability is a crucial factor in determining the long-term performance of lithium 

metal batteries. LiPSX electrolytes have demonstrated excellent cycling stability, 

particularly in combination with lithium-indium metal anodes. The materials are able to 

maintain high ionic conductivity and stable electrochemical performance over many 

charge and discharge cycles but usually require high pressure (> 25 - 50 MPa) to 

maintain contact and stable electrochemical performance.272 

Argyrodite LiPSX-type sulfide electrolytes represent a promising class of solid-state 

materials for lithium metal batteries, offering high ionic conductivity, excellent 

electrochemical stability, and compatibility with lithium metal anodes. While challenges 

related to mechanical fragility, interface stability, and scalability remain, continued 

research into these materials is likely to yield solutions that make LiPSX electrolytes a 

key component of future high-energy-density, safe, and long-lasting lithium metal 

batteries. With further advancements in synthetic techniques and materials 

engineering, LiPSX-type argyrodite electrolytes hold the potential to play a significant 

role in the next generation of energy storage technologies.266 
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2.7.4 Hybrid Electrolytes 

As aforementioned, one of the primary challenges facing SSBs is the development of 

a suitable electrolyte that can effectively support the use of lithium metal as the anode. 

Lithium metal, while offering high energy density, is prone to dendrite formation, which 

can cause short circuits and failure of the battery especially in polymer electrolytes. 

Furthermore, such polymer-based materials often struggle with low ionic conductivity 

at room temperature. Oxides and sulfides, however, often have issues related to 

interface stability between the electrolyte and the electrodes in addition to high 

pressure requirements for stable cyclisation. Further, processing and scalability of 

polymers is significantly easier than it is for oxides and sulfides.4 In Table 1 the main 

advantages and disadvantages of oxides, sulfides, and polymers for application in 

SSBs are summarized. In summary, all the currently employed SSEs of oxides, 

sulfides, and polymers have significant drawbacks, hindering the industrialization and 

adoption of the SSB.  

To solve some of these issues and mitigate the weaknesses of the different concepts, 

hybrid systems gain more and more attention as they are a logical step towards 

improving the performance and applicability of SSBs. 
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Table 1 List of main strengths and drawbacks of oxide, sulfide, and polymer solid state electrolytes. 
Adapted from Pacios et al.4 

 oxides sulfides polymers 

strengths 

high voltage 

compatibility 

high ionic 

conductivity 
facile processing 

safety 
decent electrode 

compatibility 

mass production 

feasibility 

stability   

drawbacks 

high interface 

resistance 
high cost 

high operation 

temperature 

unfavorable 

mechanical 

properties 

air sensitive 
dendrites cause 

short circuits 

mass production 

feasibility 
toxicity of H2S stability 

conductivity stability ion conductivity 

difficult to make 

large capacity 

batteries 

mass production 

feasibility 
 

 

The term “hybrid electrolyte” is not clearly defined yet in the scientific literature. For this 

thesis, the definition of a “hybrid electrolyte” will follow Passerini’s et al. definition of a 

hybrid electrolyte:273 

 

Hybrid electrolytes contain at least two lithium-ion conductive phases, which can be 

inorganic, polymeric and/or liquid phases. 
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A comprehensive overview of the classification and types of hybrid electrolytes from 

Passerini et al. is depicted in Scheme 21. 

 

Scheme 21 Classification of hybrid electrolytes. Oxides and sulfides are combined as inorganic 
electrolytes. Reprinted from Passerini et al. with permission from Elsevier.273 

 

With this definition, hybrid electrolytes combine aspects of solid, polymeric, and liquid 

phases, aiming to mitigate the drawbacks of each. Since there are a plethora of 

different SSEs available, and the possible combinations are nearly endless, 

categorization is difficult. However, current research shows that some combinations 

seem to have more potential than others:274 

1. layered hybrid electrolytes 

2. inorganic mixed hybrid electrolytes 

3. liquid-oxide hybrid electrolytes 

4. polymer-inorganic hybrid electrolytes 
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A simplified overview of the four categories of hybrids is shown in Scheme 22. Note 

that all hybrid concepts may also be combined, and constituents may be swapped. 

 

Scheme 22 Schematic representation of different hybrid categories. a) layered electrolyte of a polymer 
and an inorganic layer. b) mixed inorganic electrolytes from two different inorganic electrolytes. c) a 
liquid-oxide hybrid electrolyte where the liquid electrolyte provides ion transport into the porous 
cathode (orange) and infiltrates the oxide separator. d) a polymer-inorganic electrolyte where an 
inorganic particle is dispersed in a polymer matrix. Note that these concepts may be combined, and 
components can be exchanged for other materials as well. Often, a strict definition of a hybrid system 
is not possible. 

 

Layered hybrid electrolytes typically consist of layers of different materials, each 

engineered to address specific challenges in lithium-metal SSBs. For instance, one 

layer may be designed to provide high ionic conductivity, while another offers robust 

mechanical properties to suppress dendrite growth.275 A common configuration 

involves a solid inorganic layer combined with a polymeric or gel phase at the electrode 

interfaces. The inorganic layer, often composed of materials such as lithium garnets 

(e.g., LLZO)276 or sulfides,277 ensures excellent ionic transport and chemical stability. 

The polymeric layer, in contrast, provides flexibility and an intimate interface with the 

lithium-metal anode, reducing interfacial resistance and accommodating volume 

changes during cycling.278 

The layered structure enables a synergetic effect, overcoming limitations inherent to 

single-phase electrolytes. For example, while purely inorganic electrolytes exhibit high 
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stiffness and ionic conductivity, they often suffer from poor interfacial contact with the 

lithium-metal anode. Conversely, polymer electrolytes, though mechanically soft and 

chemically compatible, typically have lower ionic conductivities. By integrating these 

phases into a layered hybrid design, it is possible to leverage the strengths of both 

materials while mitigating their drawbacks. Layers of inorganic layers are also possible. 

Hüttl et al. showed, that a layered system of LLZO and Li7P3S11 could reduce interface 

resistance drastically while improving cycling stability without accelerating 

degradation.279 Combining two polymeric phases can also be beneficial. 

Goodenough’s research group could increase Li-metal battery performance by layering 

one low and one high voltage stable PE and orienting them accordingly to anode and 

cathode.280 

Recent advancements in layered hybrid electrolytes have focused on improving 

interfacial stability and scalability. Techniques such as atomic layer deposition281 and 

layer-by-layer assembly have been employed to precisely control the thickness and 

composition of each layer.7 Furthermore, the incorporation of lithium salts and ceramic 

fillers into polymeric layers has been shown to enhance ionic conductivity and lithium-

ion transference number.282 Some studies have also explored the use of gradient 

structures, where the composition and properties vary gradually across the layers to 

minimize delamination and improve mechanical integrity.283 

 

Inorganic mixed hybrid electrolytes are materials that combine multiple inorganic 

phases to create a composite structure with synergistic properties. These hybrids are 

designed to address key challenges such as ionic conductivity, mechanical stability, 

and interfacial compatibility with lithium metal. Currently, there are few examples of 

inorganic-inorganic mixtures. Both available studies use Li3PS4 to mitigate the high 

hardness of oxides such as LLZO,284 Al2O3, SiO2, and Li6ZnNb4O14
285 to ease 

processing, increase the ionic conductivity and improve interfacial contact.  

 

Liquid-oxide hybrid electrolytes combine the advantages of both liquid and solid 

electrolytes. These hybrid electrolytes are designed to take advantage of the high ionic 

conductivity of liquid electrolytes, while leveraging structural stability and dendrite-

suppressing properties of oxide materials. One approach towards a liquid-oxide hybrid 

is a quasi-solid slurry as was shown by Park et al.286 By adding an ionic liquid to LATP 

powder they obtained a clay that achieved an ionic conductivity of 1.6 mS cm-1 while 
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facilitating processing of the SSE. For LLZO, Kim et al. could confirm similar 

behavior.287 Alternatively, the research group of Archer showed that nanoporous Al2O3 

can be infiltrated with LEs to obtain LE-like ionic conductivities while suppressing 

dendrite penetration.288 Similar, a study by Cheng et al. showed that ionic liquids were 

used to infiltrate a flexible LLZO sheet to boost interface contact.289 Other studies 

include the infiltration of metal-organic-frameworks290 or porous oxide monoliths.291 

More common however, is the use of LEs, ionic liquids, or other organic liquids, to 

improve the wettability of oxide pellets with the anode but even more importantly the 

cathode.292–294 The oxides are usually of high hardness and therefore quickly lose 

contact to the porous cathode under cycling as the battery cell expands and shrinks. 

Liquid electrolytes help to mitigate the contact and capacity loss.295,296 

 

Polymer-inorganic hybrid electrolytes are commonly referred to as Composite Polymer 

Electrolytes (CPE) and will be explained in the next Chapter 2.7.4.1. 

 

2.7.4.1 Composite Polymer Electrolytes 

For this thesis, any system where a polymer and any form of inorganic material are 

combined to form the separator will be considered a CPE. Inorganic materials can be 

Li-ion conduction but may also be inert materials. As there are technically not two Li-

ion conducting phases, if inactive inorganic materials are used, they would not be 

covered by the definition given for hybrid electrolytes in the last Chapter 2.7.4. 

Composite polymer electrolytes have emerged as a promising class of materials for 

lithium metal batteries, addressing some of the limitations of traditional liquid and solid-

state electrolytes. By combining polymers and inorganic fillers, these materials aim to 

improve the generally poor ionic conductivity and mechanical strength of polymer 

electrolytes while maintaining their superior processing and scalability.297 Often, 

polymers such as PEO,28,298 PVDF,14 PAN,299 PMMA,300 and their derivatives,301 

copolymers13 and blends19 are employed in the fabrication of CPEs. For inorganic 

fillers there are two main classes of materials: active and inactive.302 Active fillers 

directly participate in Li-ion transport by providing fast-conducting pathways. Prominent 

examples include LLZO21 and LATP.303 Inactive fillers, on the other hand, do not exhibit 

inherent ionic conductivity but enhance the electrolyte’s mechanical properties, reduce 

polymer crystallinity, or modify the microstructure to facilitate ion transport.304 Common 

inactive fillers include inert materials like Al2O3,305 TiO2,306 and SiO2,307 which improve 
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the electrolyte’s dimensional stability and suppress dendrite growth on the lithium 

anode.308 Although inactive fillers themselves are incapable of Li-ion transport, some, 

such as MoO3, form an interface with polymers and Li-salts that exhibit higher ionic 

conductivity than the polymer itself.309 

Usually, ceramic fillers are used as sulfides tend to react with polymers, especially 

oxygen containing polymers.310 Nevertheless, there are some examples of sulfide-

based CPEs with PEO and PMMA derivatives.32,311–313 For argyrodites specifically, 

butadiene-rubber derivatives and are often used as a binder to improve flexibility and 

contact. They are not or only slightly ion conductive and therefore usually only small 

amounts are used.34,314 

Two key architectures dominate the field: polymer-in-ceramics (PIC) and ceramics-in-

polymer (CIP). The exact definitions are unclear yet but in general, CIP contain less 

than 50 wt% ceramics while the opposite is true for PIC. The differentiation is important 

as the transport mechanisms of Li-ions are dependent on the dominant phase.315 

Fabrication of CPEs varies widely. Physical mixing through ball milling316 or 

extrusion317 of particles and polymers is possible and often used in larger scales. On 

the lab scale, techniques such as solvent-casting,318 electrospinning,319 hot-

pressing,320 or roll-pressing321,322 are frequently used.  

Depending on the fabrication method and surface energy of the fillers, particle 

agglomeration is a pervasive issue. Inadequate dispersion techniques or high filler 

concentrations exacerbate this problem, creating hotspots of conductivity and 

mechanical stress.36 Surface modification of ceramic particles using functional groups 

or coatings has been explored to mitigate agglomeration and improve polymer 

compatibility.323,324 For instance, surface grafting of salts325 and polymers18,22 onto 

ceramics can enhance ionic conductivity and promote better dispersion within the 

polymer matrix. 

Particle alignment, size, proportion, morphology, and tortuosity are of high importance 

in CPEs.326 Together with coatings they define the interface between polymer and filler. 

Usually, this interface has a high resistance for Li-ion reducing the overall performance 

of the CPE. Hence, interface engineering emerged as a highly relevant topic to the 

success of CPEs.36 

 

In summary, CPEs represent a synergistic approach to overcoming the limitations of 

individual polymer or inorganic electrolytes. While the architectures of polymer-in-
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ceramics and ceramics-in-polymer each offer distinct benefits regarding 

electrochemical and mechanical performance, their practical application in lithium 

metal batteries is hindered by challenges such as particle agglomeration and interface 

resistance. Advances in material synthesis, surface engineering, and processing 

techniques are essential to fully exploit the potential of CPEs in next-generation energy 

storage systems. 
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3 Motivation and Goal 

The research across all projects was conducted in close collaboration with universities 

and research institutes within Germany as part of the FestBatt 2 Cluster of 

Competence (FB2), founded by the Federal Ministry of Education and Research 

(BMBF). FestBatt 2 (03XP0428C) aims to bridge research and industry in the 

development of solid-state lithium metal batteries. 

This dissertation is motivated by the urgent need to address the challenges in 

developing high-performance solid-state electrolytes (HSSEs) by optimizing polymer-

particle interactions, creating scalable synthesis methods, and enhancing the 

fundamental understanding of interface behavior. By collaborating closely with both 

industrial and academic partners, this work seeks to explore the potential of integrating 

oxide- and sulfide-based Li-ion conductive particles into polymer matrices to achieve 

superior ionic conductivity, mechanical stability, and electrochemical performance. The 

primary goal is to develop practical, cost-effective, and scalable strategies for the 

fabrication of HSSEs to ensure their successful implementation in real-world battery 

applications. 

The motivation behind this research is further strengthened by the demand for 

commercially viable solutions that bridge the gap between fundamental materials 

science and industrial feasibility. In particular, active filler materials, e.g., LATP and 

LLZO, need improved interaction with polymers in mixed systems to reduce 

agglomeration and interfacial Li-ion transport. For this purpose, polymeric coatings 

need to be developed that improve the polymer-particle interface compatibility. 

Moreover, the processing of hybrid materials is challenging and difficult to implement 

into existing factories. Hence, developing “drop-in” concepts, that can be included into 

already established streamlined processes would be highly beneficial for the 

commercialization of SSBs. 

By leveraging innovative polymer chemistries, surface modification techniques, and 

advanced coating strategies, this work aims to address the key limitations of current 

HSSEs. Novel sulfur-based polymers compatible with argyrodites need to be 

developed and cheap, efficient, and controllable coatings for ceramic electrolytes for 

different polymer matrices are essential to improve the performance of hybrid 

electrolytes. The development of thin, flexible, and high-performance hybrid solid-state 

electrolytes that can operate under ambient conditions without complex processing 

steps would represent a significant step forward in solid-state battery technology. 



Results and Discussion 
___________________________________________________________________ 

54 

4 Results and Discussion 

4.1 Evaluation of HNBR for CPEs 

Hydrogenated Nitrile Butadiene Rubber (HNBR) is a synthetic elastomer synthesized 

by hydrogenating nitrile rubber (NBR) (Scheme 23), which improves its thermal 

stability, chemical resistance, and mechanical properties. It is produced on an 

industrial scale and is used in automotive applications, construction, and in sealing.327 

 

Scheme 23 PPM of NBR to obtain HNBR. 

 

HNBR is highly resistant to high temperatures (e.g., > 300 °C), while having great film 

forming properties making it a suitable polymer for high safety SSEs. Since it does not 

contain oxygen atoms and therefore exhibits high stability for sulfide-based SSEs, it is 

used as a binder for argyrodites.9,314 Through a collaboration with ARLANXEO, they 

supplied Therban 4367, a HNBR with 43 wt% acrylonitrile content and a low viscosity, 

which facilitates improved film formation. In this chapter, Therban 4367 is used in 

combination with LATP and Li6PS5Cl to assess the viability of HNBR rubbers as a Li-

ion conducting phase in a CPE. 

As a basis, a publication from Li et al.8 shows that HNBR with 40 wt% acrylonitrile has 

desirable properties for polymer electrolytes: completely amorphous, oxidative stability 

> 5 V, t+ of 0.56, high thermal stability > 100 °C, and good dissociation of LiTFSI. 

Nevertheless, the main drawback is the comparatively low ionic conductivity of 3.1·10-

7 S cm-1 at 25 °C. By the addition of a highly ionic conductive phase such as LATP or 

Li6PS5Cl this disadvantage might be circumvented while maintaining the favorable 

properties and facile processing. 

Parts of this chapter, along with the corresponding sections in the experimental part, 

were adapted with permission from a publication written by the author (Daniel 

Döpping).328 
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4.1.1 Strategy 

To take advantage of the excellent film forming properties of HNBR, LATP powder can 

be incorporated through solvent-casting. The general procedure of Li et al. was 

adapted to add LATP powder as a dispersion.8 LATP with the elemental distribution 

Li1.5Al0.5Ti1.5P3O12 and an average size of 0.24 µm was kindly provided by 

Forschungszentrum Jülich within the FB2-Hybrid platform by Dr. Martin Finsterbusch 

and M.Sc. Xiaochen Liu. Additional data of the provided LATP is available in the 

Appendix (Figure 111 and Table 23). 

Solvent-casting however, is not applicable to Li6PS5Cl, as Li6PS5Cl degrades quickly 

in contact with solvents capable of dissolving HNBR, namely acetone.329 Hence, 

alternative membrane preparation methods are necessary for Li6PS5Cl-HNBR CPEs. 

For this purpose, a hot-press was purchased and placed inside a glovebox. Through 

repeatedly mixing and pressing HNBR with Li6PS5Cl powder, a composite can be 

achieved without the utilization of solvents. Alternatively, layered structures of HNBR-

Li6PS5Cl-HNBR may protect Li6PS5Cl against degradation by air/water during 

processing while boosting contact at the electrolyte-electrode interface by 

incorporating the flexible polymer layer and therefore reducing the required stack 

pressure. 

According to Li et al., HNBR has the highest ionic conductivity at a [N]:[Li] ratio of 5:1. 

As a baseline, the ionic conductivity of Therban 4367 with LiTFSI at the aforementioned 

ratio in a temperature window form 20 - 70 °C was measured (Figure 1). 

Compared to the reported value from Li et al. of 3.1·10-7 S cm-1 at 25 °C, the recorded 

value for 30 °C is slightly lower at 1.3·10-7 S cm-1. This difference may be due to slightly 

different acrylonitrile content (Li et al. 40 wt%, Therban 4367 43 wt%), polymer 

synthesis procedure, or varying sample preparations. 

The measured baseline of Therban 4367 is used to assess the CPE’s performance in 

regard to their influence on the ionic conductivity. 
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Figure 1 Ionic conductivity of pure Therban 4367 with a LiTFSI concentration of [N]:[Li]=5:1 from 
20 - 70 °C. The film preparation is described in 6.3.1.1. 

 

4.1.2 LATP-CPEs 

As the supply of LATP was limited to approximately 5 g, the number and quantity of 

available experiments was limited. First, it was necessary to determine the influence 

of pristine LATP on the ionic conductivity of HNBR films. Hence, a film with 12 wt% of 

LATP (Figure 2) was made to compare the ionic conductivity to the pure HNBR-LiTFSI 

film (picture in Appendix Figure 112, the film preparation is described in 6.3.1.2). The 

films are labeled according to their composition (e.g., HNBR-12wt%LATP means the 

film is composed of the default HNBR-LiTFSI matrix with an LATP concentration of 

12wt% of total mass added). 12 wt% were chosen, as this is close to common oxide 

content (10-15%) that provide the highest ionic conductivity in various polymer-oxide 

CPEs.330–334 The direct comparison in ionic conductivity to HNBR-LiTFSI is depicted in 

Figure 3. 
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Figure 2 Picture of the HNBR-12wt%LATP film. Red circles mark visible agglomerates of LATP 
nanoparticles. The surface is slightly uneven. 

 

Visually, the HNBR-LATP films had a slightly irregular surface which may be due to 

surface tension during drying or uneven solvent evaporation. More importantly, the 

films showed agglomerates of LATP powder, which indicated a high surface energy of 

the nanoparticles. The issues arising from uneven filler distributions are explained in 

Chapter 2.7.4. Nevertheless, the determined ionic conductivity showed a clear trend. 

At 20 °C no difference could be observed between the pristine and LATP containing 

HNBR film with an ionic conductivity of 2.33·10-8 S cm-1. However, with increasing the 

temperature, the HNBR-12wt%LATP film exhibited a continuously higher ionic 

conductivity than the pure HNBR film with an ionic conductivity of 1.02·10-5 S cm-1 at 

70 °C compared to 8.21·10-6 S cm-1 of the pure HNBR film. 

The findings of uneven LATP distribution in the HNBR matrix and increased ionic 

conductivity at elevated temperatures strongly indicate that the LATP-polymer 

interface is the main limiting factor of the CPE. The mismatch in chemical potential 

between particle surface and polymer hinders the Li-ion conduction through the LATP 

particles. At higher temperatures the interface resistance can be overcome by Li-ions 

and therefore slightly boost the ionic conductivity. 
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Figure 3 Comparison of the ionic conductivity of pure HNBR+LiTFSI films with HNBR-12wt%LATP CPE 
from 20 - 70 °C. 

 

To further assess the viability of LATP-HNBR CPEs, a novel approach of PAN surface 

coating of LATP was theorized. The formation of space-charge layers in between the 

LATP and HNBR matrix may be a reason for the high interface resistance at the LATP 

particle surface as was shown for PEO-LLZO composites.335 

By covalently binding PAN to the LATP particles a better mixing with the HNBR should 

be possible as HNBR also contains PAN segments and consequently may reduce the 

interface resistance to Li-ion migration. 

To achieve thin, scalable, and controllable polymer coatings, a method by Zhou et al. 

was adapted.88 The surface was coated by a thin layer of CTA and in a second step a 

radical polymerization functionalized the surface with the desired polymer. Finding 

suitable synthesis parameters for a homogenous, thin coating was challenging and 

required multiple attempts. Due to the limited amount of LATP available, the coating 

behavior was systematically studied on silica nanoparticles of similar size (200 - 

400 nm average diameter). The results of this study on silica nanoparticles were 

published in Polymer Chemistry. The study included PMMA coatings, however, since 

they are not the targeted coating material for the LATP particles, this chapter will only 



Results and Discussion 
___________________________________________________________________ 

59 

consider the results for PAN coatings and focus on the important results for thin, 

homogeneous PAN coatings on LATP.328 

The general coating strategy is based on a surface modification of oxide particles with 

a commercially available alkoxy silane, (3-mercaptopropyl)-trimethoxysilane (SH-

TMS). SH-TMS subsequently acts as a chain transfer agent in a radical polymerization 

leading to thin polymer coatings at the particle surface. A schematic of the two-step 

coating process can be found in Scheme 24. 

The method of Zhou has a distinct advantage over other coating strategies. First, SH-

TMS is considerably more affordable than other surface-active CTAs, which often need 

to be synthesized in multi-step processes (e.g., RAFT-agents, etc.). Second, in theory, 

any radically polymerizable monomer can be used, circumventing the monomer 

limitations of controlled radical mechanisms. Third, although to a lesser degree 

compared to CRP, control over chain length and dispersity is given. Lastly, as there 

are free polymer chains forming in solution, indirect characterization of the particle 

coating is possible without the need to cleave polymer chains off the particle surface. 

The first step of tethering the CTA agent to the silica particle surface was adapted from 

literature to favor monolayer coating of SH-TMS.336 After drying the SH-TMS coated 

silica (SH@SiO2), TGA (6.3.1.3, Figure 62), ATR-IR (6.3.1.3, Figure 63), and Cryo-

TEM analysis was performed on the sample. In TGA and ATR-IR no differences were 

found between pristine and SH-TMS coated silica nanoparticles, still the Cryo-TEM 

micrographs showed a coating of less than 1 nm with slightly thicker coating at the 

contact points between particles (Figure 4). 
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Scheme 24 a) Reaction scheme of the hydrolyzation of (3-mercaptopropyl)-trimethoxysilane (SH-TMS) 
to (3-mercaptopropyl)-silanetriol under acidic conditions. b) Surface modification of oxide particles 
(dark blue) with (3‑mercaptopropyl)-silanetriol (green) via condensation. Additional condensation 
products were omitted for clarity. The (3‑mercaptopropyl)-silanetriol can have 1 to 3 condensations 
with the surface or react with other silanetriols to an amorphous network at the surface or in solution. 
The thiol-surface acts as a chain-transfer agent in the subsequent radical polymerization. c) Simplified 
chain transfer mechanism of PAN to the SH-TMS at the silica particle surface. Pn represents the polymer 
chain of PAN, the dark blue bars represent the silica particle. Growing and terminated polymer chains 
in solution (light blue) and polymer chains bound via SH-TMS (red) to the silica nanoparticle surface 
are mechanistically linked. Therefore, the chain length in solution and coating thickness of PAN should 
be correlated. The upper path depicts a “grafting-from” reaction path while the lower path depicts 
“grafting-to” which simultaneously happens during the coating. Note that for simplification several 
competing reaction pathways are not depicted. The most important alternative reaction path does not 
include a CTA and therefore reacts according to a classical free radical polymerization.328 
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Figure 4 TEM micrographs of SH@SiO2. Silica particles are spherical with a diameter of > 150 nm (a). 
The SH-TMS coating is hard to discern from the amorphous silica particle (b, d). At contact points 
between particles, small agglomerates of silane are visible (c).328 

 

To assess the coating behavior of PAN on SH@SiO2 particles, a wide range of 

monomer concentrations was tested. As it is crucial to maintain the same CTA 

concentration between samples, the mass of SH@SiO2 was used as a reference and 

the mass ratio of monomer increased from 1:0.1, 1:0.5, 1:1, 1:2, to 1:5 

(m(SH@SiO2):m(acrylonitrile)), respectively. All other parameters were kept identical 

(procedure in Chapter 6.3.1.4). Upon the polymerization, SEC samples were 

withdrawn in specific intervals from the crude reaction mixture which showed a steady 

increase in the values of the number average molecular weight and dispersity 

correlating to monomer concentration increase, indicating, that the CTA on the silica 

surface successfully participated in the polymerization (Figure 5, Table 2). The only 

outlier was 1:5 as the high monomer concentration probably led to the Trommsdorff-

Norrish-effect accelerating the polymerization rate. This was also evident from the PAN 

coated silica nanoparticles (PAN@SiO2) after washing and drying being off-white 

powders for all concentrations but 1:5 where thick polymeric chunks were obtained 

instead (6.3.1.4, Figure 64). 
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Figure 5 DMAC-SEC elugram of all tested concentrations of PAN in the crude reaction mixture against 
a PMMA standard.328 

 

Table 2 Mn and dispersity, Đ, values for PMMA and PAN from the crude reaction mixture after the 
particle coating. Increasing the monomer concentration increases both, the number average molecular 
weight Mn and the dispersity Đ for both polymers. The values in italics are omitted from the fits due to 
skewed values from the gel effect. 

Ratio Mn / g mol-1 Đ 

1:0.1 900 3.82 

1:0.5 2,400 4.38 

1:1 4,000 5.19 

1:2 4,900 7.02 

1:5 9,500 6.75 

 

Further, the dried PAN@SiO2 particles were analyzed via TGA (6.3.1.4, Figure 65), 

ATR-IR (6.3.1.4, Figure 66), Cryo-TEM (Figure 6), and High-angle annular dark-field 

(HAADF) scanning transmission electron microscopy (STEM) with Energy-dispersive 

X-ray spectroscopy (EDX) (Figure 7). 
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In the TGA measurements, omitting 1:5, the mass loss correlated strongly with the 

monomer concentration (Appendix, Figure 113) indicating control over the coating 

thickness by varying the monomer concentration. ATR-IR revealed no difference to 

pristine silica nanoparticles except for 1:5 where weak bands corresponding to CH2 

and CN were identified (6.3.1.4, Figure 66). 

 

Figure 6 TEM micrographs PAN coatings on SiO2-NPs at the respective monomer concentration in 
solution. Dark gray spherical shapes are the SiO2-NPs with the lighter gray edges showing the 
amorphous polymer coating. 1:5 could not be measured.328 

 

Through Cryo-TEM micrographs, a homogeneous coating layer could be identified as 

a thin light gray layer atop the silica surface. Increasing the acrylonitrile concentration 

led to increased inhomogeneity and irregularities/agglomerates at the particle surface. 

Additional TEM micrographs of PAN@SiO2 corroborating these findings are shown in 

the Appendix (Figure 114 - Figure 117). 

For clear identification of the structure of the coating, an EDX scan on a single particle 

of PAN@SiO2 1:2 was performed. The EDX scan confirmed the core-shell structure 

through the elemental composition across a three-layer structure consisting of PAN, a 

CTA, and the silica nanoparticle core. The outermost layer, corresponding to the PAN 
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coating, was clearly identifiable by the presence of nitrogen (N, green) signals in the 

EDX data. The scan shows that the polymer layer was approximately 8 nm thick on 

one side and 12 nm on the other, which formed the outer boundary of the structure. 

This consistent elemental profile suggests that the polymer coating was evenly applied 

around the silica nanoparticle core, but as already observed in the TEM micrographs 

can have varying thickness. 

Beneath the polymer coating lies the chain-transfer agent (CTA) layer, which is 

composed of sulfur-containing thiol groups. The EDXS scan reveals a distinct sulfur 

(S, orange) peak, confirming the presence of the CTA. The sulfur signal is confined to 

a very thin layer, approximately less than 2 nm thick, positioned between the polymer 

coating and the silica nanoparticle core. This sharp sulfur peak highlights the thin, 

interfacial nature of the CTA layer, suggesting that it plays a key role in the 

polymerization process without significantly extending beyond the interface region. 

The innermost layer, representing the silica nanoparticle core, is characterized by 

strong silicon (Si, blue) and oxygen (O, red) signals in a 1:2 ratio, which is expected of 

silica. The EDX data shows a clear transition to a homogenous intensity of silicon and 

oxygen peaks as the scan moves towards the core. The absence of significant sulfur 

or nitrogen signals in this region confirms that the coating along the scan axis is thin 

and no large PAN or SH-TMS agglomerates are formed. 

 

Figure 7 a) High-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) 
of PAN@SiO2 1:2. The Si-, O-, S- and N-distributions within the single SiO2 core-shell nanoparticle are 
determined from the EDX line profile, which is recorded along the orange line in the HAADF-STEM 
image. The particle has a diameter of 320 nm. b) Elemental distribution along the EDX scanning line 
for PAN@SiO2 1:2. Si-, O-, S-, and N-distributions are shown in blue, red, orange, and green, 
respectively. Si and O show the position of the SiO2-NP. S indicates the SH‑TMS CTA coating layer. N 
represents the PAN coating attached to the CTA. c) Elemental distribution along the EDX scanning line 
magnified to better visualize the interface. S- and N-distributions are shown in orange, and green, 
respectively. The coating thickness of the nitrogen containing PAN is 8 nm on the left side and 12 nm 
on the right side. The thickness of the sulfur layer is 1-2 nm within the range of the resolution limit of 
the EDX scan.328 
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After confirming the viability of visual identification of the coating layer in TEM 

micrographs, all coated particles were assessed for their average coating thickness by 

measuring the visible coating layer in ImageJ. For each sample, about 40 - 80 values 

were measured in even intervals wherever the coating layer was clearly identifiable. 

The arithmetic mean and standard derivation of the coating thickness of all samples 

was calculated and plotted against the Mn obtained from the crude solution (Figure 8). 
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Figure 8 Mn in solution plotted against the coating thickness of PAN on SiO2-NPs. Values for the coating 
thickness are derived from ImageJ. Depicted is the arithmetic mean with one standard deviation as 
error. The dotted line is the linear fit of the Mn-coating thickness data points indicating a strong 
correlation (R²=0.99) between polymer chain length in solution and coating thickness on the surface 
of SiO2-NPs. All values used for calculation are available in Chapter 6.3.1.4.328 

 

The strong correlation between molecular weight in solution and coating thickness 

indicates substantially good control over the coating behavior through SH-TMS as a 

surface bound CTA. Furthermore, it was shown that the two-step coating approach is 

suitable for thin, homogeneous coatings of PAN to a nanoparticle surface. 

After evaluating the average coating thickness and homogeneity, the conditions for 

PAN@SiO2 1:1 seemed to have the best properties for PAN coatings of LATP. The 

PAN layer was on average about 4 nm thick, allowing for entanglement with the HNBR 

matrix while not showing excessive polymer agglomerates as were observed for 1:2. 

Hence, first SH@LATP and afterwards PAN@LATP was synthesized according to the 
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procedure for PAN@SiO2 with a monomer mass ratio of 1:1 (6.3.1.3 and 6.3.1.4). As 

a first characterization a TGA measurement revealed an increased mass loss with 

each subsequent synthesis step (Figure 9) indicating a successful coating. The 

maximum mass loss of PAN@LATP was smaller than 3% and therefore a definitive 

proof of coating with PAN was impossible through TGA. The low difference is within 

the weight drift range of ~10 µg, and adsorbed water/gas can lead to measurement 

errors in a similar range as is mentioned in the handbook of the utilized TA Instruments 

TGA 5500.337 Nevertheless, the indication of additional degradation steps in 

PAN@LATP over SH@LATP at 270 °C and 330 °C implies a chemical difference 

between the two samples. 
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Figure 9 TGA measurements of pristine LATP, SH@LATP, and PAN@LATP from 30 - 800 °C at a heating 
rate of 10 K min-1. 

 

To confirm the successful surface modification, Cryo-TEM micrographs of all particles 

were taken as well. In the micrographs LATP expectedly had a highly different 

morphology than SiO2. While SiO2 exhibits an almost perfectly spherical shape with a 

smooth surface, LATP has a rough and edgy surface with small crevices (Figure 10 a) 

assumably due to the pressing and sintering during the synthesis of LATP. Moreover, 

TEM micrographs revealed a large particle size distribution with some particles 
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exceeding several µm and widely varying particle shapes. Still, upon coating with SH-

TMS the surface was visually similar to SH@SiO2 with a smooth edge denoting a silane 

coating filling crevices and leveling the rough boundaries (Figure 10 b). 

 

Figure 10 TEM micrographs of a) pristine LATP, b) SH@LATP, and c) PAN@LATP. The rough surface of 
pristine LATP is smoothened by coating with SH-TMS. 

 

Furthermore, after coating with PAN, an amorphous layer of about 5 nm thickness was 

visible revealing the successful synthesis of PAN@LATP (Figure 10 c). The coating 

layer of PAN@LATP 1:1 was about 1 nm thicker than PAN@SiO2 1:1 which is probably 

due to the different particle morphologies and the resulting differences in contact area 

between particles and solution affecting the reaction rates. Additionally, the diffusion 

properties change due to the crevices and inhomogeneous distribution of particle 

sizes. Further TEM micrographs of LATP, SH@LATP, and PAN@LATP are available 

in the Appendix Figure 118, Figure 119, and Figure 120, respectively. 

 

Upon the conformation of the homogeneous and thin PAN coating, HNBR films 

containing the newly synthesized PAN@LATP particles were made following the same 

procedure as for the HNBR-12wt%LATP films (6.3.1.2). The resulting HNBR-

12wt%PAN@LATP (Figure 11) film was visually identical to HNBR-12wt%LATP. The 

coating with PAN did not suppress the formation of LATP agglomerates. Larger 

agglomerates of PAN@LATP particles were observed in TEM micrographs and may 

be a result of the polymeric coating “glueing” particles together. Hence, the exact cause 

of the agglomeration, whether due to the high surface energy of the particles or 

adhesion from the coating, could not be definitively determined. Nonetheless, the ionic 

conductivity of HNBR-12wt%PAN@LATP was measured and compared to that of the 

previous films, HNBR-LiTFSI and HNBR-12wt%LATP (Figure 12).  
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Figure 11 Picture of the HNBR-12wt%PAN@LATP film. Red circles mark visible agglomerates of LATP 
nanoparticles. The surface is slightly uneven. 

 

Interestingly, the film with PAN-coated LATP exhibited poorer performance across all 

temperatures compared to the pure HNBR-LiTFSI film. The difference was highest at 

20 °C. HNBR-12wt%PAN@LATP exhibited an ionic conductivity of 1.81·10-8 S cm-1 

compared to the HNBR-LiTFSI film’s 2.33·10-8 S cm-1. With increasing temperature, 

the difference between the pure HNBR film and the PAN coated LATP CPE became 

negligible with the HNBR-12wt%PAN@LATP film having an ionic conductivity of 

8.10·10-6 S cm-1 at 70 °C. Following this trend, the PAN-coated LATP appeared to 

inhibit the Li-ion conduction compared to the pure LATP, rather than enhancing it, and 

even further decreased the overall ionic conductivity of the HNBR matrix at room 

temperature. This behavior could be attributed to the high rigidity of PAN, which limits 

the number of polymer chains at the LATP surface available for Li-ion coordination and 

transport, as such processes rely on the segmental motion of the polymer chains. 

Furthermore, the entanglement with the HNBR matrix would also be restricted, 

contributing to the observed agglomeration. Overall, the addition of LATP particles, 

whether coated and uncoated, had negligible impact on the inherently low ionic 

conductivity of HNBR. 
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Figure 12 Comparison of the ionic conductivity of pure HNBR+LiTFSI films with HNBR-12wt%LATP and 
HNBR-12wt%PAN@LATP CPE from 20 - 70 °C. 

 

Consequently, it was concluded that HNBR CPEs with LATP additives are unsuitable 

for application in Li-metal solid-state batteries, as the Li-ion conduction through the 

HNBR matrix could not sufficiently be enhanced. It is unlikely that the ceramic-in-

polymer approach of incorporating LATP to HNBR can achieve ionic conductivity in the 

range of 10-4 S cm-1, even at elevated temperatures. Therefore, a more promising filler 

with higher ionic conductivity, namely Li6PS5Cl was explored. 
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4.1.3 Li6PS5Cl CPEs 

As previously mentioned, Li6PS5Cl is highly unstable and degrades upon contact with 

most solvents, except for xylenes and acetonitrile (MeCN).329,338 As HNBR is insoluble  

in both acetonitrile and p-xylene, solvent-casting is not a viable method for membrane 

preparation. However, incorporating a Li-salt into the HNBR matrix is essential to 

enable Li-ion conduction. To achieve a homogeneous distribution of salt within the 

HNBR matrix, it is preferable to solubilize HNBR and the salt, followed by vigorous 

mixing, and subsequent drying of the HNBR-salt mix. Another significant challenge in 

utilizing Li6PS5Cl is the requirement for all synthesis steps to be carried out under an 

inert atmosphere to prevent degradation and, more critically, to avoid the formation of 

toxic H2S gas. Hence, all synthesis procedures including Li6PS5Cl are performed within 

a specialized sulfur glovebox (6.1.12.2). 

To reiterate, the primary goal of hybridizing Li6PS5Cl with HNBR is to improve safety 

by limiting exposure to air/water, while also reducing the high-pressure requirements 

for stable cyclization. Therefore, two different hybridization approaches were 

evaluated. The first approach involved synthesizing a mixed CPE membrane by 

repeatedly pressing and kneading a preformed HNBR-LiTFSI film with Li6PS5Cl until a 

homogenous mass was obtained (Scheme 25 a). This method effectively minimizes 

the exposed surface of Li6PS5Cl by encapsuling the ~10 µm particles within an inert 

HNBR matrix. Additionally, the soft and flexible nature of HNBR improves the 

wettability of the electrodes, which is expected to reduce the required pressure needed 

for stable cell operation. 

The second approach involved creating, a layered system composed of HNBR-

LiTFSI|Li6PS5Cl|HNBR-LiTFSI, designed to specifically protect the surface of the film 

while encapsulating the highly ionically conductive Li6PS5Cl layer (Scheme 25 b). In 

this configuration, the outer HNBR-LiTFSI layers not only shield the Li6PS5Cl from 

direct exposure but also enhance the wettability at the electrode–electrolyte interface. 

This improved interfacial contact is expected to further reduce the pressure 

requirements for stable cell operation. After processing, the two films were visually 

different. The mixed HNBR-Li6PS5Cl hybrid displayed a uniform color and consistent 

thickness throughout, indicating a homogeneous distribution of the components 

(Figure 13 a). In contrast, the layered HNBR-Li6PS5Cl hybrid showed a visibly higher 

concentration of Li6PS5Cl in the central region, with a gradual decrease towards the 

outer regions (Figure 13 b). This uneven distribution is attributed to the hot-pressing, 
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during which the interlocking nature of. the Li6PS5Cl particles hindered their even 

spread towards the edges of the film. This effect is further evident by the marble-like 

structure of films punched out near the outer parts of the layered film (Figure 13 c), 

where cracks formed within the Li6PS5Cl layer, clearly showing interlocked particle 

agglomerates with higher mechanical strength. Additionally, the mixed HNBR-Li6PS5Cl 

has maintained a thickness of approximately 120 µm across all measured samples, 

while layered HNBR-Li6PS5Cl has exhibited significant thickness variation, with the 

central region reaching about 290 µm, while areas near the edges were reduced to 

around 90 µm. Since the HNBR-LiTFSI films have an initial thickness of 50 µm, it is 

evident that the polymer in the layered system was compressed significantly more and 

spread thinner towards the edges during the hot-pressing process. 

 

 

Scheme 25 Synthesis procedure for HNBR-Li6PS5Cl hybrids. Premade HNBR-LiTFSI films (blue) are used 
for both systems. a) For the mixed system Li6PS5Cl is spread evenly atop the HNBR-LiTFSI film and the 
film is folded to encapsule the Li6PS5Cl (1.+ 2.). The mix is hot-pressed to obtain a film (3.). this process 
is repeated 10 times until a homogeneous film is achieved (4.). b) For the layered system Li6PS5Cl is 
spread evenly atop one HNBR-LiTFSI film and the Li6PS5Cl layer is covered with another HNBR-LiTFSI 
film (1.). The stack is hot-pressed (2.) to obtain a layered hybrid (3.). 
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Figure 13 a) Mixed HNBR-Li6PS5Cl hybrid after kneading and hot-pressing 10 times. b) Layered HNBR-
Li6PS5Cl hybrid after hot-pressing. An uneven distribution of Li6PS5Cl is visible. No Li6PS5Cl is visible in 
the peripheral regions. c) 10 mm punched out film from an off-center area. The Li6PS5Cl has a marble-
like pattern with cracks in between. 

The exact thickness of the polymer and Li6PS5Cl layers in the layered hybrid could not 

be precisely determined. However, it is assumed that in the center of the layered hybrid 

the Li6PS5Cl layer was considerably thicker compared to the edges. In contrast, the 

polymer layer was likely thinner in the center compared to the edges. 

From the mixed film, three 10 mm membranes were punched out, while for the layered 

film, three 10 mm membranes from the center and three from the edges were punched 

out. Additionally, small pieces from both films were cut off and transferred out of the 

glovebox for ambient exposure testing. These samples were stored inside a fume hood 

under ambient conditions for a week. The mixed film emitted a noticeable sulfuric odor, 

indicating degradation of the Li6PS5Cl, while the layered film showed no such odor, 

suggesting an improved stability. However, both films displayed visible changes after 

a week, implying that the HNBR matrix provided at least partial protection of the 

Li6PS5Cl against ambient conditions. 

The punched-out films were then dried in an oven, and their ionic conductivity was 

measured at 60 °C. The results from the measurements were averaged to assess the 

performance differences between the mixed and layered hybrid films. (Table 3). 

The results clearly indicated that the addition of Li6PS5Cl in the mixed sample 

negatively impacted the overall ionic conductivity, even compared to the pure HNBR-

LiTFSI film. This decline in performance is likely due to the prolonged and repeated 

hot-pressing, which may have degraded both the argyrodite (Li6PS5Cl) and HNBR 

matrix, ultimately leading to reduced ion mobility. 
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Table 3 Average ionic conductivity of HNBR-LiTFSI compared to HNBR- Li6PS5Cl hybrids at 60 °C. 

Film 
Average σ at 60 °C 

/ S cm-1 

pure HNBR-LiTFSI 3.72·10-6 

mixed 2.23·10-6 

layered (center) 2.16·10-5 

layered (edge) 6.74·10-6 

 

Furthermore, the ionic conductivity measurements were performed using CR2032 coin 

cells, which exhibit a pressure of about 4 bar on the electrolyte film. However, Li6PS5Cl 

typically requires pressures of 250 bar or higher to ensure stable performance and 

achieve high ionic conductivities.272 Due to the high Li6PS5Cl content in the mixed film, 

the low stack pressure may have hindered Li-ion hopping at the grain boundaries, a 

limitation that could not be compensated by the addition of HNBR-LiTFSI. Given these 

findings, it was concluded that hot-press mixing is an inadequate solution for 

incorporating Li6PS5Cl into the HNBR matrix. As a result, no further experiments were 

conducted using this approach.  

In the layered system, the enhancement in ionic conductivity resulting from the addition 

of Li6PS5Cl was more pronounced in the central region compared to the edges. As 

previously stated, this is likely due to a higher Li6PS5Cl to HNBR layer thickness ratio 

in the center is significantly higher compared to the edges, providing a greater volume 

of the highly ionically conductive material. Further, the center has a more homogenous 

distribution of Li6PS5Cl, free from the cracks observed in the peripheral regions, which 

likely contributed to improved ionic transport. 

Hence, the longer Li-ion migration pathway through the less conductive HNBR-LiTFSI 

layer at the edges further impeded ionic transport. Therefore, the observed difference 

in ionic conductivity between the center and edges of the layered film can be primarily 

attributed to these structural variations and the differing thicknesses of the conductive 

and insulating layers (Scheme 26). 
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Scheme 26 Schematic representation of the assumed cross-section of the layered HNBR-Li6PS5Cl hybrid 
and the ion-transport properties of the layers. The HNBR-LiTFSI layer (blue) is thinner in the center 
than at the edges. Additionally, the Li6PS5Cl layer (yellow) is more homogeneous and thicker in the 
center leading to overall faster ion conduction in the center compared to the edges. 

 

Overall, the ionic conductivity at the edges of the layered film was about 1.8 times 

higher than the pure HNBR-LiTFSI film, while at the center the ionic conductivity was 

boosted by a factor of 5.8. These are considerable increases, however, the ionic 

conductivity is still below the required 10-4 S cm-1, even though the supplied Li6PS5Cl 

has an ionic conductivity of ~4·10-3 S cm-1 at a.t. according to MSE supplies.339 By 

virtue of the stark difference in ionic conductivity of the pure Li6PS5Cl and the hybrids 

it can be assumed that the HNBR-LiTFSI is the limiting factor along with the low 

pressure. Also, the preparation method of a layered system through hot-pressing does 

not produce homogenous and reproducible films. Therefore, it was concluded that a 

HNBR-Li6PS5Cl hybrid is not a suitable system as it is severely hindered by the low 

ionic conductivity of the HNBR matrix/layer. 

 

4.1.4 Recapitulation 

In summary, four different CPEs containing HNBR were fabricated and characterized 

in regards to their electrochemical properties. For LATP based CPEs one membrane 

with pristine LATP and one membrane with thin PAN surface coated LATP was 

synthesized. To optimize the polymer coating a systematic study on silica 

nanoparticles was performed and the findings could be transferred successfully to the 

LATP particles. Adding pristine LATP to an HNBR-matrix slightly increased the ionic 

conductivity at elevated temperatures. In contrary, adding PAN@LATP to an HNBR-

matrix led to a decrease in ionic conductivity at ambient temperature, and the 

previously observed agglomeration of LATP during synthesis was not suppressed by 

the PAN coating. It was concluded that an LATP-HNBR CPE does not provide 

sufficient ionic conductivity for application in Li-metal solid-state batteries. 
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In a consecutive study, the addition of Li6PS5Cl was evaluated. For this purpose, a 

mixed and a layered hybrid system were synthesized, and their ionic conductivity was 

determined. It was found that the mixed system decreased the ionic conductivity, while 

the layered system could boost it up to a factor of 5.8. Nevertheless, the synthesis of 

the layered system led to inhomogeneous and irreproducible films. Although the ionic 

conductivity could be significantly increased, it remained too low overall for practical 

application. 

By virtue of these results, it was concluded that Li6PS5Cl is not suitable for CPEs with 

HNBR either as the ionic conductivity of the hybrids is dominated by the comparatively 

low ionic conductivity of HNBR. 
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4.2 Sulfur-Containing Polymers for Argyrodite-CPEs 

As previously mentioned, argyrodites are highly reactive and degrade rapidly when 

exposed to various solvents and reagents. This reactivity is primarily due to the high 

oxophilicity of the phosphate, as the formation of a PO4-structure is energetically 

favored over PS4. Many polymers utilized in solid-state electrolytes, such as 

polyethers, polyesters, polycarbonates, and polyacrylates, contain oxygen within their 

functional groups, in order to coordinate with Li-ions. However, this oxygen content 

makes these polymers incompatible with argyrodites over extended periods, leading 

to degradation. As a result, the polymer content in argyrodite-based composite polymer 

electrolytes is typically limited to single-digit percentages to mitigate degradation. To 

overcome this limitation, alternative polymers with similar properties in regards to Li-

ion coordination, ionic conductivity, and mechanical properties but higher tolerance for 

argyrodite contact are needed. Such alternatives may allow an increase in polymer 

content and facilitate CPE production on larger scales. A possible solution involves 

using polymers such as PVDF and its derivatives but due to the uncertain regulatory 

future of polyfluorinated polymers alternatives are preferred. However, the uncertain 

regulatory future surrounding polyfluorinated polymers encourages the exploration of 

non-fluorinated alternatives. In this context, one possible solution is the use of sulfur-

based polymer, offering enhanced chemical compatibility with argyrodites while 

maintaining suitable electrochemical and mechanical properties for solid-state battery 

applications. 

 

4.2.1 Strategy 

Sulfur is abundant, polar enough for ion dissociation, and is often employed in polymer 

science.340 Furthermore, the oxygen-based functional groups commonly utilized in 

battery applications, such as ethers and carbonates, have sulfur analogues that can 

also be incorporated into polymers. These sulfur-containing functional groups offer 

similar Li-ion coordination capabilities while providing improved chemical compatibility 

with argyrodites. In particular, trithiocarbonates and thioethers are of significant 

interest. 

Trithiocarbonates serve as sulfur-based analogues to carbonates, while thioethers 

mirror the structure of polyethers, such as poly(ethylene oxide) (PEO), one of the most 

extensively studied polymers for solid-state batteries. By employing these sulfur-based 
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functional groups in polymer backbones, it may be possible to achieve high ionic 

conductivity and effective Li-ion coordination while enhancing chemical stability in 

contact with argyrodite materials. 

This approach not only preserves the desirable electrochemical properties needed for 

battery applications but also broadens the range of compatible polymers, potentially 

enabling higher polymer content in composite polymer electrolytes and improving 

scalability for solid-state battery production (Scheme 27). 

 

Scheme 27 General structure of polytrithiocarbonates and polythioethers. 

 

All polymers were characterized, whenever possible, in regard to their solubility, 

molecular weight, dispersity, thermal stability, structure, and electrochemical 

properties. 

The following polymers were synthesized through different polymerization techniques 

(Table 4). 

For the argyrodite, a close collaboration with Universität Münster within FB2-Hybrid 

was held. M.Sc. Philip Heuer from the working group of Prof. Dr. Wolfgang Zeier kindly 

synthesized and provided Li5.5PS4.5Cl1.5 (procedure and characterization in 6.3.2.8). 

The argyrodite exhibits an ionic conductivity at room temperature of 8.2 mS cm-1 at a 

pressure of 50 MPa. 
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Table 4 List of the synthesized sulfur-decorated polymers with their respective polymerization 
techniques. 

Polymer Polymer structure Polymerization 

P1 

 

polycondensation 

P2 

 

polycondensation 

P3 

 

polycondensation 

P4 

 

polycondensation 

P5 

 

anionic ring-opening 

P6 

 

anionic ring-opening 

P7 

 

anionic ring-opening 

 

4.2.2 Synthesis 

The primary challenge with sulfur polymers lies in their poor solubility in common 

solvents, which significantly hinders their synthesis, characterization and processing. 

In the context of polymer electrolytes, it is essential to use polymers that are soluble, 

flexible, and highly stable. Aromatic polymers, despite their potential advantages, 

generally tend to have high glass transition temperatures, which result in rigidity and 

reduced flexibility, thus they were excluded from consideration. Hence, the focus 
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shifted toward synthesizing aliphatic sulfur polymers that exhibit properties suitable for 

polymer electrolyte applications, such as low Tg for enhanced flexibility, high 

(electro-) chemical stability for long-term performance, high thermal stability, and low 

production costs to support scalability and commercial feasibility. 

First, a simple aliphatic polytrithiocarbonate was conceptualized. The polymer, referred 

as P1, was synthesized by adapting a known procedure for RAFT-agents (Scheme 

28 a).341 Through the utilization of bifunctional starting materials, namely 1,9-

dithiononan, 1,9-dibromononan, and carbon disulfide, a polytrithiocarbonate with a C9 

methylene spacer was synthesized (Chapter 6.3.2.1). However, a significant challenge 

was encountered early in the process, as the polycondensation resulted in P1 

precipitating directly from the crude reaction mixture, exhibiting only slight solubility in 

toluene with no alternative solvent identified for effective dissolution. This poor 

solubility rendered P1 unsuitable for use as a polymer electrolyte, as it cannot be 

characterized and efficiently processed or blended with Li-salts through conventional 

dissolution methods. Additionally, the Tg of 44 °C was relatively high compared to 

existing polymer electrolytes (Tg below freezing point e.g., PEO ~ -33 °C342 and PVDF 

~ -40 °C343). This elevated Tg limits the segmental motion of the polymer at room 

temperature, thereby restricting ion conduction and reducing its potential as an 

affective solid-state electrolyte.  

Therefore, to address the limitations observed with P1, the starting materials were 

modified, replacing 1,9-dithiononane and 1,9-dibromononane with 1,4-dithiobutane 

and 1,2-dibromoethane, respectively. This adaptation led to the synthesis of a new 

polytrithiocarbonate, P2, featuring the same repeating unit length but incorporating two 

trithiocarbonate units within each repeating unit. The intention behind this structural 

modification was to introduce irregular spacing of the trithiocarbonate units, aiming to 

hinder the crystallization of P2, increase solubility, and promote amorphous behavior. 

However, these objectives were not achieved. During polymerization, also P2 

precipitated out of the reaction mixture and was found to be completely insoluble in 

common solvents, further limiting its potential for use in polymer electrolyte 

applications.  

Consequently, the synthesis strategy was further refined to overcome the solubility 

challenges encountered with previous polymers. Therefore, P3 was synthesized using 

an AA-BB type polycondensation, employing thiocarbonyldiimidazole and 

1,6-dithiohexane (Scheme 28 b) as monomers. The elimination of using carbon 
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disulfide (which has a low boiling point of 46 °C) allowed for using higher reaction 

temperatures. By increasing the reaction temperature to 80 °C, P3 has remained in 

solution throughout the polymerization, however following precipitation, P3 exhibited 

limited solubility, with only two solvents identified as suitable: DMSO (at 80 °C) and 

chloroform (at 50 °C). While this represented an improvement over previous attempts, 

the restricted solubility still posed challenges for further processing and potential 

applications in polymer electrolytes. 

 

Scheme 28 Synthesis strategies for sulfur-based polymer electrolytes. a) An adapted procedure for the 
synthesis of trithiocarbonates, commonly used for RAFT-agents.344 b) An AA-BB type step 
polymerization. c) Anionic ring-opening copolymerization of propylene sulfide and carbon disulfide 
catalyzed by bis(triphenylphosphoranylidene)ammonium chloride (PPNCl). d) Anionic ring-opening 
polymerization of propylene sulfide for the formation of polythioether-based polymers. 

 

The incorporation of a thioether into the aliphatic repeating unit was intended to 

enhance the flexibility and solubility of the polymer. However, P4 exhibited the same 

solubility issues as similar to those of P3. Additionally, the polymerization of P4 was 

extremely exothermic, making it unsuitable for scale-up.  

Since the previously employed synthesis techniques failed to produce polymers with 

the desired properties, a novel approach was utilized. Following a recently published 

procedure from Chen et al.,63 an anionic ring-opening polymerization was conducted 

to synthesize  polytrithiocarbonates decorated with methyl side-groups(Scheme 28 c). 

These atactic methyl side-groups of P5 significantly reduced crystallization, resulting 

in a polymer with enhanced solubility in a plethora of solvents, including p-xylene. 

Hence, P5 was the first sulfur-based polymer which was considered viable as a 
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polymer electrolyte. To address the low mechanical stability of P5, a modified polymer, 

P6, was synthesized by adding a trifunctional initiator. This modification promoted 

increased chain entanglement and therefore improving mechanical strength and 

making P6 more suitable for solid-state electrolyte applications. 

 

Lastly, P7 was synthesized as a polythioether, which have a higher chemical stability 

compared to polytrithiocarbonates. However, the sulfur-based PEO analogue, 

poly(ethylene sulfide), is insoluble and rigid. Therefore, the atactic methyl side-group 

was implemented once again to increase solubility and flexibility (Scheme 28 d). 

However, the polymerization of P7 proceeded very rapidly and posed significant 

challenges due to potentially explosive reaction, which was due to the high ring-strain 

of the monomer, propylene sulfide. To ensure safety and control, the reaction 

conditions were optimized iteratively. Additionally, propylene sulfide was synthesized 

in-house for the polymerization of P7, as the commercially available propylene sulfide 

is stabilized with butyl mercaptan which acts as an unintended initiator if a base is 

added, hence complicating accurate control over the initiator-to-monomer ratio. To 

avoid this issue, unstabilized propylene sulfide was synthesized according to 

established literature protocol.63 

Comprehensive and detailed synthesis procedures are available in Chapter 6.3.2. 

 

4.2.3 Characterization 

All polymers P1-7 were characterized by NMR, DSC, TGA, and SEC; however, certain 

measurements were omitted for polymers with limited solubility (6.3.2). Furthermore, 

the solubility of each polymer in common solvents was evaluated to assess their 

suitability for argyrodite CPE manufacturing. As p-xylene is one of the few solvents 

known to not degrade argyrodites upon contact, Special emphasis was placed on p-

xylene solubility. In Table 5 the most important characteristics of P1-7 are summarized.  

Polymers P1-4 exhibited poor solubility, rendering them unsuitable as polymer 

electrolytes. Further, when mixed with LiTFSI in a mortar, no interaction or salt 

dissociation was observed, further limiting their applicability. An interesting observation 

was observed for the glass transition temperatures, while the symmetrical aliphatic 

polytrithiocarbonates P1 and P3 had high glass transition temperatures above room 

temperature, adding an irregularly spaced trithiocarbonate functionality into the 

backbone of P2 significantly reduced the Tg to -28 °C. 
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Table 5 List of all known solvents for all synthesized polymers, glass transition temperatures 
determined from DSC, degradation temperature determined from TGA at 5% mass loss, and number 
average molecular weight determined from SEC (smallest and largest measured). 

Polymer Solubility Tg / °C Td,5% / °C Mn / g mol-1 

P1 toluene (slightly) 44 214 insoluble 

P2 - -28 193 insoluble 

P3 
DMSO (80 °C) 

chloroform (50 °C) 
136 198 insoluble 

P4 chloroform (50 °C, slightly) - - insoluble 

P5 
THF, chloroform, DMSO, 

DMAC, p-xylene, MeCN, DCM 
8 171 8,500 - 10,000 

P6 
THF, chloroform, DMSO, 

DMAC, p-xylene, MeCN, DCM 
8 171 5,700 - 6,300 

P7 
THF, chloroform, DMSO, 

DMAC, p-xylene, MeCN, DCM 
-40 281 7,600 - 9,000 

Polymers were measured against PMMA standards in SEC measurements. The Mn values do not represent 

absolute values but rather apparent values. 

 

Nevertheless, the insolubility issue persisted although this improvement in flexibility. 

Further, the degradation temperature of polymers employed in Li-metal batteries is of 

high importance. During a thermal runaway event, the polymer may quickly degrade 

and possibly accelerate damage through release of flammable or toxic gases. This 

concern is particularly relevant for sulfur-based polymers, which tend to release SO2 

during oxidative degradation, which in turn is harmful to both humans and the 

environment.345 P1-4 exhibited degradation temperatures of approximately 200 °C 

under a nitrogen atmosphere close. In current Li-ion batteries, the separator melts 

between 120 - 150 °C and accelerates the thermal runaway by internal short circuit.346 

Therefore, a degradation temperature of 200 °C is an improvement, although achieving 

even higher degradation thresholds would further improve safety and performance.  

P5-7 are well soluble in a wide range of common solvents, significantly enhancing their 

potential for use in polymer electrolytes. Especially, acetonitrile and p-xylene are of 

high importance, as acetonitrile is commonly used for the preparation of solvent-casted 

polymer electrolytes with LiTFSI, while p-xylene is notable for its chemical 

compatibility, as it does not degrade argyrodites upon contact. The Tg of P5 and P6 is 

both below room temperature, suggesting a high degree of segmental mobility at room 
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temperature and may be reduced further by the addition of LiTFSI into the polymer 

matrix. For P5 and P6 the degradation temperature is 171 °C, however their 

degradation is akin to a fast depolymerization pathway rather than gradual thermal 

breakdown. This behavior is linked to the structural characteristics of the propylene 

trithiocarbonate units within the polymer chain. The 5-membered ring of propylene 

trithiocarbonate is significantly more stable at elevated temperatures than the 

polymeric chain as was shown by Chen et al. for this specific polymer and by 

Zhen et al. for polytrithiocarbonates with stable cyclic repeating units in general.63,347 

These findings highlight the balance between processability, thermal stability, and 

mechanical properties in P5–P7, positioning them as promising candidates for solid-

state electrolyte applications, especially in systems requiring chemical compatibility 

with sensitive materials like argyrodites. 

 

Scheme 29 Simplified radical depolymerization of polypropylene trithiocarbonate (P5 and P6) at 
elevated temperatures. For a detailed description of the mechanism refer to Chen et al.63 

 

The rapid depolymerization of P5 is further underlined by the almost instantaneous 

mass loss observed in the TGA measurements (6.3.2.5 Figure 79), confirming the 

susceptibility of the polymer to fast thermal degradation. 

The synthesis of P7 deviates from conventional anionic ring-opening polymerizations 

as propylene sulfide propagates explosively in a highly exothermic reaction due to the 

high ring strain of propylene sulfide. This highly exothermic reaction, combined with 

the comparatively slow initiation rate, prevents the polymerization from exhibiting the 

characteristics of a living polymerization, as it would be the case for most anionic 

reactions. Due to these complications multiple attempts to reduce the propagation 
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kinetics by varying solvents, temperature, and initiator:monomer ratios were 

undertaken. Despite these attempts, including cooling the reaction flask and using low 

initiator concentrations, no full control over the polymerization reaction could be 

achieved. These results align with findings by Rumyantsev, who utilized the rapid 

propagation in combination with crown-ether/potassium xanthate catalyst system to 

achieve predictable polymer chain lengths.348 However, due to the intended use as a 

polymer electrolyte, the use of metal-ion and crown-ether based catalysts was rejected 

as they most likely interact with Li-salts and skew ionic conductivity. Instead, a fully 

organic initiator system comprising benzyl mercaptan and 

1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) was selected. To assess the 

polymerization properties of this system, several polymerizations were performed 

under different conditions. First, the solvent was varied with other factors being kept 

constant. Interestingly, the reactions in solution (P7-1, MeCN and P7-3, THF) resulted 

in a bimodal distribution, while the reaction in bulk (P7-2) led to a broader monomodal 

distribution (Figure 14). In contrast, changing the solvent to chloroform (P7-4) or 

increasing the intiator:monomer ratio (P7-5) led to an explosion of the crimp vial in 

which the reaction was conducted. Hence, a bulk polymerization while cooling the 

reaction mixture in an ice bath was adapted (P7-6) to reduce the propagation rate and 

stop the boiling of propylene sulfide in the highly exothermic reaction. This proved to 

be the most successful attempt resulting in the largest molecular mass (Mn = 

9,000 g mol-1) while reducing the dispersity to its lowest observed value (1.16). To 

produce larger quantities of the polymer for CPEs fabrication and to supply FB2 project 

partners, the synthesis of P7-6 was up-scaled, resulting in P7-7. Given the inherent 

risks associated with the highly exothermic nature of the polymerization, the initiator 

concentration was reduced in P7-7 to mitigate the risk of explosive propagation. The 

initiator-to-monomer ratio was adjusted from 1:200 (initiator:monomer) in P7-6 to 1:500 

in P7-7. Despite this, the polymerization reaction still exhibited strong exothermic 

characteristics. As a result, the properties of P7-7 differed from its precursor in terms 

of molecular weight and dispersity. The final polymer achieved a number-average 

molecular weight (Mn) of 8,900 g mol⁻¹ and a dispersity (Đ) of 1.32, reflecting the impact 

of scale-up and altered initiation rates on polymer characteristics. 

These variations highlight the complexities of scaling up propylene sulfide 

polymerization while maintaining consistent material properties, particularly in 

managing exothermicity and reaction kinetics. 
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Figure 14 THF-SEC curves of P7-1/2/3 against a PMMA standard. Bulk reactions without a solvent have 
broad monomodal distributions while polymerizations in solution have a narrower bimodal 
distribution. 

 

The polythioether P7-7 (referred to as P7 from this point forward) was selected for an 

in-depth characterization. It demonstrated similar solubility properties to P5 and P6, 

making it compatible for processing with argyrodites and Li-salts. However, P7 differed 

significantly in its physical properties.  While P5 and P6 formed amorphous solids, P7 

was obtained as a translucent sticky liquid with honey-like viscosity, offering greater 

flexibility during processing is. Furthermore, P7 exhibited the lowest glass transition 

temperature of -40 °C, among all synthesized polymers, which in turn is also 

comparable to commonly utilized polymer electrolytes such as PEO and indicates 

significant segmental motion at room temperature, a key factor for efficient Li-ion 

transport. 

P7 also had the highest thermal stability, with a degradation temperature of 281 °C and 

no evidence of depolymerization reaction during thermal analysis. This superior 

stability, combined with its favorable physical and electrochemical properties, positions 

P7 as the most promising candidate for use as a polymer electrolyte (PE) or in the 

development of solid-state battery systems. 
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4.2.4 Argyrodite CPEs 

P5 was chosen first for the preparation of a polymer electrolyte film. Due to its high 

surface tension, it could not be solvent-casted. Instead, P5 was mixed with LiTFSI in 

MeCN, followed by drying, and hot-pressing to form a film (procedure in 6.3.2.9). Upon 

hot-pressing, the film was removed from the protective Mylar® foil, resulting in a flexible 

and soft membrane (Figure 15). 10 mm circles were punched out for ionic conductivity 

measurements. However, during testing, all cells immediately short circuited. 

Repeated multiple attempts to resolve the issue have failed even when foregoing the 

preconditioning step. No consistent impedance measurements could be obtained 

across at any tested temperatures, ultimately rendering P5 unsuitable for use as a 

polymer electrolyte in its current form. 

 

 

Figure 15 a) P5+LiTSI film after hot-pressing sandwiched between Mylar® foil. b) P5+LiTFSI film after 
removing from Mylar® foil. The film shows slight adhesion to the foil and is soft. 

 

The softness of the P5 film likely caused continuous compression and a reduction in 

thickness, ultimately leading to a short circuit. To mitigate this issue, the process was 

repeated using P6, which was expected to offer a higher resistance to creep due to its 

3-arm branched nature. However, the same phenomenon was observed. Upon 

disassembling the cells, the P6 film was found to be damaged by compressive stress, 

similar to the outcome with P5. This indicates that despite the structural modification, 

P6 was still unable to withstand the mechanical stresses during operation, leading to 

the same short-circuiting issue. 

Alternatively, to increase mechanical resistance against compression, equal mass ratio 

CPEs of the P5 and Li5.5PS4.5Cl1.5 with LiTFSI were prepared by combining all 

components in p-xylene in a glovebox (procedure in 6.3.2.10). The addition of 
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interlocking argyrodite particles should drastically increase compressive strength and 

reduce creep. However, efforts to measure the ionic conductivity were unsuccessful 

due to high variance in impedance readings across the cells. Upon opening the CPE 

cells, a brown-orange liquid leaked, and the CPE film was completely degraded. The 

complete absence of the distinctly yellow polymer indicated that a reaction was 

occurring during the measurements in the climate chamber, thus explaining the varying 

impedance measurements. Hence, pure P5, a pristine part of the P5-LiTFSI PE, and 

a pristine part of the P5-Li5.5PS4.5Cl1.5 CPE were placed in a vial in the glovebox and 

observed over an extended period of three months to identify the trigger of the 

degradation. While the pure P5 and the P5-LiTFSi PE remained visually the same, the 

argyrodite CPE gradually shifted in color from yellow to brown, suggesting chemical 

degradation. Subsequent NMR analysis revealed a depolymerization of the 

polytrithiocarbonate was occurring upon contact with the Li5.5PS4.5Cl1.5 (Figure 16).  
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Figure 16 1H-NMR (400 MHz, CDCl3) of P5, P5-LiTFSI PE, and P5- Li5.5PS4.5Cl1.5 CPE after 3 months of 
storage under inert conditions in a glovebox. The depolymerization of the trithiocarbonate polymer to 
cyclic propylene trithiocarbonate can be identified by the shift of a to a’ and the split of c to c’ and c’’. 
The ratio of a:a’ in the CPE is 1:1 indicating that approximately half of the polymer degraded in 3 
months under inert conditions. 

 



Results and Discussion 
___________________________________________________________________ 

88 

While there was no change in between pure P5 and the P5-LiTFSI PE after 3 months 

of storage under inert conditions, the P5-Li5.5PS4.5Cl1.5 CPE showed peaks 

corresponding to cyclic propylene trithiocarbonate. 

The shift of the doublet a corresponding to the methyl group and the splitting of c peak 

corresponding to -CH2- into two peaks align with the report of Chen et al. about the 

radical degradation of polypropylene trithiocarbonate.63 As the integral ratio of a to a’ 

in the CPE is 1:1, it can be concluded that within three months, about half of the 

polymer depolymerized under inert atmosphere, in the absence of UV exposure, and 

at room temperature. These conditions make a radical process unlikely, hence, an 

alternative depolymerization mechanism is proposed based on the nucleophilic 

character of the thiophosphate groups present on the surface of the argyrodite 

(Scheme 30). 

 

Scheme 30 Proposed depolymerization mechanism of polypropylene trithiocarbonate in contact with 
argyrodite surfaces. The thiolate of the thiophosphate (PS4

3-) in a nucleophilic attack at the carbon of 
the trithiocarbonate opens the polymer chain and transfers the thiolate onto the polymer. The thiolate 
at the chain end attacks its neighboring trithiocarbonate unit and forms the stable cyclic propylene 
trithiocarbonate. This process repeats until the polymer is completely depolymerized. Increasing the 
temperature favors the formation of the cyclic propylene trithiocarbonate. 
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Trithiocarbonates are known for their susceptibility to nucleophilic attacks leading to 

fast degradation of the trithiocarbonate unit, a well-documented limitation in RAFT 

polymerizations.341 Given that the surface of the argyrodite contains thiophosphates, 

which can generate thiolate anions, it is proposed that these thiolates act as 

nucleophiles, initiating the attack on the trithiocarbonate unit which is opening the 

polymer chain. The thiolate anion forming at the end of the newly cleaved polymer 

chain can repeat the nucleophilic attack at its neighboring trithiocarbonate unit thus 

forming a stable and thermodynamically favored cyclic propylene trithiocarbonate. 

This step can be repeated continuously until the polymer is completely depolymerized. 

Moreover, the depolymerization process may be assisted by the presence of salts, as 

they may catalyze the reaction and further form solvate shells with the newly formed 

cyclic propylene trithiocarbonate, shifting the chemical equilibrium. Elevated 

temperature further favors the formation of cyclic propylene trithiocarbonate, 

accelerating the depolymerization, process and increasing the rate of polymer 

breakdown. 

Since the depolymerization is most likely triggered by the argyrodite, 

polytrithiocarbonates are unsuitable as polymers for CPEs containing argyrodites. 

Consequently, no further experiments were conducted with P5 or P6. 

 

The utilization of P7 as a polymer electrolyte in a CPE with Li5.5PS4.5Cl1.5 was limited 

by its honey-like viscosity, which resulted in poor mechanical stability at room 

temperature, making it unsuitable as a matrix polymer. Hence, a different approach 

was theorized. To increase the resistance of Li5.5PS4.5Cl1.5 particles against air and 

water, a thin coating layer of polymer is sufficient. Further, a thin polymeric coating 

layer with liquid properties may increase electrode wettability and reduce the pressure 

requirements during cell assembly. To implement this approach, Li5.5PS4.5Cl1.5 

particles were coated by mixing P7, LiTFSI, and a small amount of p-xylene were 

mixed in a mortar inside a glovebox (procedure in 6.3.2.11). Through continuous 

mixing, a paste was obtained, which dried as the solvent evaporated slowly. The paste 

was transferred to an oven and dried at 40 °C under a vacuum of 10-3 mbar, resulting 

in lumps of coated argyrodite (Figure 17). Visually, the argyrodite powder maintained 

its color, suggesting no degradation occurred during the process. The lumps indicated 

that the polymer coating promoted adhesion between Li5.5PS4.5Cl1.5 particles. 
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Figure 17 Picture of P7+LiTFSI coated Li5.5PS4.5Cl1.5 after drying in a vacuum oven. 

 

The coated Li5.5PS4.5Cl1.5 was sent to Universität Münster for analysis of H2S evolution 

following the coating process and to assess any changes in ionic conductivity. 

However, due to instrument failure, the measurement of H2S evolution could not be 

completed. The ionic conductivity of pristine and coated Li5.5PS4.5Cl1.5 was determined 

by impedance measurements under a pressure of 50 MPa at 25 °C (Figure 18). The 

detailed procedure for these measurements is described in 6.1.8.2.  

 

Figure 18 Nyquist plots of a) pristine Li5.5PS4.5Cl1.5 and b) Li5.5PS4.5Cl1.5 coated with P7 and LiTFSI. Both 
measurements were performed at 50 MPa and 25 °C. 

 

The pristine Li5.5PS4.5Cl1.5 exhibited an ionic conductivity of 8.2·10-3 S cm-1, while 

application of the coating of P7 and LiTFSI significantly inhibited the ionic conductivity 

to 0.1·10-3 S cm-1. Nevertheless, the ionic conductivity of coated Li5.5PS4.5Cl1.5 remains 

within an acceptable range for use in solid-state Li-metal batteries. However, due to 
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time constraints, further measurements of the ionic conductivity at lower pressures, 

across a broader temperature range, and assessments o H2S evolution under the 

applied coating were not possible. As a result, a definitive statement about the 

suitability of poly(propylene sulfide)+LiTFSI coatings for Li5.5PS4.5Cl1.5 in practical 

applications cannot be made at this stage, yet, among all investigated sulfur polymers, 

P7 seems to be the most promising candidate. 

 

4.2.5 Recapitulation 

In summary, seven aliphatic polymers consisting exclusively of carbon, hydrogen, and 

sulfur, including six polytrithiocarbonates and one polypropylene sulfide, were 

synthesized and characterized regarding their possible application in argyrodite-based 

hybrid solid-state electrolytes. The polytrithiocarbonates were mostly insoluble, limiting 

their processability. However, the incorporation of an atactic methyl side group into 

polypropylene trithiocarbonate, the solubility was improved. Despite this enhancement, 

the resulting polymer electrolytes were too soft for use as a self-standing film in coin 

cells. Through the addition of Li5.5PS4.5Cl1.5 to the polymer electrolyte, it was aimed to 

increase resistance against compression; thus, to improve the mechanical stability, 

however, it was found that the addition of the argyrodite triggered a depolymerization 

of the polytrithiocarbonate. As a result, polytrithiocarbonates were deemed unsuitable 

for hybrid systems containing argyrodites. 

As the implementation of an atactic methyl side-group significantly improved solubility 

in polytrithiocarbonates, a polythioether with the similar structural features was 

synthesized, i.e., polypropylene sulfide. Although the good solubility properties could 

be transferred, polypropylene sulfide is a liquid at room temperature and therefore 

unsuitable as a matrix polymer. Alternatively, Li5.5PS4.5Cl1.5 was coated in 

poly(propylene sulfide) and LiTFSI to improve wettability, reduce pressure 

requirements, and protect the argyrodite particles against moisture and air. 

A reduction in the ionic conductivity in a reasonable range to 10-4 S cm-1 at room 

temperature was observed for the poly(propylene sulfide)+LiTFSI coated 

Li5.5PS4.5Cl1.5, however, due to time constraints, an in depth characterization, such as 

the evaluation of H2S  and the pressure-ionic conductivity relationship, were not 

completed. Further investigations are necessary to fully assess the viability of this 

approach and to determine the long-term stability and performance of poly(propylene 

sulfide)-coated argyrodite in solid-state electrolytes.  
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4.3 Coating of LATP/LLZO Particles for Oxide-CPEs 

Initially, the coating of LATP with various alkoxy silane-modified poly(ethylene glycol) 

methyl ethers (mPEG) was proposed to evaluate the feasibility of a "grafting-to" 

approach. This method was explored as a potentially simpler, faster, more controllable, 

and scalable alternative to the coating approach described in Chapter 4.1. However, 

during the fabrication of LLZO mixed with poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP) CPEs by M.Sc. Xioachen Liu from 

Forschungszentrum Jülich, degradation of PVDF-HFP was observed. The interaction 

between LLZO and PVDF-HFP triggered a dehydrofluorination, as La atoms on the 

particle surface form complexes with N and C=O units from the solvent (DMF), creating 

an alkaline environment.349,350 This dehydrofluorination resulted in a brown 

discoloration and degradation of the originally white compounds (Figure 19). 

 

Figure 19 Degraded PVDF-LLZO slurry after dehydrofluorination. 

 

The degradation resulted in increased interfacial resistance and reduced Li-ion 

transport. Furthermore, LLZO particles agglomerated during film preparation, leading 

to inhomogeneous distribution within the PVDF-HFP matrix. To solve both the 

degradation and agglomeration challenges, a collaboration was established between 

Forschungszentrum Jülich and Karlsruhe Institute of Technology (KIT) within the FB2-

Hybrid cluster. The expertise gained from mPEG-LATP coatings was transferred into 

a new collaborative project. In this initiative, LLZO powder was synthesized by 

Xiaochen Liu, then sent to KIT for polymer coating before being returned to 

Forschungszentrum Jülich for the fabrication of CPEs and their subsequent 

characterization. 
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Parts of this chapter and the corresponding parts in the experimental section were 

adapted with permission from a prepared publication written by the authors (Daniel 

Döpping, Xiaochen Liu) [Publications within this Dissertation [3] in 9 List of 

Publications]. 

 

4.3.1 Strategy 

Two approaches were investigated to stabilize the LLZO-PVDF interface, drawing from 

initial data obtained from mPEG-based LATP coatings. A simplified synthesis path is 

shown in Scheme 31.  

 

Scheme 31 Synthetic approach for coated LATP/LLZO-particles. a) 1H,1H,2H,2H-Perfluorodecyl 
triethoxy silane (commercially available) and the bulk synthesis of alkoxy silane modified mPEG. b) Acid 
catalyzed coating of the alkoxy silanes onto the surface of LATP/LLZO particles. 

 

The first approach involved coating the LLZO with 1H,1H,2H,2H-perfluorodecyl 

triethoxy silane to mimic the properties of the PVDF-HFP matrix, therefore enhancing 

stability and reducing agglomeration. The second approach utilized an alkoxy silane 

modified mPEG coating to enable a Li-ion coordinating surface layer. Both approaches 

followed a “grafting-to” concept, which is known to have limits by grafting density as 

the polymer chain length increases. 



Results and Discussion 
___________________________________________________________________ 

94 

While this limitation is negligible for the relatively small 1H,1H,2H,2H-perfluorodecyl 

triethoxy silane, it imposes a challenge on mPEG polymers, with a maximum effective 

chain length of approximately 1,000 g mol-1 (~23 repeating units), as determined in 

previous mPEG-LATP coating studies. Consequently, LLZO powder was coated with 

1H,1H,2H,2H-perfluorodecyl triethoxy silane and mPEG1000 alkoxy silane and 

subsequently analyzed using TGA and Cryo-TEM to evaluate coating homogeneity. 

Following this, membranes incorporating PVDF-HFP were fabricated at 

Forschungszentrum Jülich and characterized for their suitability as coated LLZO-PVDF 

CPEs in Li-metal solid-state batteries. 

 

4.3.2 Synthesis and Characterization 

4.3.2.1 mPEG-silanes 

First, the mPEG was directly modified with 3-(triethoxysilyl)propyl isocyanate (IPTES) 

to introduce a surface active alkoxy silane functionality through a highly efficient one-

step process. This reaction was adapted and optimized from a procedure developed 

by Lin and Zhou.114,351 By eliminating the use of solvents and instead utilizing a bulk 

reaction with a 1:2 molar ratio of mPEG to IPTES full conversion of the mPEG hydroxy 

functionality was achieved. Additionally, this bulk reaction approach enhances 

scalability, enabling synthesis of batches up to 150 g at the laboratory scale. The 

detailed procedure is available in 6.3.3.1. 

The four synthesized mPEG-silanes were characterized using 1H-NMR (6.3.3.1 Figure 

91 - Figure 94) and SEC (Figure 20). The 1H-NMR showed all expected peaks in the 

correct proton ratio, suggesting a successful modification with full or near-complete 

conversion. For SEC measurements, both the purchased mPEGs and the IPTES-

modified mPEG-silanes were measured against a PEO standard for comparison 

(Table 6). All mPEGs exhibited a narrow dispersity (Đ) ranging from 1.04 - 1.18, both 

before and after modification, and their molecular weight values closely matched 

supplier specifications prior to IPTES addition. After modification with IPTES, the Mn of 

the mPEGs increased by 100 to 400 g mol-1. Given that IPTES has a molecular weight 

of 247.4 g mol-1, this increase further confirmed a successful modification. 
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Table 6 List of THF-SEC measurements for all synthesized mPEGs (Mn = 550, 1,000, 2,000, and 
5,000 g mol-1) and the respective IPTES-modified mPEG-silane. Measured against PEO standards, 
values rounded to 50. 

mPEG 
unmodified IPTES-modified 

Mn / g mol-1 Đ Mn / g mol-1 Đ 

550 550 1.08 900 1.07 

1,000 1,000 1.06 1,350 1.16 

2,000 2,100 1.04 2,300 1.05 

5,000 5,700 1.13 5,800 1.18 

 

In the SEC graphs (Figure 20), a small shoulder was observed for all samples, which 

were more pronounced following IPTES-modification. 

100 1000 10000

n
o

rm
a
li
z
e
d

 D
R

I

molecular weight / g·mol-1

mPEG550

mPEG1000

mPEG2000

mPEG5000

unmodified

IPTES-modified

 

Figure 20 THF-SEC of unmodified compared to the IPTES-modified mPEG (Mn = 550, 1,000, 2,000, and 
5,000 g mol-1). Measured against PEO standards. 

 

The increased shoulders at higher or approximately double the molecular weight in the 

SEC graphs were attributed to the homocondensation of alkoxy silanes, resulting in 

the formation of dimers and oligomers (Scheme 32). 
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Scheme 32 Oligomerization of mPEG-silanes during drying in a vacuum oven. Moisture from the air 
triggers the homocondensation of the alkoxy silane end-groups. 

 

During the drying process, the combination of reduced pressure and elevated 

temperature led to homocondensation of the alkoxy silane end-groups catalyzed by 

moisture from the air. To suppress this phenomenon and preserve the highest possible 

reactivity towards hydroxy groups on surfaces, the drying protocol was set optimized 

to 35 °C at 600 mbar, staying below the boiling point of ethanol, which is eliminated 

during the homocondensation. This adjustment significantly reduced the formation of 

shoulders in SEC graphs. However, complete removal of solvents, particularly THF, 

from the IPTES-modified mPEGs remained challenging. Nevertheless, a facile, fast, 

and efficient synthesis procedure for the modification of mPEG was successfully 

established. 

 

4.3.2.2 mPEG@LATP 

The alkoxy silane functionalized mPEGs were used to coat LATP (Appendix Table 23, 

Figure 111) by modifying the procedure for SH-TMS coating of LATP (6.3.1.3). In this 

process, LATP and the corresponding mPEG-silane were mixed in a 2:1 mass ratio 

and stirred under acidic conditions for 18 h. The crude LATP particles were then 

centrifuged, washed, dried, and analyzed using TGA (6.3.3.2 Figure 95 - Figure 98) 

and TEM. A detailed procedure is provided in 6.3.3.2. The coated LATP samples were 

labelled based on the mPEG-silane used, following the format “mPEGXXXX@LATP”, 

where XXXX denotes the Mn provided by the supplier. 



Results and Discussion 
___________________________________________________________________ 

97 

TGA measurements revealed varying mass loss, which appeared to be independent 

of the Mn of the mPEG-silane (Table 7). 

 

Table 7 Mass loss of coated LATP particles after heating from 30 - 800 °C at 10 K min-1. TGA graphs are 
available in 6.3.3.2. 

Coated LATP TGA mass loss / % 

mPEG550@LATP 1.9 

mPEG1000@LATP 4.0 

mPEG2000@LATP 3.9 

mPEG5000@LATP 2.3 

 

The highest mass loss was observed for mPEG1000@LATP with 4.0 %, followed 

closely by mPEG2000@LATP (3.9 %), indicating that the “grafting-to” approach is 

constrained by the utilized polymer chain length. From mPEG550@LATP to 

mPEG1000@LATP, the mass loss approximately doubles, mirroring the increase in 

Mn of the mPEG, suggesting a similar grafting density. However, when Mn doubles 

again from mPEG1000 to mPEG2000, the mass loss remains nearly constant, implying 

mPEG1000-silane is about twice as reactive to the particle surface as mPEG2000-

silane. This trend was further supported by mPEG5000-silane, which resulted in an 

even lower mass loss, reinforcing that increasing the molecular weight of the mPEG-

silanes beyond 1000 g mol-1 resulted in a lower grafting density. 

To confirm the coating of LATP, cryo-TEM micrographs of all four mPEG@LATP 

particles were captured (Figure 21). The images revealed that with increasing Mn of 

the mPEG-silane, the coating became thicker and more inhomogeneous. To quantify 

the coating thickness, measurements were taken at regular intervals using ImageJ and 

the values were averaged, with a standard deviation of error (Table 8). 

 

Table 8 Average coating thickness with one standard deviation as error of all four mPEG@LATP 
particles synthesized. 

Coated LATP Coating Thickness / nm 

mPEG550@LATP 5.3±1.2 

mPEG1000@LATP 10.9±1.1 

mPEG2000@LATP 15.2±2.5 

mPEG5000@LATP 19.3±4.1 
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Figure 21 TEM micrographs of mPEG550@LATP (top left), mPEG1000@LATP (top right), 
mPEG2000@LATP (bottom left), and mPEG5000@LATP (bottom right). The coating gets increasingly 
thicker and more inhomogeneous with increasing Mn of the mPEG coating. 

 

The findings of the TGA measurements were confirmed through TEM micrographs. 

While increasing the Mn of the mPEG-silane used in the coating from 550 to 

1,000 g mol⁻¹, the coating thickness approximately doubled while maintaining similar 

homogeneity, as indicated by a consistent standard deviation in coating thickness. 

However, for Mn values above 1,000 g mol-1, the increase in coating thickness became 

non-linear and led to more inhomogeneous coatings. Notably, in mPEG5000@LATP, 

condensed agglomerates of mPEG with sizes up to 1 µm were found (Appendix Figure 

124). 

Considering both TGA measurements and TEM micrographs, the optimal mPEG Mn 

for achieving a homogeneous coating with maximum grafting density in an alkoxy 

silane-based grafting-to approach was determined to be 1,000 g mol-1. 
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4.3.2.3 PF@LLZO 

Forschungszentrum Jülich supplied two batches of LLZO (Appendix Figure 121 - 

Figure 123, Table 24), both synthesized using the same synthesis procedure, with 

one batch undergoing wet ball milling after sintering, followed by sieving. The smaller 

LLZO particles, with an average particle size of 350 nm, were selected for this project 

as their size closely matched that of LATP particles (254 nm). 

For the coating of LLZO, the synthesis had to be adapted. While LATP exhibited only 

slight reactivity with the alkoxy silanes, resulting in thin surface coatings, LLZO 

demonstrated a significantly higher affinity towards alkoxy silanes, as evidenced by 

increased mass loss in TGA measurements. By virtue of the higher reactivity of LLZO 

with alkoxy silane, the mass ratio of LLZO to alkoxy silane was adjusted from 2:1 (used 

for LATP) to 10:1, ensuring a controlled and uniform coating process. 

In the following, 1H,1H,2H,2H-perfluorodecyl triethoxy silane coated LLZO will be 

referred to as “PF@LLZO”. The TGA measurements (6.3.3.3 Figure 99) of PF@LLZO 

revealed a mass loss of 9.2 %, indicating that almost all of the 

1H,1H,2H,2H-perfluorodecyl triethoxy silane successfully reacted with the LLZO 

surface, confirming the coating process with the perfluorated alkoxy silane. However, 

initial tests of mixing PF@LLZO with PVDF-HFP demonstrated that the coating did not 

prevent the degradation of PVDF-HFP in contact with PF@LLZO. As a result, no 

further analysis was performed, and the project proceeded with coating LLZO using 

with mPEG1000-silane instead. 

 

4.3.2.4 mPEG@LLZO 

As previously mentioned, LLZO and alkoxy silanes have a significantly higher reactivity 

compared to LATP and alkoxy silanes. Hence, the mass ratio of LLZO to mPEG1000-

silane was also adjusted to 10:1. The resulting mPEG1000@LLZO particles were 

characterized by TGA (6.3.3.4 Figure 100), TEM (Figure 23 a - d), before sent to 

Forschungszentrum Jülich for the fabrication of mPEG1000@LLZO+PVDF CPEs. 

The TGA results showed a mass loss of 12.2 % exceeding the relative mass of the 

added as mPEG1000-silane. This indicates that the coating reaches full or near-full 

conversion of alkoxy silanes, while also absorbing solvents or moisture. To mitigate 

this, mPEG1000@LLZO was dried in an oven before being used as an active filler for 

PVDF-HFP CPEs. 
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The coated particles were sent to Forschungszentrum Jülich and used as active fillers 

for PVDF-HFP CPEs by M.Sc. Xiaochen Liu. The following data is derived from the 

collaborative publication. 

First, mixing the coated mPEG1000@LLZO particles with DMF and PVDF-HFP did not 

lead to discoloration or decomposition (Figure 22). This simple test immediately 

highlighted the benefit of the mPEG coating, as it enabled stable slurry preparation at 

temperatures of 80 °C and above. 

 

Figure 22 a) Decomposed slurry and film of pristine LLZO with PVDF-HFP and b) stable slurry and film 
of mPEG1000@LLZO after stirring at 80 °C. The white color indicates successful suppression of 
dehydrofluorination. 

 

The mPEG1000@LLZO particles were further characterized by using TEM, Raman 

Spectroscopy, ATR-IR, and XRD. 

The TEM micrographs (Figure 23 a - d) revealed an even distribution of mPEG1000-

silane on the LLZO surface, comparable to the coatings observed for mPEG@LATP. 

The polymer layer had a thickness of ~14 nm, closely matching the ~11 nm thickness 

found mPEG1000-silane coatings on LATP. 

Raman Spectroscopy confirmed the presence of a characteristic Li2CO3 band at 

1090 cm-1 in pristine LLZO, which forms due to exposure of LLZO surface with H2O 

and CO2. This band could be identified for the uncoated LLZO (Figure 23 e), but was 

absent when coated with mPEG1000-silane, indicating that the mPEG coating 

effectively suppressed Li2CO3 formation. Instead, a band at 947 cm-1 corresponding to 

the protective Li3PO4 coating applied after synthesis was clearly identified. Moreover, 

the characteristic ether vibrations at 1050, 1410, and 1590 cm-1 were observed in ATR-
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IR measurements (Figure 23 f). As expected, the XRD patterns showed no deviations, 

confirming that the coating process preserved the cubic garnet phase of LLZO, 

ensuring that the bulk crystal structure remained intact beneath the coating. (Figure 

23 g). 

 

Figure 23 Characterization of pristine LLZO and mPEG1000@LLZO. TEM micrographs of pristine LLZO 
(a,c) and mPEG1000@LLZO (b,c). Raman spectroscopy of pristine LLZO and mPEG1000@LLZO from 800 
to 1200 cm-2 (e) and 400 to 4000 cm-2 (f). XRD of pristine LLZO, Li3PO4 coated LLZO, and 
mPEG1000@LLZO. Comparison of Raman spectroscopy of pristine LZZO over 30 days (h,j) and 
mPEG1000@LLZO (i,k). 

 

To assess the protective properties of the mPEG1000-silane coating, both pristine 

LLZO and mPEG1000@LLZO were stored under ambient conditions for 30 days. 

Raman spectroscopy revealed that the characteristic Li2CO3 band at 1090 cm-1, which 

forms due to the exposure to moisture and CO2 was absent in the mPEG1000@LLZO 

particles (Figure 23 i and j). In contrast, this band was clearly visible in the pristine 

LLZO sample (Figure 23 h and j) and increased in intensity over time, confirming that 

the mPEG1000 coating effectively inhibited Li2CO3 formation. 

Comprehensive characterization using Raman and Infrared Spectroscopy, TEM, and 

XRD clearly proved the successful coating of the core-shell structure of the 
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mPEG1000@LLZO particles and highlighted the superior protective properties of the 

coating. 

To evaluate its performance in solid-state battery applications, CPEs containing both 

pristine LLZO and mPEG1000@LLZO were prepared and characterized. The 

mPEG1000@LLZO containing CPEs exhibited a high room temperature ionic 

conductivity of 1.9·10-4 S cm-1 with a Li+ transference number of 0.61, indicating 

efficient Li-ion transport. Furthermore, no particle agglomeration of coated LLZO 

particles was observed in the CPEs indicating superior interface stability. 

After detailed characterization of the electrochemical properties of the novel 

mPEG1000@LLZO-PVDF-HFP and comparison to the uncoated LLZO-PVDF-HFP 

CPEs, full cells with NMC622 and LFP were successfully assembled (Figure 24). 

 

Figure 24 Electrochemical characterization of PVDF-HFP CPEs in Li||LFP 1.5 mg cm-2 mass loading cells. 
a) Impedance Spectroscopy of pristine and mPEG1000@LLZO CPEs. b) Rate capability tests. c) 
Charge/Discharge curves of mPEG1000@LLZO CPEs from 0.1 C to 5 C. d) Charge/Discharge curves of 
mPEG1000@LLZO CPEs at 2 C up to 500 cycles. e) Constant current cycling of Li||LFP cells at 2 C (2.5 - 
4.0 V). 

 

In particular, Li||LFP cells performed excellent with high rate capabilities and stable 

cycling performance at elevated C-rates, further validating the effectiveness of the 

mPEG1000@LLZO coating in solid-state battery applications. 

The impedance of the mPEG coated CPEs was significantly lower compared to the 

uncoated CPEs (Figure 24 a), a trend that persisted across all measurements. In terms 

of rate capability, the maintained capacity of coated LLZO (95 % at 1 C) surpassed the 
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uncoated LLZO (82 % at 1 C) counter part by a wide margin (Figure 24 b and c). 

Furthermore, mPEG1000@LLZO CPEs exhibited exceptionally stable cycling 

performance at 2 C (1.5 mg cm-2 LFP mass loading) maintaining a state of health 

(SOH) above 90 % for over 1600 cycles. In contrast, the uncoated LLZO CPEs failed 

after roughly 330 cycles. 

Undeniably, the coating of LLZO with mPEG1000-silane significantly improved air 

stability, mechanical properties, and most importantly electrochemical performance of 

the CPEs, highlighting the dramatic improvement in long-term durability. These results 

undeniably confirm that coating LLZO with mPEG1000-silane not only enhanced air 

stability and mechanical properties but, most importantly, significantly boosted the 

electrochemical performance of the CPEs. 

 

4.3.3 Recapitulation 

In summary, a facile and scalable synthesis for surface active mPEGs utilizing 

3-(triethoxysilyl)propyl isocyanate was successfully developed and optimized. For 

assessing the efficiency of the grafting-to approach, four different Mn values were 

tested for the coating of LATP particles with an average particle size of 254 nm. It was 

found that Mn = 1000 g mol-1 has the best coating behavior and highest grafting 

density, resulting in homogeneous coatings with about 11 nm thickness. In contrast, 

increasing the polymer chain length reduces grafting density and leads to 

inhomogeneous polymer distribution at the particle surface. For LLZO (350 nm 

average particle size), a coating with 1H,1H,2H,2H-perfluorodecyl triethoxy silane, a 

perfluorinated alkoxy silane, was initially tested but showed no suppression of PVDF 

degrading in contact with the PF@LLZO particles. Hence, mPEG1000-silane was used 

to coat the LLZO particles, which successfully suppressed PVDF-HFP degradation and 

agglomeration of particles. The mPEG1000@LLZO particles were then used to 

fabricate CPEs with PVDF and compared to PVDF CPEs containing uncoated LLZO. 

Coating LLZO with mPEG1000-silane proved to be highly beneficial for CPE 

performance. Coated LLZO particles could be stored for over 30 days exposed to 

moisture and air without forming performance hindering Li2CO3. Moreover, the cycling 

stability in Li||LFP cells was excellent with 90 % SOH for over 1600 cycles at 2 C 

compared to the rapid cell failure after ~330 cycles for uncoated LLZO. 
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These findings demonstrate that mPEG1000-silane coating significantly enhances the 

stability, compatibility, and electrochemical performance of LLZO-based CPEs, making 

it a promising strategy for high-performance solid-state batteries. 
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4.4 Self-Crosslinking Oxide-CPEs 

During the optimization of the synthesis of the coated LLZO in the previous Chapter 

4.3, a high reactivity between triethoxy silanes and LLZO was observed. This led to 

the hypothesis that this high reactivity of specific oxides could be leveraged to create 

a self-crosslinking film, eliminating the need for additional solvents. Such an approach 

is crucial for the industrialization of CPEs, as the removal of solvent is an energy 

intensive step increasing production costs. Furthermore, a solvent-free system offers 

the advantage of higher viscosity, which helps to reduce particle sedimentation during 

drying, promoting more homogenous particle distribution. 

Given the need for extensive parameter optimization and the lack of parallel 

electrochemical characterization capabilities at KIT, the project was carried out at in 

close collaboration with Dr. Annika Buchheit from PD Dr. Gunther Brunklaus’ 

workgroup at Helmholtz-Institut Münster (HI MS). The workflow involved that LLZO 

powder was synthesized by M.Sc. Xiaochen Liu (Forschungszentrum Jülich) and sent 

to KIT. At KIT, the CPE films were manufactured, optimized, and characterized with 

respect to their chemical, thermal, and mechanical properties. Selected films were sent 

to HI MS for electrochemical characterization, ensuring a comprehensive evaluation of 

their performance 

Parts of this chapter and the corresponding parts in the experimental section were 

adapted with permission from an accepted publication in Small written by the authors 

(Daniel Döpping, Annika Buchheit) [Publications within this Dissertation [2] in 9 List of 

Publications]. A patent (DE102024112955.7: „Verfahren zur Herstellung einer 

Kompositpolymerelektrolytmembran sowie eine durch das Verfahren erhältliche 

Kompositpolymerelektrolytmembran“) for the outlined preparation of thin CPE films is 

filed. 

 

4.4.1 Strategy 

To obtain self-crosslinking slurries, three main components are required: a polymer, a 

Li-salt, and an oxide-based filler. First, a polymer with two triethoxy silane 

functionalities, one at each chain end is necessary to enable crosslinking. This can be 

achieved by modifying the synthesis procedure for mPEG-silane to PEO, 

polytetrahydrofuran (PTHF), and poly(ε-caprolactone)-diol (PCL). All three polymers 

are commercially available with hydroxy-end-groups, making them suitable for efficient 
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triethoxy silane modification using IPTES. Additionally, to eliminate the need for a 

solvent, these polymers need to become flowable upon mixing with the Li-salt, ensuring 

a solvent-free processing approach. The general synthesis approach is depicted in 

Scheme 33. 

 

Scheme 33 Schematic depiction of the fabrication of self-crosslinking CPEs. a) IPTES (green) is used to 
modify the ends of a hydroxy-terminated polymer (PEO, PTHF, PCL, blue) to obtain a surface-active 
precursor polymer. b) The three components, a modified polymer, oxide nanoparticles (grey), and 
LiTFSI (orange) are mixed. c) LiTFSI dissociates and plasticizes the polymer resulting in a viscous slurry. 
After processing the silane-end-groups of the polymer react with the surface of the oxide nanoparticles 
to obtain a crosslinked film. d) Overview of the synthetic reaction and processing steps. 

 

LiTFSI was chosen as the Li-salt due to its ability to dissolve in all three polymers, 

forming a high viscosity polymer-salt slurry upon mixing in a mortar. Additionally, an 

oxide-based filler with high affinity towards triethoxy silane was necessary. For this 

purpose, MoO3 and LLZO were chosen as inactive and active fillers, respectively. 

MoO3 nanoparticles (100 nm) are commercially available and studies showed the 

formation of a high Li-ion conducting interface with PEO in CPEs.352 As 

aforementioned, LLZO has a high reactivity with triethoxy silanes, making it a suitable 

active filler. 

Given the complexity of this system, which involves multiple parameters, including 

molecular weight and dispersity of the polymers and their blends, Li-salt concentration, 

particle size, possible additives, and processing parameters, a wide variety of CPEs 

were manufactured and characterized. TGA, DSC, Scanning Electron Microscopy 

(SEM), EDX, shear rheology, tensile strength of selected CPEs were conducted at KIT, 
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while ionic conductivity, transference number measurements, plating-stripping 

experiments, fast-charge capability, and charge/discharge cycling were conducted at 

HI MS. 

 

4.4.2 Synthesis and Characterization 

Since the synthesis of CPEs following the outlined procedure allows for a wide range 

of polymers, LiTFSI-concentrations, nanoparticles and additives, a systematic naming 

convention is implemented to clearly identify each CPE formulation. Within the 

respective chapters, CPEs are labelled according to a structured format to clearly 

indicate the composition of each sample: 

 

POLYMER[O]:[Li] ratioOXIDE MASS RATIO in % + ADDITIVE 

 

For example, PEO15100+SbF3 shows the CPE is made from PEO-silane with LiTFSI 

concentration corresponding to an [O]:[Li] ratio of 15 (calculated based on ether 

oxygen content for PEO and PTHF, or ester concentration for PCL), 100 % of the mass 

of PEO is added in oxide nanoparticles (maintaining a 1:1 mass ratio between polymer 

and oxide) and SbF3 was added as an additive into the slurry. 

 

4.4.2.1 PEO-MoO3-CPEs 

As previously mentioned, the addition of MoO3 offers significant benefits for PEO-

based solid electrolytes, as it promotes the formation of fast Li-ion conducting channels 

form at the interface352 and enhances the dissociation of LiTFSI.309 Given that MoO3 is 

commercially available as nanoneedles (100 nm) with a high surface area and 

comparatively affordable, it was chosen as an inactive filler for PEO-silane based 

CPEs. 

To assess the viability of the proposed CPE, PEO (Mn = 6,000 g·mol-1) was modified 

with IPTES to obtain PEO6k-silane (procedure in 6.3.4.1). The PEO6k-silane was then 

mixed with LiTFSI and MoO3 nanoneedles in a mortar (PEO12100, exact composition 

in Table 9). The [O]:[Li] ratio was arbitrarily set to 12, as previous studies have shown 

that this ratio provides a high ionic conductivity in PEO-LiTFSI based PEs.353 
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Table 9 Absolute and relative mass of slurry components for PEO12100. 

 PEO6k-silane LiTFSI MoO3 combined 

mass / mg 1500 752.8 1500 3752.8 

wt% 39.9 20.1 39.9 100 

 

After a few seconds of mechanical mixing, PEO and LiTFSI formed a sticky slurry that 

effectively incorporated the MoO3 nanoneedles. The resulting slurry mixture was 

doctor bladed onto Mylar® foil and dried in a fume hood at ambient conditions (Figure 

25), resulting in a rubbery film. Once it was confirmed a self-crosslinking slurry could 

be successfully formed using the theorized method, the film was further characterized 

using TGA (Figure 26). 

The TGA revealed an initial mass loss of ~4%, between 100 and 290 °C, which was 

attributed to the hygroscopic properties of PEO and LiTFSI, as they readily absorb and 

retain moisture from ambient air. 

 

Figure 25 a) All components for CPE-slurry synthesis. b) Slurry after mixing components in a mortar for 
3 min. c) Doctor bladed slurry on top of Mylar® foil. 
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Figure 26 TGA of PEO12100, a PEO6k-silane, LiTFSI, and MoO3 CPE after drying under ambient 
conditions. Measurement from 30 - 750 °C at 10 K min-1. 

 

To minimize the influence of moisture, the films were dried after crosslinking and before 

electrochemical characterization. 

Moreover, TGA analysis further revealed that the thermal degradation of PEO and 

LiTFSI started at 290 °C equilibrated at 500 °C with a residual mass of ~35.5 %. Since 

the total wt% of MoO3 was calculated to be 39.9 wt%, and considering the ~4% mass 

loss due to evaporation of moisture, the TGA measurements confirmed the successful 

synthesis of PEO12100 with the expected composition ratios. 

 

To assess the effect of varying MoO3 ratios on the ionic conductivity, films containing 

0, 25, 50, 100, and 200 % of MoO3 were fabricated and sent to HI-MS for ionic 

conductivity and transference number measurements (Figure 27). Adding no MoO3 to 

the slurry for PEO120 underlined the importance of the oxide surface for the 

self-crosslinking process. Specifically, in the absence of MoO3 (PEO120), the slurry 

failed to unless five drops of glacial acetic acid were added to catalyze the 

homocondensation of the triethoxy silane end-groups. Additionally, the MoO3-free film 

exhibited significant air pockets and voids, further indicating poor film formation. In 
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contrast, all other slurries containing MoO3 successfully crosslinked into 

homogeneous, self-standing films within 18 h, confirming that oxide surfaces play a 

crucial role in enabling solvent-free crosslinking and improving film integrity. 

 

Figure 27 Characterization of PEO-MoO3-CPEs with 0, 25, 50, 100, 200 % of MoO3. a) Ionic conductivity 
from 40 - 80 °C. b) Li-transference number from 40 - 80 °C. 

 

The ionic conductivity measurements revealed that all PEO-MoO3-CPEs had a similar 

ionic conductivity trend across all temperatures. However, PEO1250 demonstrated the 

highest ionic conductivity, at all temperatures, increasing from 2.0·10-5 S cm-1 at 40 °C 

to 2.5·10-4 S cm-1 at 80 °C. In contrast, PEO12100 had the lowest ionic conductivity, 

ranging from 1.2·10-5 S cm-1 at 40 °C to 1.3·10-4 S cm-1 at 80 °C. PEO1225 and 

PEO12200 were in between those values, indicating a non-linear relationship between 

the MoO3 content and the ionic conductivity of the CPEs. Despite these variations, the 

ionic conductivity of all films surpassed the threshold of 10-4 S cm-1 only at 80 °C, 

indicating that their ionic conductivity remains too low for practical application in solid-

state Li-metal batteries at room temperature. 

The CPE without MoO3, PEO120, showed significantly lower ionic conductivity in the 

40 - 75 °C range, with ionic conductivity of 8.6·10-7 S cm-1 at 40 °C. However, at 80 °C, 

there was a sudden increase to 1.2·10-4 S cm-1, bringing it close to values observed 

for PEO12100. Typically, PEO-LiTFSI systems with similar [O]:[Li] ratios have higher 

ionic conductivity in this temperature range.354,355 The discrepancy in ionic conductivity 

was attributed to the pores and voids, formed during synthesis of the PEO120 film. 

Those pores and voids likely disrupted Li-ion transport, highlighting the importance of 

MoO3 in facilitating a more uniform and conductive film structure. 
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Since the CPEs contained Li+ and TFSI- ions, the lithium transference number was 

determined, as ionic conductivity measures the transport of all ions. For Li-batteries, 

however, only the transport of Li+ ions is relevant for importance. 

 

The Li+ transference numbers of the films showed different behavior compared to their 

ionic conductivity. PEO12200 had the highest tLi
+ with 0.124 at 70 °C, followed by 

PEO12100, PEO1225, and PEO1250 with 0.074, 0.067, and 0.043, respectively. While 

the value for PEO12200 was comparable to pure PEO-LiTFSI355 systems, all other 

CPEs had significantly lower transference numbers. Further, PEO120 had no 

measurable tLi
+ from 40 - 60 °C and had a maximum tLi

+ at 75 °C of only 0.015 which 

is almost 10 times lower than expected. The reduced lithium transference number and 

low ionic conductivity are likely attributed to the inhomogeneous nature of the films 

without MoO3, further emphasizing the role of MoO3 in improving film uniformity and 

ion transport properties. 

The lithium transference number results suggested that a higher MoO3 content was 

beneficial for Li-ion conduction, although this effect was not pronounced in the ionic 

conductivity measurements. Though, the results were not comparable to the findings 

of Wang et al.352 who reported a significant improvement in ionic conductivity when 

mixing PEO and MoO3. This discrepancy led to the hypothesis that the silane bond at 

the particle surface might be hindering the formation of the highly Li-ion conductive 

PEO-MoO3 interface. Consequently, it was concluded that PEO-MoO3-CPEs were not 

suitable for the solvent-free CPE preparation system, as the interaction between the 

triethoxy silane and the MoO3 interface likely disrupted the intended Li-ion transport 

pathways. 

 

4.4.2.2 PCL-LLZO-CPEs 

Since PCL has been successfully utilized in hybrid systems,356 commercially available 

PCL-diol (Mn = 2,000 g mol-1) was modified with IPTES (6.3.4.1) for use as a 

crosslinking polymer for LLZO CPEs. Given that LLZO was supplied by 

Forschungszentrum Jülich in two different average particle sizes (6.09 µm and 350 nm 

D(v,0.5)), both were evaluated for their impact on film formation and performance. The 

[ester]:[Li] ratio was set to 5:1, as previous studies identified this ratio as optimal for 

achieving the highest ionic conductivity.356,357 
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During the fabrication of films with PCL-silane, LiTFSI, and LLZO, several key 

observations were made, such as that films below a 1:1 mass ratio of PCL-silane:LLZO 

did not crosslink into solid films. Interestingly, increasing the LLZO content beyond 1:1 

resulted in brittle films, making further processing impractical. By virtue of these 

complications, two films with a 1:1 mass ratio of PCL-silane to LLZO were successfully 

fabricated (Table 10) for further characterization. 

 

Table 10 Absolute and relative mass of slurry components for two PCL5100, one with LLZO with an 
average diameter of 6.09 µm and a second with LLZO with an average diameter of 350 nm. 

 PCL-silane LiTFSI LLZO combined 

mass / mg 1,000 403.3 1,000 2,403.3 

wt% 41.6 16.8 41.6 100 

 

The slurry was again doctor bladed and dried under ambient conditions in a fume hood 

for 72 h. Afterwards, TGA of the film with 350 nm LLZO was measured (Figure 28). 
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Figure 28 TGA of PCL5100, a PCL-silane, LiTFSI, and LLZO (350 nm) CPE after drying under ambient 
conditions. Measurement from 30 - 800 °C at 10 K min-1. 
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The TGA revealed an initial mass loss of ~1.55 %, due to moisture evaporation. 

Thereafter, multiple decomposition steps were observed, beginning at 190 °C, with the 

mass stabilizing at 52.3 % at 700 °C. This final mass was slightly higher than the 

calculated wt% of LLZO, which may be due to incomplete degradation of silicon 

moieties from the crosslinking process. 

Following drying under high vacuum, both films were characterized regarding their 

ionic conductivity and transference number (Figure 29) to assess their electrochemical 

performance. 

 

Figure 29 Characterization of PCL5100 CPEs with LLZO of 6.09 µm and 350 nm average diameter. 
Comparison of a) Ionic conductivity from 40 - 80 °C. b) Li-transference number from 40 - 80 °C. 

 

PCL5100 with 350 nm LLZO particle size had an ionic conductivity of 6.7·10-6 S cm-1 

at 40 °C, which increased to 1.6·10-4 S cm-1 at 80 °C. However, the film with the LLZO 

particle size of 6.09 µm, only increased from 3.9·10-6 S cm-1 to 6.3·10-5 S cm-1. Hence, 

smaller particles are beneficial for the ionic conductivity in a PCL-silane crosslinked 

system. At 60 °C the film containing 350 nm LLZO particles exhibited an ionic 

conductivity of 3.7·10-5 S cm-1, being only slightly lower than published ionic 

conductivity of a hybrid PCL-Al2O3-LiTFSI (5·10-5 S cm-1)356 at the same temperature. 

These findings suggested that LLZO did not participate in the Li-ion conduction 

because an inert filler (Al2O3) surpassed the ionic conductivity of the PCL-LLZO 

system. 

Additionally, the lithium transference number steadily increased for the film with larger 

LLZO particles from 0.007 at 40 °C to 0.629 at 80 °C, with large error in the 

measurement, which indicated interfacial instability between the electrolyte and Li-
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metal surface. For the smaller LLZO particles, a similar behavior was observed up to 

55 °C, where the transference number plateaued around 0.479. While the film 

containing larger LLZO particles achieved transference numbers comparable to 

published values for PCL-Al2O3-LiTFSI systems (0.65)356 and PCL-LLZO-LiTFSI CPEs 

(0.71),358 the smaller particles appeared to contribute less effectively to overall Li-ion 

conduction. 

Moreover, it was observed that both PCL5100 films became brittle after being stored in 

a dry room for more than a week. This issue may arise by virtue of the comparatively 

low molecular weight of PCL-silane (Mn = 2,000 g mol-1), leading to a densely 

crosslinked network. The prolonged drying time of PCL5100 films (72 h) compared to 

PEO-MoO3 (18 h) indicated a slower crosslinking reaction, which may not have been 

fully completed, leading to brittleness over time. Furthermore, the unstable Li-metal-

electrolyte interface observed during transference number measurements might be 

explained by chemical side reactions. Ultimately, neither extended drying protocols nor 

modifications to the synthesis procedure were able to resolve these issues. To mitigate 

film brittleness, synthesizing longer PCL-diol with molecular weights of exceeding 

6,000 g mol-1, similar to PEO-MoO3-CPEs, could be a potential solution. However, due 

to time constraints, the synthesis of suitable PCL-diol was not pursued. Consequently, 

PCL2k-diol was determined to be unsuitable for the application in the self-crosslinking 

CPE system. 

 

4.4.2.3 Polyether-LLZO-CPEs 

The polyethers polytetrahydrofuran (PTHF) and poly(ethylene oxide) (PEO) were 

selected as polymer crosslinkers for LLZO particles. PTHF is commercially available 

only with a molecular weight of Mn = 2,900 g mol-1. In contrast, PEO is available in a 

wider range of molecular weights. However, to ensure liquefication upon mixing with 

LiTFSI and to avoid excessive viscosity, only lower number average molecular weights 

Mn (6,000, 10,000, and 20,000 g mol-1) were evaluated. 

The modification of PTHF with IPTES followed the established procedure and 

PTHF2.9k-silane was characterized by SEC and NMR (6.3.4.1 Figure 104, Figure 

109). For PEO with 10,000 g mol-1, the synthesis was identical to the previously 

reported synthesis of PEO6k-silane. However, for PEO with 20,000 g mol-1, the high 

viscosity of the molten polymer required mechanical stirring. Nevertheless, all three 
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PEO-silanes were synthesized successfully and characterized (6.3.4.1 Figure 101 - 

Figure 103, Figure 108). 

The initial test of mixing PTHF2.9k-silane with LiTFSI and LLZO particles produced a 

comparatively low viscosity slurry that crosslinked into a self-standing film within 24 

hours after doctor blading. A similar behavior was observed for PEO6k-silane and 

PEO10k-silane, with curing times ranging from 30 minutes to 4 hours, depending on 

ambient temperature and humidity. As expected, PEO10k-silane was slightly more 

viscous in the mixed slurry compared to PEO6k-silane. PEO20k-silane; however, was 

too viscous for efficient mixing in a mortar, preventing the homogeneous distribution of 

LLZO particles in the dry slurry. Consequently, PEO20k-silane was not used for the 

fabrication of PEO-LLZO films. 

The PEO-LLZO CPE is known in literature in several experimental22,38,359 and 

computer simulation-based360,361 studies. Overall, an [O]:[Li] ratio of 15:1 provides the 

best performance in both simulated and experimental studies for PEO-LLZO CPEs, 

thus this ratio was used for preparing all PEO.LLZO CPEs. 

In contrast, PTHF-LLZO has not been reported in the literature, and no reliable data 

on the optimal Li-concentration was available. Therefore, as an initial evaluation, PTHF 

and LLZO were mixed in a 1:1 weight ratio, and different [O]:[Li] ratios (5:1, 10:1, 15:1) 

were tested to determine the optimal composition (Figure 30). 

The ionic conductivity of PTHF-LLZO membranes with three different salt 

concentrations was generally similar; however, the highest ionic conductivity was 

observed with an [O]:[Li] ratio of 5:1. Based on this result, an [O]:[Li] ratio of 5:1 was 

used for all PTHF CPEs to calculate the required amount of LiTFSI. 
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Figure 30 The ionic conductivity of PTHF-LLZO films with a 1:1 mass ratio was measured for [O]:[Li] 
ratios of 5:1, 10:1, and 15:1. Among these, a ratio of 15:1 exhibited the lowest ionic conductivity at all 
temperatures tested. Ratios of 5:1 and 10:1 showed similar performance between 20 - 55 °C, but an 
[O]:[Li] ratio of 5:1 demonstrated the highest conductivity between 60 - 80 °C. 

 

4.4.2.3.1 PEO molecular weight assessment 

Since two different molecular weights of PEO were synthesized, the influence on ionic 

conductivity and transference number was evaluated (Figure 31). To investigate this, 

PEO1550 films were prepared using LLZO with a particle size of 350 nm were made. 

When incorporating 50 % LLZO (in relation to PEO mass), the films remained 

comparable after doctor blading. However, using larger LLZO particles or increasing 

the LLZO content resulted in inhomogeneous doctor blading of the PEO10k-silane 

films, due to increased viscosity compared to PEO6k-silane (Appendix Figure 129). 
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Figure 31 Comparison of the ionic conductivity (a) and transference number (b) of PEO6k- and PEO10k-
silane films with LLZO (350 nm). PEO10k has a higher ionic conductivity at all temperatures and a higher 
transference number at 55 °C and higher temperatures. 

 

PEO10k-silane films showed higher ionic conductivity at all temperatures compared to 

PEO6k-silane with a value of 4.2·10-5 S cm-1 and 1.7·10-5 S cm-1 at 40 °C, respectively. 

This trend persisted at all temperature ranges up to 80 °C, where PEO10k-silane had 

an ionic conductivity of 8.4·10-4 S cm-1, while PEO6k-silane displayed a value of 

3.9·10-4 S cm-1. Nevertheless, PEO10k-silane exhibited a lower tLi
+ from 40 - 55 °C. 

Above 55 °C, for both films, the tLi
+ was almost identical with a maximum value of 0.121 

at 80 °C. As PEO10k-silane had significant deviations, the initial lower tLi
+ may be due 

to measurement error. 

Overall, PEO10k-silane demonstrated a significant improvement in ionic conductivity 

over PEO6k-silane. As a result, only PEO10k-silane was utilized in further film 

preparation. 

 

The primary disadvantage of PEO10k-silane was its high viscosity during film 

preparation, requiring an adaptation of the film fabrication process. To address this, a 

manual roll-to-roll press with adjustable slit width was purchased to allow precise 

control over the film thickness of the highly viscous slurry. The slurry was sandwiched 

between two Mylar® foils and slowly roll pressed to the desired thickness. This method 

proved to be highly advantageous, allowing for the utilization of LLZO with larger 

particle size and an increased LLZO content. The roll press setup and an exemplary 
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PEO15400 film with LLZO (6.09 µm average particle size) are shown in the Appendix 

in Figure 130 and Figure 131, respectively. 

 

4.4.2.3.2 LLZO particle size assessment 

Upon adapting the film synthesis process, the effect of particle sizes of LLZO (350 nm 

and 6.09 µm) and LLZO concentrations on ionic conductivity and transference number 

between were evaluated using PEO10k-silane. The results are presented in Figure 32 

(350 nm particle size) and Figure 33 (6.09 µm nm particle size), respectively. 

 

Figure 32 Characterization of PEO10k-LLZO CPEs with LLZO of 350 nm average diameter. Comparison 
with different LLZO content of a) Ionic conductivity from 40 - 80 °C and b) Li-transference number from 
40 - 80 °C. Increasing the LLZO content increases ionic conductivities at lower temperatures while all 
LLZO concentrations of 25% and higher have similar ionic conductivities. Further, increasing the LLZO 
content shows a clear benefit to increasing the transference number. 

 

On the one hand, for LLZO with a 350 nm average particle size, no clear trend was 

observed with increasing the LLZO content. On the other hand, PEO1510 had a 

significantly lower ionic conductivity compared to the other four films. At lower 

temperatures, e.g., 40 and 45 °C, PEO1575 showed the highest ionic conductivity at 

8.9·10-5 S cm-1 and 1.4·10-4 S cm-1, respectively. However, across all other 

temperatures, the difference between PEO1525-100 became negligible. Conversely, 

the Li+ transference number increased with higher LLZO content, reaching a maximum 

of 0.15 for PEO15100 at 70 °C. 
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Figure 33 Characterization of PEO10k-LLZO CPEs with LLZO of 6.09 µm average diameter. Comparison 
with different LLZO content of a) Ionic conductivity from 40 - 80 °C and b) Li-transference number from 
40 - 80 °C. Increasing the LLZO content shows no clear trend beyond 25% in increasing the ionic 
conductivity. Increasing the LLZO content shows a clear benefit to increasing the transference number. 

 

The larger LLZO particles showed similar behavior. However, PEO1510 had an even 

lower ionic conductivity compared to the films containing 350 nm LLZO particles. This 

was attributed to the comparatively lower surface area of the larger particles, resulting 

in reduced crosslinking density and poorer film stability. 

For the other four films, the ionic conductivity remained identical across at all tested 

temperatures. Similarly to the films containing smaller LLZO particles, the transference 

number increased with increased LLZO content (PEO1510 could not be measured) 

resulting in the highest measured Li+ transference number for PEO of 0.17 for 

PEO15100 at 80 °C. 

In Table 11 the ionic conductivity and Li+ transference number are compared for all 

films at 60 °C. 

Omitting PEO1510 for both particle sizes, no clear trend was observed between ionic 

conductivity and LLZO content. However, LLZO (6.09 µm) had a slightly higher 

average ionic conductivity across all LLZO concentrations at 60 °C. 

In contrast, the Li+ transference number tLi
+ increased steadily when LLZO content was 

increased, suggesting that higher LLZO content enhances effective Li+ conductivity 

σLi+. 
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Table 11 Comparison of PEO10k-LLZO films with 350 nm and 6.09 µm particle size with increasing LLZO 
content at 60 °C. 

Film 
LLZO 350 nm LLZO 6.09 µm 

σ / S cm-1 tLi
+ σ / S cm-1 tLi

+ 

PEO1510 1.4·10-4 0.020 1.1·10-6 - 

PEO1525 3.6·10-4 0.078 3.4·10-4 0.006 

PEO1550 2.8·10-4 0.105 3.7·10-4 0.074 

PEO1575 3.0·10-4 0.103 3.5·10-4 0.090 

PEO15100 3.5·10-4 0.126 3.4·10-4 0.102 

 

To further assess the influence of the particle size, plating-stripping tests were 

performed in symmetrical Li||Li cells. First, PEO15100 containing LLZO (6.09 µm) was 

sandwiched between two Li-metal electrodes and the current density was increased 

after 10 cycles to determine the critical current density (CCD) of 0.2 mA cm-2 (Figure 

34 a). Afterwards, PEO15100 films with both particle sizes were cycled repeatedly at 

0.2 mA cm-2 until failure (Figure 34 b). 

In the long-term plating-stripping experiments at 0.2 mA cm-2, the film containing 350 

nm LLZO particles consistently exhibited a slightly higher overpotential (~0.297 V) 

compared to the film with 6.09 µm particles (~0.250 V). 

 

Figure 34 Plating-stripping experiments in symmetrical Li| PEO15100|Li CR2032 coin cells at 60 °C. a) 
Symmetric cycling of PEO15100 (LLZO 6.09 µm) with increase in current density after 10 cycles to 
determine critical current density. b) Symmetric cycling of PEO15100 (LLZO 6.09 µm and 350 nm) with 
steady current density of 0.2 mA cm-2 until failure. 
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The film containing smaller particles showed overpotential peaks starting after 100 h 

(~ 1.047 V), followed by increasingly noisy overpotential growing after approximately 

300 h (~ 0.360 V). After 500 h, overpotentials reaching ~3.155 V indicated the onset 

of film failure; and ultimately, after 620 h, a short circuit, most likely caused by dendrite 

penetration, resulted in failure of the CPE. 

In contrast, the film with 6.09 µm particles first exhibited overpotential peaks around 

660 h (~1.017 V). These peaks aligned with the short opening of the climate chamber 

for sample exchanges and hence were attributed to temperature fluctuations. 

PEO15100 maintained stable cycling performance, with only a slight increase in 

overpotential (~0.25 to ~0.28 V), for almost 1000 h, at which point the test was aborted. 

These results underlined the benefit of adding LLZO, especially with 6.09 µm particles, 

into a PEO matrix, as stable plating-stripping of PEO-LiTFSI polymer electrolyte 

systems is not possible under these conditions.362 

 

Overall, LLZO with 6.09 µm had the higher average ionic conductivity, the highest 

lithium transference number, and significantly more stable plating-stripping behavior. 

Consequently, it was determined that the larger LLZO particles are more suitable for 

the CPE manufacturing, and all subsequent films were fabricated using LLZO with 6.09 

µm average particle size. 

With the most suitable PEO molecular weight and the LLZO particle size determined, 

new films were synthesized using the roll-to-roll press approach. Additionally, since 

increasing the LLZO content appeared to enhance the Li+ transference number, the 

LLZO content was increased beyond the previous maximum of 100%. 
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4.4.2.3.3 PEO and PTHF CPE Characterization 

During the synthesis of the CPE films incorporating various polymers, oxide particles, 

and concentrations, several key observations were made regarding the film fabrication 

process. However, due to the influence of numerous variables, these findings could 

not be reliably quantified, as they affected the overall process. 

The rate at which the slurry upon mixing solidified was highly dependent on: 

Variable    (faster > slower crosslinking condition) 

1. polymer   (hygroscopic > hydrophobic) 

2. particle concentration (higher > lower) 

3. particle surface  (oxides > phosphates) 

4. temperature   (higher > lower) 

5. humidity   (higher > lower) 

6. viscosity   (higher > lower) 

Overall, the slurry crosslinking time varied significantly, ranging from 3 minutes to 

several days, depending on the CPE components used. In some cases, particularly at 

high oxide concentrations (> 200 %), the addition of small amounts of ethyl acetate as 

a plasticizer was required. Ethyl acetate reduced the viscosity, enhanced the mixability 

of components, and delayed the onset of crosslinking, thereby facilitating better control 

during roll pressing. These observations strongly suggest that moisture catalyzed 

reactions between the alkoxy silane end-groups and hydroxy-groups on the particle 

surface were the main crosslinking contributor, rather than the selfcondensation of 

alkoxysilanes. This hypothesis was further supported by EDX and rheological 

measurements (in Chapter 4.4.2.3.3.2). 

 

Ultimately, for polyether CPES, films containing 25, 50, 100, 200, and 400 % of LLZO 

(6.09 µm) with PTHF2.9k-silane and PEO10k-silane were successfully produced by 

roll-pressing. These films were then systematically characterized regarding their 

thermal, chemical, mechanical, and electrochemical properties. 

 

It is important to note that the simplified naming scheme of the films (e.g., PEO15100 

having 100 % of the mass of LLZO added in regard to PEO mass) does not correctly 

reflect the actual wt% of the components in the slurry/CPE, as the weight of LiTFSI is 

omitted. However, the ceramic content remains a critical factor in correctly classifying 

a CPE as either as a ceramic-in-polymer (CIP, ceramic < 50 wt%) or a polymer-in-
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ceramic (PIC, ceramic > 50 wt%) (refer to Chapter 2.7.4.1). Although the classification 

of CIP vs. PIC does not directly indicate the interplay of ionic transport mechanisms 

(i.e., polymer/interface Li-ion transport vs. active particle Li-ion transport), it shows the 

dominating phase present in the CPE, which must be considered when interpreting 

experimental results. Hence, Table 12 provides a comprehensive classification of all 

PTHF and PEO based CPEs, along with their respective LLZO wt%. 

 

Table 12 Actual wt% of LLZO in the slurry of manufactured PEO and PTHF CPEs with the corresponding 
classification into CIP or PIC systems. 

Film wt% of LLZO Classification 

PEO15 

25 15.0 

CIP 50 26.1 

100 41.4 

200 58.6 
PIC 

400 73.8 

PTHF5   

25 12.9 

CIP 50 22.9 

100 37.3 

200 54.3 
PIC 

400 70.4 

 

Even though PEO and PTHF being different polymers with slightly different densities 

and LiTFSI content, the classification remained consistent for both cases. All films with 

100 % and less LLZO mass added were classified as CIP. While films with 200 % and 

higher LLZO content exceeded > 50 wt% of total mass and were thus considered as 

PIC. Since additives were introduced in the mg scale, their impact on the overall mass 

distribution was negligible and did not change the classification. 

The thinnest film thickness achieved with sufficient mechanical strength for cell 

preparation was 16 µm. However, since not all combinations could be successfully roll-

pressed to that thickness, 30 µm and 80 µm were generally used as the standard film 

thickness unless otherwise stated. 
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4.4.2.3.3.1 Mechanical Characterization 

For rheological measurements, films of 200 µm thickness were fabricated and 

analyzed using oscillatory rheology (Figure 35 a,b) and tensile strength testing (Figure 

35 c,d). 

Frequency sweep tests conducted in the linear regime at room temperature revealed 

that the storage modulus (G') was consistently greater than the loss modulus (G''), 

confirming the solid-like and elastic behavior of the composites across all tested 

frequencies. The phase angle (δ) remained below 30 degrees, indicating good 

elasticity in all samples. The storage modulus at an angular frequency of 100 rad s-1 

was measured for all samples, revealing no linear correlation between G' and LLZO 

content. On the one hand, for PEO, the sample with 50 % LLZO exhibited the lowest 

storage modulus at 0.3·105 Pa, while both 25 % and 100 % LLZO samples had equal 

G' values of 0.6·105 Pa. The 200 % LLZO sample showed the highest G' at 1.7·105 

Pa. On the other hand, for PTHF, the 200 % LLZO sample displayed the lowest G' at 

2.5·104 Pa, with the 100 % sample slightly higher at 2.8·104 Pa. The 25 % sample 

showed a significantly higher G' of 4.8·104 Pa, while the 50 % sample had the highest 

G' at 5.8·104 Pa. One possible explanation for the observed increase in G' at seemingly 

arbitrary oxide contents is that an optimal silane concentration and reactive oxide 

particle surface area may maximize shear strength, ensuring a stable cross-linked 

network. Since PTHF has a lower molecular weight than PEO, its silane concentration 

per unit mass is higher, suggesting that PTHF reaches its maximum shear strength at 

a lower oxide concentration compared to PEO. 

Tensile strength tests were performed to evaluate the mechanical properties of the 

films. Overall, PEO-LLZO films exhibited lower tensile strength than PTHF-based films 

but demonstrated a higher strain tolerance. The maximum stress for 25 % and 50 % 

LLZO in PEO was comparable, measuring 1.42 MPa and 1.38 MPa, respectively. In 

contrast to PTHF, further increases in LLZO content in PEO resulted in a significant 

reduction in tensile strength, with values of 0.76 MPa for 100 % and 1.02 MPa for 200 

%. Regarding strain at break PEO1550 exhibited the highest value, reaching 642 %, 

while PEO1525 tore at 433 %. Despite this, the strain at break for the 100 % LZZO 

sample remained relatively high at 429 %. However, for the 200 % sample, a marked 

decrease in flexibility was observed, with a maximum strain of only 119 %, indicating 

increased brittleness at higher oxide concentrations. Additionally, both 100 % and 

200 % samples showed necking behavior. 
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For PTHF-LLZO films, the tensile strength improved with increasing oxide 

concentration, reaching a maximum of 4.04 MPa at 100 % LLZO. This increase is likely 

due to the reinforcing effect of the oxide particles, which enhanced stress transfer 

within the polymer matrix, thereby improving the mechanical properties of the 

composite. However, beyond 100% LLZO, a decrease in tensile strength was 

observed, suggesting that further oxide addition may overload the polymer network or 

result in poor oxide dispersion, which in turn has led to microstructural weaknesses. At 

200 % LLZO, the tensile strength slightly decreased to 3.92 MPa, with slight necking 

observed. In comparison, the 25 % and 50 % LLZO formulations showed significantly 

lower tensile strengths, at 0.96 MPa and 1.64 MPa, respectively. The elongation at 

break also varied, with the 100 % LLZO formulation displaying the highest elongation, 

reaching 151 %. 

 

Figure 35 Shear rheology from 0.1 to 100 rad s-1 for a) PEO1525-200 and b) PTHF525-200. Tensile 
strength measurements of c) PEO1525-200 and d) PTHF525-200. 
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Overall, the combined results from shear rheology and tensile strength tests 

emphasize the importance of optimizing oxide content in polymer electrolytes. These 

findings highlight the need to balance the polymer and oxide particle content to achieve 

maximum shear strength while maintaining sufficient flexibility, which is an essential 

factor for the performance of electrolytes in dynamic environments, such as 

rechargeable batteries. Moreover, these results suggest the potential to tailor the 

mechanical properties of polymer-LLZO electrolytes to meet specific application 

requirements, paving the way for customized electrolyte designs that balance 

mechanical robustness and electrochemical functionality. 

 

4.4.2.3.3.2 Scanning Electron Microscopy 

To assess the morphology and distribution of LLZO particles within the polymer matrix 

SEM micrographs of the film cross-sections were recorded (Figure 36). The film 

thickness ranged from 25 - 65 µm, demonstrating that the roll-pressing technique was 

effective in producing thin, self-standing films. The SEM images revealed a uniform 

distribution of LLZO particles throughout the polymer matrix, indicating successful 

integration and compatibility between the filler and the host material. In all samples, 

LLZO particles were evenly dispersed, with no noticeable aggregation or clustering. 

This homogeneous distribution was crucial, as it enhances both ionic conductivity and 

mechanical properties of the composite electrolytes. The absence of aggregates 

reduced the risk of ion-blocking regions, thereby improving overall ionic transport within 

the electrolyte. 

 

Figure 36 SEM micrographs of the cross-section of PTHF/PEO-LLZO films with 50, 100, 200 and 400 % 
of LLZO added. 
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Additionally, the consistent particle distribution suggested that the roll-pressing of a 

high-viscosity slurry was effective in preventing sedimentation, resulting in a well-

dispersed composite. This uniformity not only enhanced the mechanical integrity of the 

films but also optimized ion conduction by increasing the contact area between the 

LLZO particles, the polymer matrix, and the electrodes. This improved interface is 

critical for efficient lithium-ion transport, further reinforcing the suitability of the roll-

pressing technique for fabricating high-performance composite polymer electrolytes. 

 

Energy-dispersive X-ray spectroscopy (EDX) maps, derived from SEM images, 

provided further insight into the elemental distribution within the composite polymer 

electrolyte films, offering critical information about the interactions between the LLZO 

particles and the polymer matrix (Figure 37). The EDX maps revealed distinct 

elemental contributions, allowing for a deeper understanding of both the morphology 

and chemistry of the films. 

In the EDX mapping, lanthanum (La), represented in yellow, confirmed the presence 

of LLZO particles within the polymer matrix. The yellow regions aligned closely with 

the bright areas in the SEM images, which were identified as LLZO particles, verifying 

their uniform distribution without any aggregation. This consistent presence of La 

across the films highlighted the successful integration of LLZO into the polymer matrix, 

which was essential for enhancing ionic conductivity. 

Sulfur (S), depicted in orange, corresponded to the TFSI anion and was clearly 

separated from the LLZO particles. This spatial separation demonstrated the effective 

incorporation of the ionic species within the polymer matrix while maintaining distinct 

boundaries between the LLZO and the polymeric ion-conductive pathways. This 

differentiation suggested that the LLZO did not interfere with the ionic transport 

provided by the TFSI, thereby preserving the electrochemical performance of the 

composite electrolyte. 

Silicon (Si), depicted in red, marked the chain ends of the polymer segments. The EDX 

maps revealed a notable concentration of Si at the surfaces of the LLZO particles, as 

evidenced by the overlap of La and Si signals. This observation strongly supported the 

hypothesis that the silane coupling agents primarily interacted with the particle 

surfaces, enhancing the adhesion between LLZO and the polymer matrix. The high 

concentration of chain ends near the LLZO particles not only confirmed this interaction 

but also implied that these localized polymer segments may improve both mechanical 
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properties and ionic conductivity by fostering a conducive environment for ion 

transport, which in turn may facilitate enhanced Li-ion mobility, further optimizing the 

performance of the composite polymer electrolyte. 

 

Figure 37 SEM of the flat surface of PEO (top) and PTHF (bottom) with 200 % LLZO. EDX maps of the 
selected area (green). La (yellow) was chosen for identification of LLZO particles. S (orange) shows the 
localization of the TFSI-anion. Si (red) shows the end-groups of the respective polymer. 

 

A particularly interesting observation from the EDX maps was the higher concentration 

of Si found between the LLZO particles in the PTHF-based composite films. This 

observation aligned with the shear rheology results, suggesting that PTHF contains a 

higher number of silane groups relative to the reactive surface area available on the 

LLZO particles. The increased Si concentration in these interstitial regions implied that 

the silane coupling agents were effectively utilized, potentially saturating the reactive 

sites on the LLZO surface. This excess silane present between the particles indicated 
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reduced network formation, influencing both the mechanical properties and the ionic 

transport behavior of the composite electrolyte. 

This finding was consistent with the rheological behavior observed in shear rheology 

tests, where the PEO-based composite exhibited the highest storage modulus at 

200 % LLZO, while the PTHF composite demonstrated the lowest storage modulus 

under similar conditions. The difference in the mechanical properties could be 

attributed to the distinct interactions between the polymer matrix and the LLZO 

particles. 

In PEO, the reactive surface area of LLZO was well-matched by the available silane 

groups, resulting in a strong interfacial interaction that enhanced mechanical stability. 

This balanced interaction ensured effective stress transfer and reinforcement within 

the polymer matrix. In contrast, the excess silane groups in PTHF might lead to a more 

flexible polymer network that was not adequately reinforced by LLZO particles, leading 

to lower storage modulus values, as observed in the rheology tests. The imbalance 

between the silane concentration and the reactive surface area LLZO may have 

hindered effective stress transfer, thereby compromising the mechanical integrity of 

the composite electrolyte. 

 

These findings emphasized the importance of optimizing the silane content in relation 

to the reactive surface area of the filler particles. Achieving the right balance could 

enhance both the mechanical strength and electrochemical performance of the 

composite polymer electrolytes. Further research will be necessary to investigate the 

effects of varying silane concentrations on the interfacial properties and overall 

performance of these materials. Indeed, investigating these effects could lead to 

improved electrolyte designs, ensuring better mechanical stability, optimized ion 

transport, and enhanced long-term functionality for applications such as rechargeable 

batteries. 

 

4.4.2.3.3.3 Thermal Characterization 

Thermal characterization of the CPEs (Figure 38) showed a decrease in crystallinity 

for PEO films with increasing LLZO content. This was expected behavior as the LLZO-

PEO interface reduces the ability of the polymer chains to align and crystallize. In 

contrast, PTHF did not exhibit any crystallization. Moreover, a slight decrease in Tg 

was observed for PEO and PTHF as LLZO concentration increased. For PEO films, 
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the degradation temperature remained constant at 360 °C, while PTHF films had 

varying degradation temperatures between 230 and 330 °C. The mass loss observed 

for both polymers correlated well with the combined wt% of polymer and LiTFSI, further 

confirming the consistency in the composition of the films. 

 

Figure 38 Comparison of thermal properties PEO/PTHF-LLZO films with 25, 50, 100, 200, and 400 % 
LLZO content. DSC measurements of PEO1525-400 (a) and PTHF525-400 (c) at a heating rate of 
10 K min-1. Depicted is the second heat run. TGA measurements of PEO1525-400 (b) and PTHF525-400 
(d) at a heating rate of 10 K min-1 from 30 - 800 °C. 

 

4.4.2.3.3.4 Electrochemical Characterization 

Due to the change in the manufacturing procedure, the ionic conductivity and Li+ 

transference number of all films were recorded (Figure 39) at a film thickness of 

approximately 100 µm. This characterization was essential to assess the impact of the 

new fabrication method on the electrochemical performance of the composite polymer 

electrolytes. 

For PTHF-based films, the ionic conductivity was highest for the 25 and 50 % LLZO 

compositions, measuring 7.06 and 6.02·10-6 S cm-1, respectively at 60 °C. However, 
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increasing LLZO content beyond this significantly reduced the ionic conductivity, with 

values of 1.55, 1.28, and 2.52·10-6 S cm-1 for 100, 200, and 400 % at 60 °C (Figure 39 

a). Notably, the ionic conductivity of PTHF5400 at 60 °C appeared to be an outlier, 

showing a higher value than expected which in turn is based on linear extrapolation 

from measurements at other temperatures. Across all measured temperatures, the 

ionic conductivity of 25 % and 50 % LLZO films was the highest, showing a clear linear 

trend from 20 to 80 °C. For PEO-films, at 60 °C, the ionic conductivities for 25 %, 50 

%, and 100 % LLZO compositions were similar, at 0.27, 0.26, and 0.24·10-3 S cm-1, 

respectively (Figure 39 b). Increasing the LLZO content to 200 % reduced the ionic 

conductivity slightly to 0.17·10-3 S cm-1, while further increasing it to 400 % caused a 

significant drop to 0.07·10-3 S cm-1. PEO exhibited non-linear conductivity behavior 

with a significant loss in ionic conductivity below 50 °C, which correlated with the values 

of the melting points (ranging from 52 - 40 °C depending on the LLZO content) obtained 

via differential scanning calorimetry measurements (Figure 38 a). Due to this 

temperature-dependent behavior, PEO15100 performed best at lower temperatures (20 

- 30 °C), reaching 8.44·10-6 S cm-1at 20 °C, while still remaining among the best-

performing films at higher temperatures. 

The lithium transference number for PTHF525 (0.09) was a significant outlier compared 

to the other measurements, which ranged from 0.55 - 0.65 (Figure 39 c). The tLi
+ values 

for higher LLZO contents were comparable to or even slightly higher than those 

reported in literature.363 Similarly, for PEO-based films, PEO1525 exhibited the lowest 

tLi
+ with 0.06, while the highest value (0.13) was observed for 100 % LLZO. The 50 %, 

200 %, and 400 % LZZO samples were exhibiting slightly lower tLi
+ values (Figure 39 

d), indicating that moderate LLZO content provided the best balance of Li-ion transport 

in the polymer matrix. 
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Figure 39 Ionic conductivity Arrhenius plots of a) PTHF and b) PEO mixed with 25, 50, 100, 200, and 
400 % of LLZO from 20 - 80 °C. Lithium transference numbers tLi

+ for c) PTHF and d) PEO mixed with 25, 
50, 100, 200 and 400 % of LLZO at 60 °C and a [O]:[Li] ratio of 5:1 for PTHF and 15:1 for PEO. 

 

The symmetrical plating-stripping experiments for PTHF CPEs (Figure 40) revealed a 

low CCD of 0.1 mA cm-2 for PTHF550, PTHF5100, and PTHF5200. At this current 

density, these samples showed stable overpotentials of ~0.145 V, ~0.174 V, and 

~0.186 V, respectively, with values steadily increasing as LLZO content increased. In 

contrast, PTHF525 and PTHF5400 did not show any stable plating behavior, indicating 

poor electrochemical performance. Additionally, the polarization also increased with 

increasing LLZO content from PTHF550, PTHF5100, to PTHF5200, suggesting that 

lower LLZO content was more preferable for PTHF-based CPEs, as higher ceramic 

loading may hinder effective Li-ion transport. 
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Figure 40 Symmetrical plating-stripping experiments of all PTHF-LLZO films with increasing current 
density after 10 cycles at 60 °C. Additional plating-stripping graphs are shown in the Appendix Figure 
132. 

Lastly, an impedance spectrum of freshly prepared cells was recorded hourly and 

analyzed by distribution of relaxation time (DRT) analysis (Appendix Figure 133 - 

Figure 138). Time constants between 10-5 and 10-2 s primarily correspond to ion 

migration through interfaces364,365 and are referred to as interface resistance. For PEO-

based films, the equilibration time decreased as the LLZO content increased from 25 

to 100 %, suggesting improved ion transport. Equilibration time increased further once 

the LLZO content was increased beyond 100 to 400 %. The same trend of a minimum 

interface resistance was observed for PTHF-films, however, the minimum of overall 

interface resistance occurred at 50 % LLZO content rather than 100 %. 

Moreover, PEO1525 and PEO1550 indicated the presence of additional diffusion 

processes by exhibiting additional peaks at 10-5.3 s. A similar phenomenon was 

observed for PTHF525 and PTHF5400 exhibiting additional peaks at 10-5 s. Although 

these peaks strongly suggest variations in Li-ion diffusion pathways due to changing 

LLZO content, a definitive conclusion regarding their origin could not be reached. 

Further investigations are needed to confirm whether these peaks directly correlate 

with structural or interfacial modifications. 

 

Overall, among the tested CPEs PTHF550 and PEO15100 showed the best 

performance in terms of ionic conductivity, lithium transference number, and interface 

resistance for their respective polymer matrices. However, despite these 

improvements, the ionic conductivity of PTHF-based CPEs remained too low for 



Results and Discussion 
___________________________________________________________________ 

134 

practical applications, even at 60 °C. During cell assembly, PTHF films were easier to 

handle and enabled the fabrication of thinner films, making them mechanically 

advantageous. Given these properties, it would be desirable to enhance the 

electrochemical performance of PTHF by mixing it with PEO, leveraging the beneficial 

properties of both polymers. Inevitably, this hybrid strategy could potentially combine 

the superior mechanical properties of PTHF with the higher ionic conductivity of PEO, 

creating a more effective composite polymer electrolyte for practical applications. 

 

4.4.2.3.4 Mixed PTHF-PEO CPEs 

To evaluate the feasibility of mixed polymer matrices and enhance the performance of 

PTHF films, three different approaches to PTHF-PEO mixtures were tested. Initially, 

modified PTHF and PEO were blended in a 1:1 mass ratio, along with their respective 

LiTFSI equivalents (PEO15PTHF5100). In this formulation, equal masses of both 

polymers were combined with LLZO, and the resulting film was subsequently assessed 

for its ionic conductivity and lithium transference number (Figure 41). 

 

 

Figure 41 a) Ionic conductivity of PTHF-PEO mixed films from 20 - 80 °C. PEO15100 and PTHF5100 are 
added for comparison. b) Lithium transference numbers for all PTHF-PEO mixed films at 60 °C. 

 

The results showed that incorporating PEO into the PTHF matrix improved its 

electrochemical properties, especially at higher temperatures. Notably, at 

temperatures above 45 °C, the performance of the PTHF-PEO mixture closely 

matched the average of its pure components (σ = 1.3·10-5 S cm-1 at 60 °C), indicating 

a possible synergistic effect, perhaps due to increased mixing of both polymers at 
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elevated temperatures. However, at temperatures below 40 °C, the blend 

underperformed compared to both pure PTHF and PEO individually, indicating that the 

combination may introduce additional resistance or phase incompatibilities at lower 

temperatures. The lithium transference number measured at 60 °C was 0.05, which 

was also significantly lower than that of PEO15100 and PTHF5100 alone, suggesting 

that while the polymer blend improved conductivity, it may have negatively impacted 

Li-ion transport efficiency. 

One hypothesis proposed that the lower glass transition temperature in addition to the 

molecular weight of PTHF allowed it to move more freely within the slurry, enabling it 

to interact with the particle surface before the partially crystallized PEO at room 

temperature. This faster surface reaction of PTHF may have hindered the ability of 

PEO to react with the LLZO surface, leaving unreacted PEO-silane trapped within the 

PTHF matrix. Additionally, at temperatures below 45 °C, the compartmentalized PEO 

crystallized, as evidenced by DSC measurements (Figure 42), which showed three 

distinct melting points at 42.5, 30.5, and 16.7 °C, respectively. 
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Figure 42 DSC measurements of mixed PEO-PTHF CPEs. PEO15PTHF5100 has two Tg corresponding to 
both separated polymer phases and multiple melting peaks for compartmentalized PEO-crystals of 
different sizes. mPEG15PTHF5100 also exhibits two Tg for PTHF and mPEG, respectively while only 
having one melting point for the mPEG phase. PTHF550+25 % PEGDME has one Tg and one melting 
point indicating a mixed phase. 
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Crystallization reduced the free volume of the polymer matrix, a key factor influencing 

the ionic conductivity.366 The gradual crystallization of PEO from 42.5 - 16.7 °C 

correlated with the sharp decline in ionic conductivity, which dropped even below the 

values for pure PTHF5100. This behavior was further supported by two additional 

distinct transport processes, which could be identified in the DRT spectrum between 

10-5 and 10-4 s (Appendix Figure 139 - Figure 141) for the PTHF/PEO mixture, 

indicating the presence of competing transport pathways within the sample. These 

findings demonstrated that the partial crystallization of PEO within the PTHF matrix 

significantly affected ionic conductivity below the melting point of PEO, revealing a 

complex interplay of temperature-dependent phase interactions between PTHF, PEO, 

and LLZO particles. 

 

To further investigate mixed polymer systems, monofunctionalized mPEG5000-silane 

was combined with PTHF2.9k-silane. This modification maintained the same silane 

concentration but introduced a molecular weight closer to PTHF, improving the mobility 

of the mPEG chains within the composite slurry and reducing crystallization of mPEG 

compared to PEO10k-silane. The film was prepared similarly to PEO15PTHF5100, 

substituting PEO10k-silane with modified mPEG5000-silane to obtain 

mPEG15PTHF5100. This structure allowed for a core-shell configuration around LLZO 

particles, as the modified mPEG reacted with only one particle, preventing crosslinking 

through mPEG and maintaining a simple one-step slurry roll-to-roll process. 

Additionally, mPEG influenced the particle-PTHF interface by forming a (partial) in-situ 

coating on the LLZO particles, acting as an interlayer, which had been shown to 

improve the performance of CPEs.367 Remarkably, this blend demonstrated a 

significant improvement in ionic conductivity compared to pure PTHF, more than 

doubling the conductivity (σ = 3.7·10-6 S cm-1 at 60 °C) while demonstrating stable 

performance across the entire temperature range of 20 - 80 °C. Notably, no decline in 

conductivity was observed below 45 °C, suggesting that the modified blend maintains 

its electrochemical efficacy even at lower temperatures. 

 

Moreover, the mPEG-PTHF mixture exhibited Arrhenius behavior similar to pure 

PTHF, indicating that the thermal activation energy for ionic transport remained 

consistent. The lithium transference number of the mPEG-PTHF blend (0.62) was 

almost identical to that of pure PTHF films, suggesting that Li-ion transport primarily 
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occurred through the PTHF polymer matrix and LLZO particles. Unlike in the PEO-

PTHF mixture no competing transport pathways were identified in DRT analysis 

(Appendix Figure 141), reinforcing that the improvements in ionic conductivity were 

largely attributed to the enhanced interphases from the mPEG coating. If a significant 

Li+-conducting mPEG phase were present, it would have significantly lowered the 

lithium transference number, as observed in PEO15PTHF5100. These findings 

highlighted the complexity of optimizing electrochemical properties, including ionic 

conductivity, lithium transference number, and temperature stability. The results 

suggest that modifying polymer-filler interphases—rather than relying solely on 

polymer conductivity—plays a critical role in enhancing composite polymer 

electrolytes. 

 

Blending modified PTHF and PEO directly proved to be ineffective as it resulted in a 

complete loss of lithium conductivity at lower temperatures, with only a marginal 

improvement observed when blending modified PTHF and mPEG. Therefore, attention 

was shifted to using unmodified PEO, specifically Poly(ethylene glycol) dimethyl ether 

(PEGDME, Mn = 500 g mol-1), as a partial (25 %) replacement for modified PTHF in a 

PTHF550 film. PTHF550 exhibited the optimal balance of ionic conductivity and lithium 

transference number among all pure PTHF films. PEGDME, being liquid at room 

temperature and acting as plasticizer for PTHF, was expected to enhance the ionic 

conductivity of PTHF550 while also coordinating Li-ions. As anticipated, the ionic 

conductivity increased by a factor of 2.3 from 6.0·10-6 S cm-1 to 13.9·10-6 S cm-1 at 60 

°C. The improvement was even more pronounced at lower temperatures, where 

conductivity increased 4.4-fold, from 2.9·10-7 S cm-1 to 1.3·10-6 S cm-1 at 20 °C, 

indicating better room-temperature performance than pure PTHF550. Interestingly, the 

lithium transference number was approximately the average of those of PTHF and 

PEO (i.e., at 0.35), suggesting that PEGDME contributed more to the ionic conductivity 

than PTHF, despite its lower content in the polymer matrix. These findings indicated 

that incorporating plasticizers into the matrix could significantly improve 

electrochemical performance, although PTHF still did not perform well enough to be 

suitable for CPE applications. The latter was further confirmed by preliminary plating-

stripping tests, where all three PTHF-PEO mixed films failed immediately at a low 

current density of 0.05 mA cm-2 (Appendix Figure 143). This result reinforces, one 
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more time, the challenges of using PTHF-based CPEs, despite improvements in 

conductivity. 

Interestingly, the thermal decomposition temperatures of all mixed CPEs were identical 

to that of PEO, occurring at 360 °C. The only exception was PTHF550+PEGDME, 

which showed an earlier mass loss attributed to the evaporation of PEGDME (boiling 

point ~240 °C). These results indicated that blending both polymers (i.e., PEO and 

PTHF) could significantly enhance the thermal stability of the CPE (Appendix Figure 

142). The findings highlight the potential of polymer mixing strategies to improve both 

electrochemical and thermal properties, making them more suitable for high-

temperature applications. 

 

4.4.2.3.5 PEO-LLZO-CPEs 

PEO1550, PEO15100, and PEO15200 exhibited the most promising thermal, 

mechanical, and electrochemical characteristics. However, while the ionic conductivity 

of these films was adequate, it was not optimal for high-performance applications. One 

strategy to enhance their electrochemical performance in a full battery cell was to 

reduce the film thickness, thereby minimizing internal resistance. To investigate this, 

two distinct film thicknesses, 30 and 80 µm, were fabricated, leveraging the precise 

thickness control afforded by the roll-to-roll pressing technique. It was remarkable, that 

handling of 30 µm CPEs of PEO and LLZO was easily feasible, which strongly 

indicated the superior mechanical stability of the crosslinked system. This was a 

significant advancement, as most PEO-LLZO-CPEs reported in the literature typically 

range from 65 to 300 µm in thicknesses.21,22,359,367,368 This finding highlights the 

structural integrity and processability of the optimized PEO-LLZO composite 

electrolytes, making them more suitable for practical battery applications. 

 

4.4.2.3.5.1 Plating-Stripping Experiments 

First, plating-stripping experiments were conducted with both film thicknesses (30 µm 

and 80 µm) for PEO1550, PEO15100, and PEO15200 (Figure 43). This study aimed to 

evaluate the influence of film thickness on the electrochemical stability and cycling 

performance of the CPEs. 
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Figure 43 Symmetrical plating-stripping experiments of PEO1550 (a), PEO15100 (b), and PEO15200 (c) 
films with increasing current density after 10 cycles at 60 °C. 

 

For thicker films, the overpotential should be higher as the films exhibit more 

resistance, while thicker films are also anticipated to withstand higher current densities. 

This is mainly due to the failure mode, which most often is dendrite penetration in 

CPEs.369 Through thicker films, a dendrite requires more time to fully penetrate, 

resulting in a slower failure of films compared to thinner films. 

PEO1550 with 80 µm thickness showed an initial overvoltage of ~0.065 V, which quickly 

dropped to ~0.034 V at 0.05 mA cm-2, indicating the formation of an SEI. Moreover, 

this trend of reduction in overpotential was repeated after each incremental current 

density increase, continuing up to 0.4 mA cm-2, at which point the curve shape 

indicated strong polarization within the film. One possible explanation for the 

overpotential reduction is associated with incremental SEI growth following each 

current density increase, although this hypothesis was not further investigated. In 

contrast, PEO1550 with 30 µm thickness showed a stable overpotential of ~0.036 V at 

0.05 mA cm-2, suggesting a lower resistance but also potentially lower tolerance for 

high current densities compared to the thicker film. 

 

PEO15100 showed overpotentials of ~0.031 V (30µm) and ~0.046 V (80µm) at 

0.05 mA cm-2, respectively, which aligned with the expectation that thinner films have 

lower resistance. The same behavior was observed for PEO15200, where 30 µm film 

showed an overpotential of ~0.012 V, while the 80 µm film exhibited 0.038 V at 

0.05 mA cm-2, respectively. For both, PEO15100 and PEO15200, the thinner films 

showed almost no polarization, while the thicker one indicated slight polarization, as 

indicated by the shape of the curve. Additionally, while a reduction of overpotential was 

observed with each cycle, this effect was significantly less pronounced compared to 
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PEO1550. This general trend indicated that an increase in LLZO concentration reduced 

overpotentials in comparable films. It should be noted that direct comparison between 

films is challenging due to the complex nature of interface resistance, interfacial 

contact, and mechanical properties, all of which are strongly influenced by LLZO 

concentration. 

The results for the observed CCD varied widely across the tested films, as both films 

of PEO15100 failed rapidly at 0.2 mA cm-2, while both films of PEO15200 withstood a 

current density of up to 0.3 mA cm-2. PEO1550, however, had the 30 µm film fail at 

0.2 mA cm-2, while the 80 µm film showed overvoltage spikes (~0.39 V) at 0.6 mA cm-2, 

before ultimately failing at 0.7 mA cm-2. Overall, increasing LLZO concentration led to 

higher overpotential in thicker films compared to the thinner ones. Nevertheless, the 

CCD results were inconclusive, with no clear trend observed in regard to film thickness 

and LLZO concentration. 

Alternatively, the CCD for PEO1550, PEO15100, and PEO15200 was determined by 

Linear Sweep Voltammetry (LSV) on the 80 µm films (Figure 44). Here PEO1550 and 

PEO15100 showed a higher CCD of 0.58 mA cm-2 with PEO15200 being slightly lower 

at 0.52 mA cm-2. It has to be noted that CCD values obtained via LSV tend to be higher 

than those achievable in Li||Li symmetrical cells or full Li-metal batteries. As a result, 

the LSV CCD measurements often overestimate the practical CCD values of these 

electrolyte films. The conflicting CCD results from the two measurement techniques, 

along with the voltage noise observed during plating-stripping experiments, strongly 

indicated that dendrite penetration of the CPEs was causing short circuits and 

ultimately leading to the failure of the separator in plating-stripping experiments. 

As dendrite penetration is a well-known issue of PEO-based CPEs, two solutions from 

the literature were adapted. Through the addition of LiNO3
370 and SbF3

371 to PEO-

LLZO-CPEs and PEO Pes, Li and Sun et al. drastically reduced dendrite growth. 

Consequently, to assess the viability of this approach, LiNO3 and SbF3 were added to 

the PEO-LLZO-CPEs. 
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Figure 44 Determination of CCD of PEO1550, PEO15100, and PEO15200 (80 µm) by LSV at 2.0·10-5 V s-1. 

 

For PEO15100, 41.4 mg of LiNO3 and 21.2 mg of SbF3 were added per 1 g PEO10k-

silane, following the optimized concentrations reported in the respective studies 

(Figure 45). To further evaluate the effect of LLZO content, another PEO15200 

containing SbF3 was also synthesized. The ionic conductivity of all three films was 

identical to their respective counterparts without additives. 

 

Figure 45 Symmetrical plating-stripping experiments of PEO15100+LiNO3 (a), PEO15100+SbF3 (b), and 
PEO15200+SbF3 (c) films with increasing current density after 10 cycles at 60 °C. For PEO15100+SbF3 the 
80 µm film could not be measured. 
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The results of the symmetrical plating-stripping tests indicated no benefit to the CCD 

as PEO15100+ LiNO3 and PEO15100+SbF3 both failed at 0.2 mA cm-2 for the 30 µm 

film. In contrast PEO15100+LiNO3 (with 80 µm thickness) exhibited slightly improved 

durability compared to pure PEO15100, however, the dendrite suppression effect 

reported by Li et al.370 could not be reproduced for this CPE. Similarly, no measurable 

enhancement in CCD was observed for PEO15200+SbF3. Since the addition of LiNO3 

and SbF3 did not provide any significant benefit in suppressing dendrites or improving 

CCD, their use was discontinued in further experiments. 

 

4.4.2.3.5.2 NMC-Compatibility 

To evaluate the realistic electrochemical stability of PEO-LLZO CPEs, galvanostatic 

overcharging was performed at 0.1 C against NMC622, as a high voltage cathode 

material (Figure 46). A characteristic voltage plateau at 4.6 V was observed, reflecting 

the onset of oxidative decomposition. A typical charge potential for NMC622 is 4.3 V 

vs. Li|Li+.139 Thus, the PEO-LLZO-CPEs were deemed to be compatible with NMC622, 

and Li|PEO15100|NMC622 CR2032 cells were built to identify the compatibility of 

PEO15100 with NMC622 in a full cell. A 30 µm-thick film was chosen to minimize 

internal resistance in initial C-rate capability tests (Figure 47).  
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Figure 46 Electrochemical stability of PEO15100 against NMC622 determined by galvanostatic 
overcharging (0.1 C). 
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In addition to NMC622 with a mass loading of 2 mg cm-2 cells (self-made) with a mass 

loading of 6 mg cm-2 (supplied by CustomCells) were used. This comparison was 

aimed at evaluating the compatibility of PEO15100 with thicker cathodes. In solid-state 

batteries, achieving effective electrolyte-cathode contact within porous cathodes of 

higher mass loadings is challenging. As a result, solid-state electrolytes (SSEs) are 

often restricted to low-mass loadings, where direct interfacial contact between the 

cathode and SSE is sufficient.372 

After formation in three full charge-discharge cycles at 0.05 C, the specific discharge 

capacity was determined to be 184.5 mAh g-1 and 149.5 mAh g-1 for 2 mg cm-2 and 

6 mg cm-2 mass loading, respectively. While for 2 mg cm-2 mass loading, the rated 

capacity of the commercial NMC622 cathodes (175 mAh g-1) was achieved and even 

slightly exceeded, due to error in the measurements in the cell dimensions. However, 

as expected, the higher mass loading (6 mg cm⁻²) resulted in significant capacity loss. 

Inspired by the benefits of the addition of PEGDME as a plasticizer for PTHF550, 5 µL 

of 1 M LiTFSI in tetraethylene glycol dimethyl ether (G4) was added as a catholyte to 

the 6 mg cm-2 mass loading cathode during cell preparation. G4 is similar to the PEO 

matrix in structure as an oligo ethylene glycol but is liquid at room temperature. Hence, 

it improved wettability and contact deep into the NMC622 cathode. The discharge 

capacity could be improved to 186.9 mAh g-1 surpassing even the 2 mg cm-2 mass 

loading cell, most likely due to measurement error in cell dimensions. For C-rate tests, 

the cells were cycled for three cycles each at 0.1 C, followed by 0.25 C, 0.5 C, 1 C, 

and at 0.1 C again. 

 

At 2 mg cm-2 mass loading, 75 % of the initial capacity was maintained at 1 C 

(175 mA g-1 = 1 C), which was comparable to similar solid-state systems.22 However, 

as expected, increasing the mass loading to 6 mg cm-2 significantly impacted the rate 

capability, primarily due to the increased current density, which posed greater transport 

limitations within the thicker cathode. 
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Figure 47 C-rate capability tests of PEO15100 (30 µm) with NMC622 with a mass loading of 2 mg cm-2, 
6 mg cm-2, and 6 mg cm-2 with the addition of 5 µL of 1 M LiTFSI in tetraethylene glycol dimethyl ether 
(G4) at 60 °C. 

 

The addition of G4 could significantly improve the rate capability allowing the 6 mg cm-2 

NMC622 cathode to retain 37 % of its initial capacity at 1 C, compared to 12 % for 

pristine cathode without G4. Additionally, the pristine 6 mg cm-2 mass loading NMC622 

was unable to recover its initial capacity during the final 0.1 C step, exhibiting significant 

capacity loss during the three cycles. In contrast, the addition of G4 completely 

eliminated this issue, demonstrating its effectiveness in stabilizing capacity retention. 

For long-term stability assessment, Li|PEO1550/200|NMC622 with 2 mg cm-2 mass 

loading were chosen for constant current cycling tests to assess. These tests aimed to 

evaluate the stability of the CPEs against NMC622 over an extended period. PEO1550 

and PEO15200 were used for testing, as PEO15100 films failed prematurely, preventing 

meaningful data interpretation. The film failure of PEO15100 was attributed to 

manufacturing and storage issues, as the air-tight sealing of the film broke during 

transport, exposing it to moisture for an extended period following the rate capability 

tests. 
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With the lower mass loading (2 mg cm-2), the stress on the CPEs due to increased 

current density was reduced, therefore allowing for a clearer assessment of cathode 

electrolyte interface (CEI) (Figure 48). 
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Figure 48 Constant current cycling of PEO15200 at 0.25 C of Li|PEO15200|NMC622 with 2 mg cm-2 mass 
loading at 60 °C. 

 

As expected, the thinner PEO15200 film (30 µm) exhibited a higher initial discharge 

capacity of 172 mAh g-1, which was close to the calculated maximum capacity of 

175 mAh g-1. In contrast, the 80 µm film exhibited a significantly lower initial discharge 

capacity of 133 mAh g-1. Overall, the discharge capacity of both films fluctuated 

strongly, indicating parasitic oxidative decomposition of the CPE at the cathode 

interface. After 100 cycles, the 30 µm membrane retained 65 % of its initial discharge 

capacity, while the 80 µm retained slightly less at 62 %. For comparison, a study 

developed by Ma et al. on 60 wt% silane-mPEG coated LLZO in a PEO-LiTFSI. cycled 

at 0.2 C in a Li||NMC811 cell, reported an initial discharge capacity of 156 mAh g-1 

maintaining 82 % of its capacity after 100 cycles.22 While the initial discharge capacity 

of the 30 µm film in this study was better, the noisy discharge behavior and 

comparatively lower capacity retention led to the conclusion that the interface instability 

between the cathode and the PEO-LLZO CPEs was the primary issue. Further 
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constant current cycling experiments using PEO1550 (30 µm) at 0.25 and 1 C confirmed 

these findings by showing significant capacity loss within just a few cycles (Figure 49). 

This further supports the conclusion that cathode interface instability remains a major 

limitation in the long-term performance of PEO-LLZO CPEs in Li||NMC cells. 
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Figure 49 Constant current cycling of PEO1550 (30 µm) at 0.25 C and 1 C of Li|PEO15200|NMC622 with 
2 mg cm-2 mass loading at 60 °C. 

 

At 0.25 C, the discharge capacity of 174 mAh g-1 was found to be comparable to the 

previous studies, while at 1 C, the discharge capacity was reduced to 121 mAh g-1. 

Over 100 cycles, the capacity retention at 0.25 was only 52 %, while at 1 C, it 

decreased even further to 35 %, indicating severe performance loss. Interestingly, the 

discharge curves appeared less noisy, particularly at 1 C, yet the capacity retention 

was even worse than that of PEO15200 (30 µm). This suggests that while some 

improvements in cycling stability were achieved, long-term degradation at higher rates 

remained a critical issue. 

To further assess the practical viability of the CPEs, a 3x3 cm Li|PEO15200|NMC622 

pouch cell with 6 mg cm-2 cathode was assembled to demonstrate its ability safely 

operate under pressure-free conditions. Indeed, the pouch cell successfully illuminated 

a red LED (Figure 50), confirming the theoretical feasibility of using these films for 
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stable cycling under these circumstances. However, due to the rapid capacity fading, 

an in-depth characterization of the pouch cell was not feasible, and no further 

experiments were conducted. 

 

Figure 50 3x3 cm Li|PEO15200|NMC622 6 mg cm-2 pouch cell illuminating a red LED. The pouch cell 
could not be analyzed in-depth due to rapid cell failure through capacity fading. 

 

The rapid capacity fading observed in PEO-based electrolytes when paired with high 

voltage cathodes (> 4 V vs. Li|Li+) is well documented and primarily attributed to the 

oxidative decomposition of PEO, which is catalyzed by the NMC surface. To mitigate 

this issue, countermeasures such as Al2O3 coatings of NMC cathodes have been 

developed and shown to effectively enhance interface stability.373 

However, since commercially available coated NMC cathodes were not accessible, 

further analysis of PEO-CPEs with NMC cathodes were not feasible. 

This limitation has highlighted the importance of cathode surface modifications in 

ensuring the long-term electrochemical stability of PEO-based composite polymer 

electrolytes. 

 

4.4.2.3.5.3 LFP-Compatibility 

Consequently, the cathode material was switched to commercial LFP (maximum 

voltage of 4.0 V) to mitigate oxidative degradation issues. The LFP cathode, with a 
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mass loading of 7 mg cm-2 (specific capacity = 160 mAh g-1) was supplied by 

CustomCells). The C-rate capability test was then repeated with the addition of G4 to 

the cathode. To ensure consistency, new films of PEO1550, PEO15100, and PEO15200 

were synthesized in both 30 µm and 80 µm thickness and tested in Li|CPE|LFP full 

cells (Figure 51). 

 

Figure 51 C-rate capability tests of PEO1550, PEO15100, and PEO15200 (30 and 80 µm) with LFP with a 
mass loading of 7 mg cm-2 with the addition of 5 µL of 1 M LiTFSI in tetraethylene glycol dimethyl ether 
(G4) at 60 °C. 

 

The initial discharge capacity of all three films was slightly lower than the rated capacity 

of 160 mAh g-1 provided by the supplier. A comprehensive summary of the highest 

measured discharge capacity at 0.1 (16 mA g-1) and 1 C (160 mA g-1) for each film, 

along their respective thickness, is provided in Table 13. This data provides a 

comparative analysis of the performance variation between different CPE formulations 

and film thicknesses, allowing for a detailed evaluation of their electrochemical 

behavior in Li|CPE|LFP full cells. 

 

Table 13 List of the highest average discharge capacity recorded for PEO1550, PEO15100, and PEO15200 
at 30 and 80 µm film thickness at 0.1 and 1 C in Li||LFP cells. 

Film 

Discharge Capacity / mAh g-1 

30 µm 80 µm 

0.1 C 1 C 0.1 C 1 C 

PEO1550 153 134 148 84 

PEO15100 151 125 149 96 

PEO15200 144 124 150 52 

 

While for PEO1550 and PEO15100, the thinner 30 µm films showed a higher discharge 

capacity values at across all C-rates, PEO15200 with the 80 µm film exhibited higher 
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discharge capacities at 0.1 and 0.25 C. As these measurements had high errors, a 

definitive correlation between film thickness and performance could not be established 

On average, the 30 µm films across all LLZO concentrations showed a high capacity 

retention at 1 C, ranging from 83 to 88 %. For 80 µm films, the capacity retention at 

1 C varied significantly, e.g. with 57 % for PEO1550, 64 % for PEO15100, and 35 % for 

PEO15200. Nevertheless, these capacity retentions still surpassed those of NMC622 

cathodes (34 % with 6 mg cm-2 + G4), although similar high mass loadings were used. 

Additionally, due to the increased mass loading, the current density at 0.1 C was equal 

to 0.15 mA cm-2, which was close to the observed stability limit during the plating-

stripping tests. At 1 C, the current density equals 1.5 mA cm-2 , far exceeding the stable 

cycling range of typical PEO-based systems.362 Hence, it was remarkable that the 

thinner films (30 µm) performed well in the rate capability tests, even at high C-rates, 

highlighting their potential for high-power applications. 

Following the rate-capability tests, the same cells were used for constant current 

cycling at 0.25 C and 60 °C to assess long-term stability (Figure 52). 

Of importance was that 0.25 C corresponded to a current density of 0.375 mA cm-2, 

exceeding the maximum CCD of 0.3 mA cm-2 determined in the plating-stripping tests. 

However, the fact that several films demonstrated stable cycling under these 

conditions strongly suggested that the actual CCD of the CPEs may be higher than 

previously determined. 

 

Figure 52 Constant current cycling of PEO1550, PEO15100, and PEO15200 (30 µm (a) and 80 µm (b)) at 
0.25 C of Li|CPE|LFP with 7 mg cm-2 mass loading at 60 °C. Depicted are the best performing cells for 
each LLZO concentration. Coulombic efficiency is omitted for clarity. Constant current cycling of all 
three films containing error data and coulombic efficiency is shown in the Appendix Figure 144 - Figure 
146. 
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Even after undergoing the straining C-rate capability tests, the films exhibited high 

initial discharge capacities of 152, 135, and 130 mAh g-1 for PEO1550, PEO15100, and 

PEO15200 at 30 µm film thickness, respectively. Similarly, the films at 80 µm thickness 

showed comparable 138, 140, and 133 mAh g-1 discharge capacity for PEO1550, 

PEO15100, and PEO15200. 

During constant current cycling, the 30 µm films failed earlier than the 80 µm films, 

most likely due to dendrite penetration. Especially, PEO1550 (30 µm) showed strong 

capacity fading and a noisy voltage profile, reaching 80 % state of health (SOH) after 

only 58 cycles. PEO15200 (30 µm) showed a slightly better discharge behavior, 

maintaining 80 % SOH for 88 cycles. PEO15100 (30 µm) displayed the most stable 

cycling behavior, with minimal noise and a high columbic efficiency (CE) of 99.7 %, 

reaching 80 % SOH after 136 cycles. 

Increasing the film thickness to 80 µm had significant impact on the cycling stability 

across all formulations. Although, the initial discharge capacity was slightly lower 

compared to the 30 µm films, the discharge curves exhibited less noise, and in all 

cases, the number of cycles required to reach 80 % SOH increased. With 130, 140, 

and 200 cycles until 80 % SOH were reached for PEO1550, PEO15100, and PEO15200 

(80 µm), respectively. A clear trend where increasing LLZO content enhances cycling 

stability was identified. Moreover, PEO15100 (80 µm) improved its CE to 99.8%, further 

reinforcing the benefits of the crosslinked PEO-LLZO CPEs. Considering the high 

current density and comparably low film thickness, these results showed a strong 

improvement of crosslinked PEO-LLZO-CPEs over comparable systems. Cai et al. 

infiltrated a Li6.4La3Zr2Al0.2O12 (3D LLZAO) framework with PEO-LiTFSI to obtain a 

polymer-in-ceramic electrolyte. Their CPE was able to cycle an Li||LFP cell at 0.2 C for 

approximately 100 cycles, while maintaining 80 % SOH. However, they used a 

significantly lower mass loading of 1.5 mg cm-2, resulting in a lower current density.374 

Moreover, their CPE preparation method featured a spongey template, which was 

subsequently infiltrated by LLZAO and a PEO-LiTFSI solution in a poorly scalable and 

energy intensive process. In contrast, the self-crosslinking PEO-LLZO CPEs 

developed in this work demonstrated superior electrochemical performance, while also 

being easier to synthesize and more scalable. 

 

Optimizing the anode interface, particularly for the best performing PEO15100/200, 

could significantly improve both performance and longevity of the Li||LFP cells. 



Results and Discussion 
___________________________________________________________________ 

151 

Possible approaches include the addition of ionic liquids35, known to improve ionic 

conductivity and anode stability, or succinonitrile375, a plasticizer that improves 

electrolyte stability and flexibility, which might be able to further increase the 

performance of Li||LFP cells. However, due to time constraints, these enhancements 

could not be experimentally tested within the scope of this thesis. 
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4.4.3 Recapitulation 

A novel, affordable, and scalable approach for the fabrication of CPEs for Li-metal 

batteries was systematically developed, analyzed, and optimized. A key breakthrough 

was the successful synthesis of self-crosslinking polymer-based CPEs in bulk, 

eliminating the need for solvent-based processing. This advancement is particularly 

significant, as it reduced energy-intensive processing steps, making the technology 

more scalable for industrial applications. The successful implementation of this 

concept led to the filing of a patent for the processing of these electrolyte films, further 

underscoring its technological and commercial potential. 

 

To enhance the performance of CPEs, an extensive optimization of materials was 

conducted. Different polymer matrices, including commercially available PEO, PTHF, 

and PCL, were evaluated alongside inactive oxide fillers such as MoO3 and active 

fillers, particularly LLZO. The findings revealed that modifying commercial PEO (Mn = 

10,000 g mol-1) with IPTES to obtain a self-crosslinking polymer matrix and combining 

it with LLZO particles of ~ 6 µm average particle size exhibited the most suitable 

properties for use in an Li-metal battery. Moreover, tuning the LLZO content from 25 % 

up to 400 % enabled the formation of a wide range of CPE architectures spanning from 

ceramics-in-polymer and ceramics-in-polymer character. The films were extensively 

characterized by DSC, TGA, oscillatory rheology, tensile strength, SEM, EDX, and 

various electrochemical characterizations including ionic conductivity, Li+ transference 

number, plating-stripping tests, critical current density assessment, and constant 

current cycling of NMC622 and LFP cells with up to 6 and 7 mg cm-2 mass loading, 

respectively. This systematic optimization resulted in a scalable, high-performance 

CPE system, demonstrating significant potential for next-generation solid-state Li-

metal batteries. 

 

Extensive mechanical and thermal characterization validated the robustness of these 

materials. The LLZO content was proven to have a complex interplay between 

mechanical strength and flexibility, demonstrating its critical role in optimizing CPE 

performance. DSC and TGA confirmed that the films remained thermally stable up to 

360°C, making them suitable for high-temperature battery environments. Through 

SEM and EDX the homogeneous distribution of LLZO particles within the polymer 

matrix, ensuring uniform ion transport pathways. The crosslinking mechanism was 
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confirmed to occur through a surface reaction between alkoxy silanes and LLZO 

particles, validating the self-crosslinking approach as a scalable and effective 

fabrication method. 

 

The research successfully led to the fabrication of thin, flexible, and mechanically 

stable films with thicknesses below 30 µm. These films are significantly thinner than 

conventional CPEs, which typically range from 65 to 300 µm, providing advantages in 

battery performance by reducing internal resistance as demonstrated by excellent 

capacity retention during rate capability tests. Additionally, the implementation of roll-

to-roll processing enhanced film uniformity and handling, further ensuring improved 

scalability and the manufacturability of these materials for industrial applications. 

Stability against lithium metal was a critical aspect, as dendrite growth remains a 

significant challenge for solid-state batteries. Symmetrical lithium plating-stripping 

experiments confirmed that the optimized LLZO content significantly improved cycling 

stability, with some films exceeding 1000 hours of operation without failure. 

In terms of electrochemical performance, the developed PEO-LLZO CPEs have 

demonstrated excellent compatibility with NMC622 cathodes, with a decomposition 

observed at 4.6 V vs. Li|Li+. When tested at 60°C, the CPEs demonstrated stable 

cycling, achieving 75 % capacity at 1 C, indicating their potential for high-performance 

lithium-metal batteries. Furthermore, the addition of 1 M LiTFSI in tetraethylene glycol 

dimethyl ether (G4) to infiltrate the porous cathode significantly enhanced the rate 

capability of high-mass-loading cathodes, thereby improving overall battery efficiency. 

However, under constant current cycling, the oxidative decomposition of the PEO-

matrix led to accelerated capacity fading when in contact with NMC622. Nevertheless, 

a 3x3 cm pouch cell was successfully fabricated and successfully charged, 

demonstrating the feasibility of the novel CPEs for operation under ambient pressure. 

With high mass loading LFP cathodes, the CPEs exhibited superior performance 

compared to NMC622, achieving a capacity retention of 88 % at 1 C and 60 °C. 

Li|CPE|LFP cells maintained 80 % SOH after up to 200 cycles at 60 °C and 0.25 C 

corresponding to a high current density of 0.375 mA cm-2. Dendrite penetration was 

identified as the primary failure mode across all cells, indicating the need for 

improvement at the anode interface. 
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If solutions to mitigate dendrite growth at the anode and parasitic reactions at the NMC 

cathodes are developed, these CPEs could enable the advancement of cost-effective 

and scalable separators for high-energy density Li-metal batteries. 

Additionally, an innovative mixed-polymer system was designed and characterized to 

further optimize the performance of PTHF. While direct blending of PEO and PTHF did 

not provide significant benefits, the incorporation of PEGDME as a plasticizer 

significantly improved ionic conductivity at lower temperatures. However, the low ionic 

conductivity of the system (13.9·10-6 S cm-1 at 60 °C) rendered it unsuitable for Li-metal 

battery applications. These findings highlight the potential for further material 

optimizations to refine the electrochemical properties of self-crosslinking CPEs. 
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5 Conclusion and Outlook 

This thesis investigated the implementation of Li-ion conductive particles, both oxide- 

and sulfide based, into polymer matrices to form hybrid solid-state electrolytes 

(HSSEs) with enhanced performance. The main challenge of HSSEs, the high 

interfacial instability and resistance, was tackled through systematic optimizations of 

particle coatings and fine tuning of polymer properties.  

Collaboration with industrial and academic partners was crucial throughout the 

research. 

 

In the first project, in a collaboration with the industrial partner ARLANXEO, the 

potential of hydrogenated nitrile butadiene rubber (HNBR) as a matrix for hybrid 

electrolytes incorporating LATP and Li6PS5Cl particles was explored. Initial results 

showed that incorporating LATP into the HNBR matrix led to particle agglomeration 

without any significant electrochemical improvement. Hence, LATP particles were 

coated with PAN to enhance compatibility with the HNBR matrix. Although, the coating 

process was optimized, the rigid structure of the PAN coatings negatively impacted the 

ionic conductivity of CPEs. Alternatively, Li6PS5Cl was explored as a thiophosphate-

based additive. Both mixed and layered hybrid systems of Li6PS5Cl and HNBR were 

manufactured, revealing that the low ionic conductivity of HNBRs overall dominates 

the Li-ion conductivity leading to poor electrochemical performance. Ultimately, it was 

determined that HNBR is not suitable as a matrix for composite polymer electrolytes. 

Additives that significantly boost ionic conductivity may have a positive effect on the 

CPEs and could leverage the excellent film forming properties, Li+ transference 

number, and oxidative stability of HNBR for future hybrid systems based on HNBR.  

 

The second project explored the synthesis of novel sulfur-based polymers as polymer 

matrices to improve argyrodite compatibility. Argyrodites like Li6PS5Cl are known for 

their high ionic conductivity but degrade rapidly in contact with oxygen-containing 

polymers due to the oxophilicity of phosphate groups.  To address this, several 

aliphatic polytrithiocarbonates and polythioethers were synthesized and characterized 

in regard to their thermal stability and electrochemical performance. It was found that 

polytrithiocarbonates depolymerize into thermodynamically favored cyclic structures 

upon being in contact with the nucleophilic argyrodite particle surface. Thus, the focus 

shifted to polythioethers, leading to the optimized synthesis of an amorphous 
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poly(propylene sulfide). While poly(propylene sulfide) exhibited low mechanical 

stability and a rigid film formation was not possible, a novel coating procedure using  

LiTFSI was developed, resulting in coated argyrodite particles with ionic conductivity 

suitable for room-temperature applications.. However, due to time constraints, it was 

impossible to assess the electrochemical performance at lower pressures or the 

protective properties of the coating against air and moisture, leaving avenues for future 

research. Further research needs to answer the question whether the poly(propylene 

sulfide) does improve safety of argyrodite based HSSEs. 

 

The third project focused on simplifying and optimizing the coating process of ceramic 

particles, developing a simple and cost-effective modification of mPEGs modified with 

surface-active alkoxy silane. mPEG with number average molecular weights of 550 to 

5000 g mol-1 were modified and their coating properties on LATP nanoparticles were 

assessed, with mPEG1000 providing the optimal balance of grafting density and 

homogeneity. The method was successfully adapted to coat LLZO nanoparticles, 

addressing interfacial degradation issues when combined with PVDF-HFP matrices. In 

collaboration with Forschungszentrum Jülich, it was proven that the mPEG coating for 

LLZO drastically increases the air and moisture stability of LLZO, which tends to 

degrade to Li2CO3 adversely affecting the electrochemical performance. Additionally, 

the agglomeration of LLZO in the CPEs was successfully suppressed, resulting in 

homogenous films with high CCD. Moreover, the mPEG coated LLZO particles showed 

excellent performance in PVDF-HFP based CPEs in Li||LFP cells exceeding 1600 

cycles at 2 C and over 90 % SOH remaining, laying the foundation for further 

optimization of LLZO-based CPEs. that do not experience catalytic degradation. 

 

The fourth and last project developed a novel toolbox of bifunctionalized polymers 

capable of self-crosslinking with various oxidic compounds, producing remarkably thin, 

self-standing, and homogeneous films. Systematically, PCL, PTHF, and PEO were 

used in combination with inactive fillers (MoO3) and active fillers (LLZO) and 

characterized regarding their thermal, mechanical, and electrochemical performance. 

Meticulous optimization of parameters such as processing, molecular weight, particle 

size, and film thickness led to the development of a simple, cheap, and scalable 

procedure for CPEs of down to 30 µm thickness. These films demonstrated excellent 

compatibility with high mass loading cathodes. Li||LFP cells with 7 mg cm-2 mass 
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loading were cycled for over 200 cycles at 0.25 C while maintaining 80 % SOH. The 

simple fabrication process, combined with the potential for additive integration, 

presents a scalable pathway for high-performance CPE development. 

 

In summary, these results highlight the critical role of interface optimization in HSSEs. 

Recognizing that many current optimization methods are hindered by complex 

precursor synthesis and poor scalability, this work put significant emphasis on the use 

of commercially available materials and industrially applicable procedures. Novel 

approaches with low cost commercially available polymers and reactants were found 

and their high capabilities in Li-metal batteries successfully demonstrated. 

In conclusion, the development of efficient, scalable, and high-performance composite 

polymer electrolytes marks a significant step forward in solid-state battery technology, 

enhancing safety, efficiency, and longevity while maintaining cost-effectiveness—key 

factors for future commercial applications. 
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6 Experimental Part 

6.1 Instruments and Synthesis Procedures 

6.1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

The 1H-NMR and 13C-NMR spectra were acquired using a Bruker Ascend III 400 MHz 

spectrometer, with operating frequencies of 400 MHz for proton and 101 MHz for 

carbon. All samples were dissolved in deuterated solvents, and the chemical shifts are 

referenced to the residual solvent signals. 

 

6.1.2 Size Exclusion Chromatography (SEC) 

6.1.2.1 SEC using THF as Eluent 

Size exclusion chromatography was performed in tetrahydrofuran (THF) using a Tosoh 

Bioscience HLC-8320GPC EcoSEC system, which was equipped with an autosampler, 

three PSS SDV columns (5 μm, 100 Å, 1,000 Å, 100,000 Å; 8 × 300 mm), and both UV 

and differential refractive index (RI) detectors. The system operated at a temperature 

of 35 °C with a flow rate of 1 mL min-1. The system was calibrated with ReadyCal 

standards, using poly(methyl methacrylate) (PMMA) standards with molecular weights 

ranging from 800 to 2,200,000 Da, polystyrene (PS) standards from 370 to 

2,520,000 Da, and poly(ethylene oxide) standards from 238 to 217,000 Da. Usually, 

50 μL of a filtered 2.0 mg mL-1 sample solution was injected onto the columns. The 

eluent contains 0.55 g BHT per 2.5 L HPLC grade THF. 

 

6.1.2.2 SEC using DMAC as Eluent 

Size exclusion chromatography was performed in dimethylacetamide (DMAc) using an 

Agilent Technologies 1260 Infinity II system, equipped with both a refractive index (RI) 

detector (RID) and a UV detector. The system was calibrated with ReadyCal 

standards, using poly(methyl methacrylate) (PMMA) standards with molecular weights 

ranging from 800 to 2,200,000 Da, polystyrene (PS) standards from 370 to 

2,520,000 Da, and poly(ethylene oxide) standards from 238 to 217,000 Da. The 

columns used were a Mixed-C Agilent and Mixed-E Agilent. The eluent consisted of 

DMAc (HPLC grade) with 0.79 g of LiBr per 2.5 L of solvent. Usually, 50 μL of a filtered 
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2.0 mg mL-1 sample solution was injected onto the columns. The system operated at 

a temperature of 50 °C with a flow rate of 1 mL min-1. 

 

6.1.3 Attenuated Total Reflection (ATR) Fourier-Transform (FT) 

Infrared (IR) Spectroscopy (ATR FT-IR) 

ATR FT-IR spectra were recorded on a Bruker Alpha II IR from 400 – 4000 cm-1 at 

22 °C. 

 

6.1.4 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry was measured on a Netzsch DSC Polyma 214 

equipped with liquid nitrogen cooling. Samples of 2 - 10 mg were measured in 

aluminum pan with a pierced lid in two heating cycles. The measurements were usually 

performed from -150 to 160 °C at a heating and cooling rate of 10 K min-1. 

 

6.1.5 Thermogravimetric Analysis (TGA) 

All thermogravimetric analysis measurements were performed on a TGA 5500 (TA 

Instruments) in Platinum HT pans under nitrogen atmosphere. Samples are 

equilibrated at 30 °C and heated to 800 °C at a heating rate of 10 K min-1. 

 

6.1.6 Oscillatory Rheology 

Rheological measurements were conducted using a strain-controlled ARES G2 

rheometer (TA Instruments) through small amplitude oscillatory shear experiments. 

The measurements were performed at frequencies ranging from 0.1 to 100 rad/s at 

temperatures of 25 °C, under a nitrogen atmosphere. A 13 mm parallel plate geometry 

was used, with a strain of 0.1 %. The samples were prepared from films obtained via 

the self-crosslinking membrane preparation method, each having a diameter of 13 mm 

and a thickness of 0.2 mm. 
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6.1.7 Tensile Strength 

Hegewald und Peschke Meß-und Prüftechnik GmbH, Universalprüfmaschine inspekt 

table 10 kN. Equipped with a 1 kN force transducer. Measurements were performed 

under ambient conditions with punched out bones of 2.5 cm length and 5 mm width. 

Films had a thickness of 200 µm. 

 

6.1.8 Electrochemical Impedance Spectroscopy (EIS) and 

Electrochemical Characterization 

6.1.8.1 Evaluation of HNBR for CPEs 

For the EIS measurements, coin cells (CR2032 type) were assembled by sandwiching 

the previously dried films between two stainless steel electrodes (thickness l = 100 μm, 

diameter = 10 mm) in a glovebox. The cells were then preconditioned in a temperature 

chamber (Binder MK53) at 70 °C for 5 h and chamber cooled to 20 °C. The 

measurements were performed by increasing the temperature in 10 °C steps from 

20 °C to 70 °C, with each temperature being maintained for 2 hours to allow thermal 

equilibrium to be reached. For the impedance measurements a VMP-300 potentiostat 

(BioLogic Science Instruments) was used. Impedance spectra were recorded over a 

frequency range from 1 MHz to 500 mHz with an amplitude of 10 mV at each 

temperature point. For each film three coin cells were prepared and measured. 

Subsequently, the mean average ionic conductivity of these three measurements was 

derived and discussed. The ionic conductivity σ was calculated according to 

Equation 7. 

𝜎 =
𝑙

𝑅𝑏 ∗ 𝐴
 Equation 7 

with Rb being the bulk electrolyte resistance that can be accessed from the Nyquist 

plot, l the film thickness and A the film area. 

 

6.1.8.2 Sulfur-Containing Polymers for Argyrodite-CPEs 

Cell assembly and measurements were performed by M.Sc. Philip Heuer from 

Universität Münster. 
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All electrochemical measurements were carried out in PEEK lined, airtight press cells 

with stainless steel current collectors (A = 0.785 cm2).376 All measurements were 

performed with a Biologic-VMP300 and a climate chamber maintained at 25 °C. 

For electrochemical impedance spectroscopy 200 mg of Li5.5PS4.5Cl1.5 or coated 

Li5.5PS4.5Cl1.5 was placed in between the two steel stamps and uniaxial pressed at 3 t 

for 3 min. An external pressure of 50 MPa was then applied using a metal frame. The 

frequency range for impedance measurements was 1 MHz to 100 mHz. The RelaxIs 

software (rhd instruments) was used for the analyses. 

 

6.1.8.3 Self-Crosslinking Oxide-CPEs 

Cell assembly and measurements were conducted by Dr. Annika Buchheit (HI MS). 

 

Ionic conductivity 

Electrochemical impedance spectroscopy was used for determination of the ionic 

conductivity. Therefore, CR2032 coin cells in symmetrical arrangement with stainless 

steel discs as electrodes with the samples in between were measured on a Multi 

Autolab M204 with a FRA32M-module (Deutsche Metrohm) and the data were 

collected with the software NOVA 2.1.4 (Metrohm Autolab B.V.). Logarithmic 

frequency scans of 50 steps from 1 to 106 Hz with an alternating voltage of 40 mV 

were performed at all temperature settings 20 to 80 °C, adjusted via climatic chamber 

(MK 053, Binder GmbH, Germany), temperature fluctuations did not exceed ±0.02 K). 

Ionic conductivity was calculated according to Equation 7 (6.1.8.1). 

 

Transference Number 

Transference numbers were measured according to Bruce-Vincent method.377,378 

Therefore, symmetrical CR2032 coin cells with lithium electrodes with the electrolyte 

sandwiched in between were built. The measurements were performed at 60 °C in a 

climatic chamber (MK 053, Binder GmbH, Germany), temperature fluctuations did not 

exceed ±0.02 K. Complete transference experiments including polarization and 

intermediate impedance measurements were performed on an Multi Autolab M204 

equipped with FRA32M-module (Deutsche Metrohm) and the data were collected with 

NOVA software 2.1.4 (Metrohm Autolab B.V.). The cells were equilibrated for 24 h, 

meanwhile the impedance of the polymer/lithium boundary was monitored in order to 

ensure the formation of a stable SEI. For determination of transference numbers, a 
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constant DC voltage of 10 mV (ΔV) was applied to the cell and the time dependent 

current was monitored, the initial current is denoted as I0 and the final steady state 

current is denoted as Iss in the following. The cell impedance was analyzed before and 

after each single DC polarization step by AC impedance measurements. Therefore, 

logarithmic frequency scans of 50 steps from 1 to 106 Hz with an alternating voltage 

of 10 mV were performed. The ohmic part of the electrolyte impedance and the 

lithium/electrolyte interface impedance is denoted as Rel,0 and RLi,ss for the sample 

before polarization and after polarization in steady state, respectively. Calculation of 

transference numbers were done according to Equation 8. 

𝑡+ =
𝑅𝑒𝑙,0 ∗ 𝐼𝑠𝑠

∆𝑉 − 𝑅𝐿𝑖,𝑠𝑠 ∗ 𝐼𝑠𝑠
 Equation 8 

 

LSV/CV 

LSV and CV experiments were carried out with an Autolab PGSTAT302 N (Metrohm) 

potentiostat at 60 °C, data were collected with the software NOVA 2.1.4 

(Metrohm Autolab B.V.). Samples were measured in a three-electrode setup in 

Swagelok cells, whereas Lithium served as the counter and reference electrode. For 

reductive scan, Nickel was used as working electrode, and for oxidative scan Platinum 

serves as the working electrode respectively. Reductive scan was performed between 

OCV and -0.4 V vs. Li│Li+ or until lithium deposition, oxidative scan was performed 

between OCV and 7 V vs. Li│Li+ or the current exceeds 10-5 A. 

 

Cell Building 

NMC622 cathodes were made according to literature.356 

NMC622 electrodes consisting of 90 wt.% (1.854 g) NMC622-Powder (BASF TODA 

Battery Materials LLC), 7 wt.% (0.144 g) Carbon Black (Super C65, Imerys Graphite & 

Carbon) and 3 wt.% (0.062 g) PVDF (Solef® 5130, Solvay) were produced by first 

dissolving PVDF in 4 mL (3.883 g) NMP (99.5%, Sigma Aldrich) using an ARM-310 

ThinkyMixer (THINKY) for 20 Minutes at 2000 RPM. Carbon Black and NMC622 were 

subsequently added to the mixture and homogenized with the ThinkyMixer for 20 min. 

at 2000 RPM and 10 min. at 300 RPM to get rid of any remaining air bubbles within 

the mixture. The slurry was cast onto previously cleaned aluminum foil (20 µm, Evonik 

Industries) by using a doctor blade (ZUA 2000 Universal Applicator, ZEHNTER GmbH) 

with a wet coating thickness of 40 - 50 µm and an Automatic Film Applicator (1133 N, 

Sheen Instruments) with a speed of 50 mm s−1. The electrode sheets were dried in an 
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oven (Binder GmbH) at 80 °C for 2 hours before drying under reduced pressure (10-

3 mbar) over night at 110 °C. This step was followed by calendaring to a thickness of 

~34 - 38 µm and punching into circular electrodes using a Hohsen electrode puncher 

(Hohsen Corp.) with a diameter of Ø = 12 mm and further dried again over night at 

reduced pressure (10-5 mbar) before being used for cell production. The cathodes 

produced are corresponding to ~2 mg cm-2 CAM.  

 

NMC622 (6 mg cm-2) and LFP cathode sheets with a mass loading of 1 mAh cm-2 were 

purchased from Custom Cells GmbH, pre-dried for 12 h at 110 °C and punched to 

circular discs of 12 mm. 50 µm thick lithium metal foil (Honjo) was used as anode 

material and punched to circular discs of 14 mm. Cells were built by stacking cathode 

and anode with a hybrid film of 16 mm in diameter in between in CR2032 coin cells. 

All cells were built in a dryroom (dewpoint < -60°C). 

Galvanostatic cycling experiments were carried out with a battery tester system 

(Maccor ®, series 4000) at 60 °C in a climatic chamber. 

 

Constant Current Cycling 

All constant current cycling experiments were conducted using a coin cell-type two-

electrode setup with a Maccor Series 4000 battery test system. The cells were 

conditioned at 60 °C in a Binder KB 400 climate chamber. Lithium plating and stripping 

experiments were carried out in symmetrical lithium cells, where an initial conditioning 

phase at 0.05 mA cm-2 for 10 cycles was performed. Subsequently, lithium was plated 

and stripped at 0.2 mA cm-2 either for one hour per cycle over 500 cycles equivalent to 

1000 hours or until failure. 

For plating and stripping experiments with alternating current densities, an initial 

0.05 mA cm-2 for 10 cycles were conducted before gradually increasing the current 

density every 10 cycles in increments of 0.1 mA cm-2, until either a short circuit 

occurred, or safety limits were reached. 

Galvanostatic overcharging (upper voltage limit: 6 V) was performed at 18.0 mA g⁻¹ 

(~0.1 C) for NMC622 cathodes. The voltage plateau observed during testing was used 

to identify the onset of oxidative decomposition of the polymer electrolyte against the 

cathode materials. 

Full cell cycling experiments were conducted between 3.0 V - 4.3 V vs. Li|Li+ for 

NMC622 and 2.8 - 4.0 V vs. Li|Li+ for LFP at a charge rate of 0.25 C. For rate 
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performance evaluations, the charge rate was varied, while the discharge rate 

remained constant at 0.1 C. 

Cells were acclimated at OCV for 12 h at 60 °C. Subsequently for the three forming 

cycles, cells were charged with constant current - constant voltage protocol with 

constant voltage for 30 min or < 0.05 C. Discharge cycles were performed under 

constant current.  

 

6.1.9 Cryo-Transmission Electron Microscopy (TEM) 

All Cryo-TEM measurements were performed by M.Sc. Andreas Stihl within the 

workgroup of Prof. Dr. Felix Schacher at Universität Jena. 

 

Samples were used as a dry powder which was suspended in micropure water at a 

concentration of 2 mg mL-1 and dispersed via brief ultrasonication. The sample was 

deposited on a carbon support film on a 400-mesh copper grid manufactured by 

Quantifoil Micro Tools (Großlöbichau, Germany). The films were hydrophilized in an 

Argon plasma produced by a Diener Electronics (Ebhausen, Germany) plasma oven 

for 120 s prior to sample deposition. An amount of 10 µL of the suspension was then 

placed on the film, the excess blotted off using filter paper and allowed to air dry. TEM 

micrographs were acquired with a 200 kV FEI Tecnai G2 20 (Hillboro, OR, USA) using 

a 1 k × 1 k Olympus MegaView camera (Münster, Gemany) with the acceleration 

voltage set to 200 kV. 

 

6.1.10 High-Angle Annular Dark-Field (HAADF) Scanning 

Transmission Electron Microscopy (STEM) (Project 1) 

All HAADF STEM / EDX measurements were performed by Dr. Radian Popescu from 

Laboratorium für Elektronenmikroskopie at Karlsruher Institut für Technologie. 

 

The size, shape and the chemical composition of nanoparticles was investigated by 

high-angle annular dark-field (HAADF) scanning transmission electron microscopy 

(STEM) in combination with energy-dispersive X-ray spectroscopy (EDX) carried out 

on an FEI Osiris ChemiSTEM microscope at 200 keV electron energy. For performing 

EDX, the microscope is equipped with a Super-X EDX system comprising four silicon 

drift detectors (Bruker). EDX spectra are quantified with the FEI software package 
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“TEM imaging and analysis” (TIA) version 4.7 SP3. Using TIA, element concentrations 

were calculated on the basis of a refined Kramers’ law model, which includes 

corrections for detector absorption and background subtraction. For this purpose, 

standard-less quantification, i.e. by means of theoretical sensitivity factors, without 

thickness correction was applied. The concentration profiles of different chemical 

elements within a single nanoparticle were determined from EDX spectra measured 

along a line-scan that passes through its center. EDX line-profiles were recorded by 

applying a drift-correction routine via cross correlation of several images, which yields 

a local precision better than 1 nm. The drift-corrected EDX line-profiles were taken with 

a probe diameter of 0.3 nm and a distance of about 1 nm between two measuring 

points. The quantification of Si-, O-, S- and N-content from EDX line scans was 

performed by using the Si-K an S-K series, as well as, the N-Kɑ and O-Kɑ lines. Besides 

the EDX lines of the corresponding elements, i.e. lines of the Si-K and the S-K series, 

as well as, of the N-Kɑ and O-Kɑlines, X-ray lines of Cu-K and Cu-L series from the grid 

and the C-Kɑ line from the amorphous carbon substrate are also observed in all EDX 

spectra. 

Alternatively, EDX elemental maps of Si (Si-Kɑ line), O (O-Kɑ line), N (N-Kɑ line) and S 

(S-Kɑ line) are recorded and used to investigate their distribution within nanoparticles. 

The maps are analyzed by using the ESPRIT software (version 1.9) from Bruker. 

 

6.1.11 Scanning Electron Microscope (SEM) and Energy-Dispersive 

X-ray (EDX) spectroscopy (Project 4) 

All EDX measurements were performed by Dr. Erich Müller from Laboratorium für 

Elektronenmikroskopie at Karlsruher Institut für Technologie. 

 

FEI Helios G4 equipped with a Schottky Thermal Field Emission Cathode. The energy 

range is 20 eV to 30 keV for secondary and backscattered electron imaging, with beam 

current ranges of 0.8 pA - 100 nA. The Bruker XFlash 6|60 EDXS detector (60 mm² 

SDD, slew AP3.3 window) is used for elemental analysis, the Everhart-Thornley (ETD) 

detector for secondary and backscattered electron detection, and the In-Chamber 

Electron (ICE) detector for capturing emitted electrons. Additional detectors include a 

Through-Lens Detector (TLD), Mirror Detector, and In-Column Detector (ICD) for high-

quality SEM imaging, as well as the STEM detector with BF, ADF, and HAADF 
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segments for detailed structural analysis. The system also includes an EBSD (Electron 

Backscatter Diffraction) and TKD (Transmission Kikuchi Diffraction) detector head for 

crystal structure analysis, texture, and phase analysis. 

Samples were sputtered with gold after being glued with adhesive graphite tabs on an 

aluminium sample holder. 

 

Additionally, SEM micrographs of cross sections of CPEs were recorded by M.Sc. 

Alexander Grimm. 

Scanning electron microscopy imaging was done using a Quanta 200 F from FEI with 

an accelerating voltage of 15 kV. Samples were sputtered with gold for 240 seconds 

prior to measurement. 

 

6.1.12 Glovebox 

6.1.12.1 MBraun 

MBraun Unilab glovebox with < 0.1 ppm H2O, < 0.1 ppm O2 under inert argon 

atmosphere. 

 

6.1.12.2 Inert 

I-LAB 3-glove glovebox with < 0.1 ppm H2O, < 0.1 ppm O2 under inert argon 

atmosphere. Equipped with a potassium permanganate impregnated activated carbon 

filter. 

6.1.13 Hot-Press 

Hot-press model YLJ-HP60-LD purchased from TMAX Battery Equipments. Plate area 

12x12 cm with single side heating up to 200 °C. Maximum pressure of 40 MPa. The 

hot-press is placed inside a glovebox (6.1.12.2). 

 

6.1.14 Roll-to-Roll-Press 

Xiamen Tmax Battery Equipments Limited, Lab Manual Roller Press Machine 100 mm 

diameter and 200 mm width roll dimensions. 0.2 µm tolerance on roll circumference. 
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6.2 Materials 

Chemical Purity and Information Supplier 
(3-Mercaptopropyl) trimethoxy silan
e 

99 % Sigma Aldrich 

1,2-Dibromoethane 98 % Sigma Aldrich 

1,8-Diazabicyclo(5.4.0)undec-7-ene 99 % abcr 

1,9-Dibromononane 97 % Sigma Aldrich 

1H,1H,2H,2H-Perfluorodecyl 
triethoxy silane 

97 % Sigma Aldrich 

2-(2-Mercaptoethylthio) ethanethiol 90 % Sigma Aldrich 

3-(Triethoxysilyl)propyl isocyanate 95 % TCI Chemicals 

Acetic acid 100 % Carl Roth 

Acetone 99.9 % VWR 

Acetonitrile 99.9 % VWR 

Acrylonitrile 
≥99 %, contains 35-45 ppm 
monomethyl ether hydroquinone as 
inhibitor 

Acros Organics 

Azobisisobutyronitrile 98 % Sigma Aldrich 

Benzene-1,3,5-trithiol 98 % TCI Chemicals 

Benzyl mercaptan 96 % abcr 

Bis(trifluoromethane)sulfonimide 
lithium salt (LiTFSI) 

99.95 %, trace metal basis, stored 
in glovebox 

Sigma Aldrich 

Bis(triphenylphosphoranylidene)am
monium chloride 

97 % Sigma Aldrich 

Butane-1,4-dithiol 97 % Sigma Aldrich 

Carbon disulfide > 99.9 % Sigma Aldrich 

Chloroform 99.9 % VWR 

DCM 99.5 % VWR 

Diethyl ether 99.9 % VWR 

DMF 
99,8 %, extra dry, over molecular 
sieve 

Acros Organics 

Ethanol 99.9 % VWR 

Ethyl Acetate 99.9 % VWR 

Hexane-1,6-dithiol 97 % abcr 

Hydrochloric acid 32 %  VWR 

Li6PS5Cl Ampcera®, 10 µm MSE Supplies 

Methanol 99.9 % VWR 

MoO3 99.97 %, trace metal basis Sigma Aldrich 

mPEG (Mn = 550, 1,000, 2,000, 5,000 g·mol-1) Sigma Aldrich 

Mylar foil PPI-SP 914 colorless, 100 µm PPI Adhesive Products 

Nonane-1,9-dithiol 95 % Sigma Aldrich 

PCL-diol (Mn = 2,000 g·mol-1) BLD Pharm 

PEO (Mn = 6,000, 10,000, 20,000 g·mol-1) Sigma Aldrich 

Polyethylene glycol dimethyl ether (500 g mol-1) Sigma Aldrich 

Potassium thiocyanate 99 % Sigma Aldrich 

Propylene oxide 99 % TCI Chemicals 

Propylene sulfide 
> 98 % stabilized with Butyl 
Mercaptan 

TCI Chemicals 
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Chemical Purity and Information Supplier 

PTHF (Mn = 2,900 g·mol-1) Sigma Aldrich 

p-Xylene 99.9 % VWR 

Silica nanoparticles SiO2, 99.9 %, 200 nm, spherical 
US Research Nanomaterials, 
Inc. 

Therban 4367 
43 wt% acrylonitrile content, 61 
Mooney viscosity 

Arlanxeo 

THF 99.9 % VWR 

Thiocarbonyldiimidazole 95 % abcr 

Triethylamine 99.5 % abcr 
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6.3 Synthetic Procedures and Experimental Data 

6.3.1 Evaluation of HNBR for CPEs 

6.3.1.1 Film preparation of HNBR-LiTFSI 

Therban 4367 (113.4 mg) and LiTFSI (52.8 mg, [N]:[Li]=5:1) are dissolved in 2 mL 

acetone and stirred at high rpm overnight. The masses are calculated to result in a film 

thickness of approximately 100 µm. A PTFE ring with 3.7 cm diameter is placed on 

Mylar® foil and the polymer solution poured into the mold on a leveled surface. An 

upside-down beaker is put on top of the mold with a small slit for air exchange. The 

acetone is slowly evaporated for 24 h at r.t. and the film subsequently placed in a 

vacuum oven at 60 °C and 7 mbar. The film is carefully loosened from the Mylar® foil 

and placed in a glovebox. Films with 10 mm diameter are punched out and dried in a 

Büchi oven at 60 °C and 10-3 mbar. 

5001000150020002500300035004000

wavenumber / cm-1

 

Figure 53 ATR-IR of HNBR-LiTFSI film after drying in a vacuum oven. 
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Figure 54 DSC of HNBR-LiTFSI film. Depicted is the 2nd heat run at a heating rate of 10 K min-1. 
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Figure 55 TGA of HNBR-LiTFSI film from 30 - 800 °C at a heating rate of 10 K min-1. 
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6.3.1.2 Film preparation of HNBR-LATP-LiTFSI CPEs 

The HNBR-LATP-LiTFSI CPEs are prepared in the same manner as described in the 

previous Chapter 6.3.1.1 with the addition of 20% (PAN@)LATP (22.7 mg) calculated 

from the polymer mass during the stirring overnight. This results in a total oxide content 

of 12 wt% in the dried film. Additionally, the sample is sonicated shortly for 10 min 

before pouring the dispersion into the mold. 

 

HNBR-12wt%LATP-LiTFSI: 

5001000150020002500300035004000

wavenumber / cm-1

 

Figure 56 ATR-IR of HNBR-12wt%LATP-LiTFSI film after drying in a vacuum oven. 
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Figure 57 DSC of HNBR-12wt%LATP-LiTFSI film. Depicted is the 2nd heat run at a heating rate of 
10 K min-1. 
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Figure 58 TGA of HNBR-12wt%LATP-LiTFSI film from 30 - 800 °C at a heating rate of 10 K min-1. 
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HNBR-12wt%PAN@LATP-LiTFSI: 

5001000150020002500300035004000
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Figure 59 ATR-IR of HNBR-12wt%PAN@LATP-LiTFSI film after drying in a vacuum oven. 
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Figure 60 DSC of HNBR-12wt%PAN@LATP-LiTFSI film. Depicted is the 2nd heat run at a heating rate of 
10 K min-1. 
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Figure 61 TGA of HNBR-12wt%PAN@LATP-LiTFSI film from 30 - 800 °C at a heating rate of 10 K min-1. 

 

6.3.1.3 SH-TMS coating of nanoparticles (SH@NP) 

A mixture of ethanol (57 mL) and water (3 mL) in a flask is acidified with acetic acid to 

pH 4. Nanoparticles (6 g) are added, and the mixture put in an ultrasonic bath for 3 h. 

(3‑Mercaptopropyl) trimethoxy silane (6.34 g, 6.00 mL, 32.4 mmol) is added and the 

mixture stirred at 70 °C for 18 h. The crude dispersion is centrifuged, and the silica 

nanoparticles are spread out on a crystallization dish. The dish is put into a vacuum 

oven at 120 °C and 7 mbar for 2 h. Afterwards the particles are washed three times 

with dichloromethane, centrifuged, separated, and dried in a vacuum oven (80 °C, 

7 mbar). 
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SH@SiO2: 
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Figure 62 TGA measurements of pure silica nanoparticles and SH@SiO2. SH@SiO2 has a slightly higher 
mass loss but this within the error of the TGA. There is no discernible difference between the samples 
as the TGA is not precise enough to provide reproduceable values at mass losses below 0.5 % due to 
loss of adsorbed gasses and liquids to the surface of the particles. 
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Figure 63 Normalized ATR-IR measurement of the pure silica nanoparticles and SH@SiO2. There is no 
difference between the two samples in IR measurements. 

 

  



Experimental Part 
___________________________________________________________________ 

177 

6.3.1.4 PAN coating of SH@NP 

SH@NP (500 mg) is dispersed in dry DMF (5 mL) and sonicated for 30 min. 

Acrylonitrile (50/250/500/1,000/2,500 mg, corresponding to 0.1/0.5/1/2/5 times the 

amount of SH@NP) and AIBN (125 mg) are added to the solution and the dispersion 

is degassed for 15 min with nitrogen gas. The mixture is heated to 60 °C and stirred 

for 24 h. The crude dispersion is centrifuged and samples for SEC measurements are 

taken. Particles are washed with DMF. Dried in a vacuum oven at 100 °C and 7 mbar 

for 48 h. Yields varied between 430 and 800 mg. 

 

PAN@SiO2: 

 

Figure 64 Pictures from PAN@SiO2 after centrifugation (top) and after grinding in a mortar (bottom): 
Left to right: 1:0.1, 1:0.5, 1:1, 1:2, and 1:5 SH@SiO2 particle mass to monomer mass ratio. All samples 
except 1:5 PAN@SiO2 are off-white powders after grinding the crude particles in a mortar. 1:5 contains 
more PAN because assumably the high concentration of acrylonitrile triggered the Trommsdorff-
Norrish-effect increasing the reaction rate significantly. 
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Figure 65 TGA measurements of all coated silica NPs from 30 - 800 °C at a heating rate of 10 K min-1. 
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Figure 66 ATR-IR of PAN@SiO2 1:0.1, 1:0.5, 1:1, 1:2, and 1:5. Only in 1:5 PAN can be identified with the 
vibrational band of CH2 at 2,918 cm-1, and CN at 2,242 cm-1. The other samples are identical and show 
no bands indicating a coating. 

 

Linear fits: 

Table 14 Linear fit of the TGA mass loss and polymer chain length in the crude reaction mixture of 
PAN@SiO2. 

Linear fit performed with Origin 2023. 1:5 excluded from the linear fit due to the 

Trommsdorff-Norrish-effect increasing the reaction rate significantly. 

Fit function: 𝑓(𝑥) = 𝑎𝑥 + 𝑏 

 

 

Ratio 𝑴𝒏
𝑺𝑬𝑪 

/g∙mol-1 

TGA lowest value 

/% 

TGA mass loss 

/% 

1:0.1 900 99.34 0.66 

1:0.5 2,400 98.29 1.71 

1:1 4,000 97.63 2.37 

1:2 4,900 97.56 2.44 

1:5 9,500 63.29 36.71 
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Values obtained: 

𝑎 = 4.51974 ∗ 10−4 ± 8.2642 ∗ 10−5 

𝑏 =  0.41648 ± 0.28201 

𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑅2 =  0.90599 

𝑃𝑒𝑎𝑟𝑠𝑜𝑛′𝑠 𝑅 = 0.96816 

 

Table 15 Values used to linear fit the coating thickness obtained from TEM pictures and polymer chain 
length in the crude reaction mixture of PAN@SiO2. 

Ratio 𝑴𝒏
𝑺𝑬𝑪 

/ g∙mol-1 

Coating thickness from TEM 

/ nm 

Error of coating thickness 

/ nm 

1:0.1 900 1.725 0.51 

1:0.5 2,400 2.943 0.73 

1:1 4,000 4.163 0.96 

1:2 4,900 5.462 1.19 

1:5 9,500 could not be measured in TEM 

Linear fit performed with Origin 2023. 1:5 excluded from the linear fit. 

Fit function: 𝑓(𝑥) = 𝑎𝑥 + 𝑏 

Values obtained: 

𝑎 = 8.61591 ∗ 10−4 ± 4.18097 ∗ 10−5 

𝑏 =  0.92855 ± 0.09094 

𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑅2 =  0.99065 

𝑃𝑒𝑎𝑟𝑠𝑜𝑛′𝑠 𝑅 = 0.99649 

 

6.3.1.5 Film preparation of HNBR-Li6PS5Cl 

The synthesis of HNBR-LiTFSI films is similar to the described procedure in 6.3.1.1 

Therban 4367 (390 mg) and LiTFSI (181.5 mg, [N]:[Li]=5:1) are dissolved in 5 mL 

acetone and stirred at high rpm overnight. The masses are calculated to result in a film 

thickness of approximately 50 µm. A PTFE ring with 10 cm diameter is placed on 

Mylar® foil and the polymer solution poured into the mold on a leveled surface. An 

upside-down beaker is put on top of the mold with a small slit for air exchange. The 

acetone is slowly evaporated for 24 h at r.t. and the film subsequently placed in a 

vacuum oven at 60 °C and 7 mbar. The film is carefully loosened from the Mylar® foil 

and placed in a glovebox. 
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Mixed HNBR- Li6PS5Cl films: 

One dried HNBR-LiTFSI membrane is placed on Mylar® foil in a glovebox. 1 g Li6PS5Cl 

is distributed evenly atop the film. The film is folded to encapsule the Li6PS5Cl and 

placed between two sheets of Mylar® foil with the non-sticky side towards the film. The 

stack is placed in a hot-press and pressed at 80 °C and 40 MPa for 2 minutes. 

Afterwards, the obtained film is kneaded into a ball and the process is repeated 10 

times until a homogeneous film is achieved. Films with 10 mm diameter are punched 

out and dried in an oven at 60 °C and 10-3 mbar. 

 

Layered HNBR- Li6PS5Cl films: 

One dried HNBR-LiTFSI membrane is placed on Mylar® foil in a glovebox. 1 g Li6PS5Cl 

is distributed evenly atop the film. Another HNBR-LiTFSI film placed on top of the 

Li6PS5Cl layer. A second Mylar® foil with the non-sticky side towards the film is added 

on top. The stack is placed in a hot-press and pressed at 80 °C and 40 MPa for 2 

minutes. Films with 10 mm diameter are punched out and dried in an oven at 60 °C 

and 10-3 mbar. 
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6.3.2 Sulfur-Containing Polymers for Argyrodite-CPEs 

6.3.2.1 Synthesis of P1 

 

Nonane-1,9-dithiol (500 mg, 2.60 mmol, 1.00 eq.) and triethylamine (579 mg, 793 μL, 

5.72 mmol, 2.20 eq.) are mixed in acetone (5 mL). CS2 (416 mg, 330 μL, 5.46 mmol, 

2.10 eq.) is added dropwise while stirring. After 1h 1,9-dibromononane (743 mg, 

2.60 mmol, 1.00 eq.) is added dropwise and the mixture stirred for 18 h. 

The yellow powder is filtered, washed with water/DCM, and dried under reduced 

pressure. Yield 1.09 g (89%) 

012345678

d / ppm

toluene-d8

toluene-d8

a

b

c

d

e

b

c

d

e

b,a

cd
e

 

Figure 67 1H-NMR spectrum of P1 in toluene-d8. 
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1H NMR (400 MHz, toluene-d8) δ / ppm: 3.26 - 3.16 (m, 4H), 1.50 (h, J = 6.3, 5.5 Hz, 

4H), 1.22 - 1.13 (m, 4H), 1.11 - 1.04 (m, 6H). 
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Figure 68 13C-NMR spectrum of P1 in toluene-d8. Peak corresponding to f could not be identified. 

13C NMR (101 MHz, toluene-d8) δ / ppm: 36.63, 29.27, 29.03, 28.84, 28.14. 
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Figure 69 DSC of P1. Depicted is the 2nd heat run at a heating rate of 10 K min-1. 
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Figure 70 TGA of P1 from 30 - 800 °C at a heating rate of 10 K min-1. 
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6.3.2.2 Synthesis of P2 

 

Butane-1,4-dithiol (2.08 g, 2.00 mL, 17.0 mmol, 1.00 eq.) and triethylamine (3.79 g, 

5.20 mL, 37.5 mmol, 2.20 eq.) are mixed in acetone (15 mL). CS2 (2.73 g, 2.16 mL, 

35.8 mmol, 2.10 eq.) is added dropwise while stirring. After 1h 1,2-dibromoethane 

(3.20 g, 1.47 mL, 17.0 mmol, 1.00 eq.) is added dropwise and the mixture stirred for 

18 h. The yellow powder is filtered, washed with water/DCM, and dried under reduced 

pressure. Yield 4.32 g (82%) 

 

1H/13C-NMR spectra could not be recorded due to insolubility of the polymer. 
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Figure 71 DSC of P2. Depicted is the 2nd heat run at a heating rate of 10 K min-1. 
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Figure 72 TGA of P2 from 30 - 800 °C at a heating rate of 10 K min-1. 

6.3.2.3 Synthesis of P3 

 

First, in a glovebox, a 5.00 mL crimp vial is charged with thiocarbonyldiimidazole 

(622 mg, 3.49 mmol, 1.05 eq.) and a stirring bar. After transferring the vial out of the 

glovebox and purging the reaction vessel with nitrogen for 5 minutes, dry DMSO 

(4.00 mL), hexane-1,6-dithiol (500 mg, 3.33 mmol, 1.00 eq.), and 

1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) (1.02 g, 6.69 mmol, 2.01 eq.) are 

sequentially added under a continuous nitrogen flow. Yellow solid precipitates 

immediately. The temperature is increased slowly to 80 °C until everything is dissolved. 
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Mixture is stirred overnight. The orange solid is filtered and washed with water. 

Afterwards, the solid is precipitated 2x from hot chloroform into ice-cold methanol. The 

polymer is dried in a vacuum oven at 45 °C for 24 h. Yield 350 mg (47%) 
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Figure 73 1H-NMR spectrum of P3 in CDCl3. The observed d peak of the starting material indicates low 
conversion rates. 

1H NMR (400 MHz, CDCl3) δ / ppm: 3.36 (t, J = 6.7 Hz, 2H), 2.68 (t, J = 7.4 Hz, 4H), 

1.79 - 1.64 (m, 8H), 1.50 - 1.39 (m, 8H). 
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Figure 74 DSC of P3. Depicted is the 2nd heat run at a heating rate of 20 K min-1. 
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Figure 75 TGA of P3 from 30 - 800 °C at a heating rate of 10 K min-1. 
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6.3.2.4 Synthesis of P4 

 

Thiocarbonyldiimidazole (823 mg, 4.62 mmol, 1.00 eq.) and DBU (1.48 g, 9.70 mmol, 

2.10 eq.) are added to a crimp vial and dissolved in DMF (4 mL in an ice bath under 

inert atmosphere. 2-(2-Mercaptoethylthio)ethanethiol (713 mg, 4.62 mmol, 1.00 eq.) is 

added dropwise slowly under constant stirring. The mixture is stirred and heated to 

50 °C for 24h. Solid precipitates and is washed with methanol/DCM/ethyl acetate. Yield 

90 mg (10%) 

012345

d / ppm

DMSO-d6

H2O

a

b

a

b

a,b EAEAEA
MeOH

MeOH

 

Figure 76 1H-NMR spectrum of P4 in DMSO-d6. 

1H NMR (400 MHz, DMSO-d6) δ / ppm: 3.00 - 2.72 (m, 4H). 

Due to low yields no further analysis could be carried out. 
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6.3.2.5 Synthesis of P5 

 

Propylene sulfide (1.29 g, 17.4 mmol, 500 eq.) and CS2 (2.65 g, 34.8 mmol, 1000 eq.) 

are degassed with argon and transferred into a glovebox. 

Bis(triphenylphosphoranylidene)ammonium chloride (PPNCl) (20.0 mg, 34.8 μmol, 

1.00 eq.) is also transferred into a glovebox. A flask is dried with a heat gun under 

vacuum and immediately transferred into the glovebox. Propylene sulfide and CS2 are 

added to the flask and subsequently the PPNCl is added. The mixture is stirred for 

18 h at r.t. The flask is taken from the glovebox and quenched with 5% HCl. The yellow 

viscous liquid is precipitated into EtOH. The polymer is washed with ethanol 3x and 

dried in a vacuum oven at 45 °C. 

 

Table 16 Masses for all synthesis attempts for P5. 

Reaction Propylene sulfide CS2 PPNCl Yield 

HSSE133 1.29 g 2.65 g 20.0 mg 2.35 g (59 %) 

HSSE137 6.46 g 13.3 g 100 mg 14.9 g (75 %) 

HSSE146 23.5 g 48.3 g 364 mg 36.5 g (51 %) 
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Figure 77 1H-NMR spectrum of P5 in CDCl3. 

1H NMR (400 MHz, CDCl3) δ / ppm: 4.56 - 4.40 (m, 1H), 4.18 - 3.60 (m, 2H), 1.49 (d, 

J = 7.0 Hz, 3H). 
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Figure 78 DSC of P5. Depicted all steps at a heating rate of 10 K min-1. Notably, there is no melting peak 
after the first heat run. This is due to degradation of the polymer above 170 °C triggering a 
depolymerization reaction. 
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Figure 79 TGA of P5 from 30 - 800 °C at a heating rate of 10 K min-1. 
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Figure 80 Exemplary THF-SEC of P5 (HSSE146). PMMA standard. 

Table 17 List of SEC measurements for all synthesized P5 polymers. Performed in THF-SEC with PMMA 
standards. 

Polymer Mn / g mol-1 Mw / g mol-1 Đ 

HSSE133 8,500 13,900 1.63 

HSSE137 9,200 13,100 1.43 

HSSE146 10,000 17,600 1.76 

 

6.3.2.6 Synthesis of P6 
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In a glovebox benzene-1,3,5-trithiol (10.0 mg, 57.4 μmol, 1.00 eq.) and DBU (26.2 mg, 

172 μmol, 3.00 eq.) are added to a flask. CS2 (39.3 g, 31.2 mL, 516 mmol, 9000 eq.) 

is added and the mixture stirred for 5 min. PPNCl (296 mg, 516 μmol, 9.00 eq.) is 

added and again stirred for 30min. Propylene sulfide (19.1 g, 20.4 mL, 258 mmol, 

4500 eq.) is added and the mixture stirred for 18 h. 5% HCl is added to the mixture 

(20 mL) to quench the reaction. The yellow viscous liquid is precipitated into EtOH. 

The polymer is washed with ethanol 3x and dried in a vacuum oven at 45 °C. 

 

Table 18 Masses for all synthesis attempts for P6. 

Reaction 
Benzene-

1,3,5-trithiol 
DBU 

Propylene 

sulfide 
CS2 PPNCl Yield 

HSSE160 10.0 mg 26.2 mg 6.38 g 13.1 g 98.8 mg 
2.73 g 

(14 %) 

HSSE165 10.0 mg 26.2 mg 19.1 g 39.3 g 296 mg 
6.46 g 

(11 %) 
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Figure 81 1H-NMR spectrum of P6 in CDCl3. 

1H NMR (400 MHz, CDCl3) δ / ppm: 4.56 - 4.40 (m, 1H), 4.18 - 3.60 (m, 2H), 1.49 (d, 

J = 7.0 Hz, 3H). 
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DSC and TGA data is identical to P5. 
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Figure 82 Exemplary THF-SEC of P6 (HSSE160). PMMA standard. 

Table 19 List of SEC measurements for all synthesized P6 polymers. Performed in THF-SEC with PMMA 
standards. 

Polymer Mn / g mol-1 Mw / g mol-1 Đ 

HSSE160 5,700 8,900 1.55 

HSSE165 6,300 10,300 1.64 

 

6.3.2.7 Synthesis of P7 

Synthesis of propylene sulfide 

 

In a 500 ml round-bottomed flask equipped with a magnetic stir bar, potassium 

thiocyanate (167 g, 1.72 mol, 2.0 eq.) is dispersed into 300 mL water. After the above 

salt fully dissolved, propylene oxide (50 g, 0.86 mol, 1.0 eq.) is added dropwise to the 

solution stirred for 2 h at 0 ℃. Then, the solution is stirred overnight at room 
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temperature. Propylene sulfide is collected by separating the hydrophobic phase from 

aqueous phase and dried over anhydrous MgSO4. The filtered liquid is used without 

further purification. Yield 51.7 g (81 %) 
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Figure 83 1H-NMR spectrum of propylene sulfide in CDCl3. 

1H NMR (400 MHz, CDCl3) δ / ppm: 2.89 (h, J = 5.8 Hz, 1H), 2.48 (dd, J = 6.3, 1.1 Hz, 

1H), 2.09 (dd, J = 5.7, 1.1 Hz, 1H), 1.49 (d, J = 5.8 Hz, 3H). 

 

Polymerization of propylene sulfide (P7) 

 

In general, benzyl mercaptan (1 eq.) and DBU (1 eq.) are mixed as an initiator solution 

and added to propylene sulfide in a closed vial or flask. The reaction is quenched once 

no more viscosity change is observed with 5 % HCl. The obtained colorless, viscous 

polymer is dissolved in DCM and precipitated in ethanol 3x. For the exact masses, 

solvents and conditions refer to Table 20. Yield (P7-7) 35.0 g (48 %) 
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Table 20 Conditions for all attempted polymerization of propylene sulfide to P7. Entries in italics 
reacted violently resulting in loss of product. 

Polymer Solvent 
Benzyl 

mercaptan 

Propylene sulfide 

equivalents 
temperature 

P7-1 MeCN 3 mL 10 mg 200 25 °C 

P7-2 - 10 mg 200 25 °C 

P7-3 THF 3 mL 10 mg 200 25 °C 

P7-4 CHCl3 6 mL 10 mg 2000 25 °C 

P7-5 - 200 mg 20 0 °C 

P7-6 - 20 mg 200 0 °C 

P7-7 - 247 mg 500 0 °C 
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Figure 84 1H-NMR spectrum of P7 in CDCl3. 

1H NMR (400 MHz, CDCl3) δ / ppm: 7.36 - 7.28 (m, 0H), 3.15 - 2.74 (m, 2H), 2.69 - 

2.56 (m, 1H), 1.37 (dd, J = 6.7, 3.0 Hz, 3H). 
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Figure 85 13C-NMR spectrum of P7 in CDCl3. 

13C NMR (101 MHz, CDCl3) δ / ppm: 41.55 - 41.14, 38.64, 21.10. 
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Figure 86 DSC of P7. Depicted is the 2nd heat run at a heating rate of 10 K min-1. 
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Figure 87 TGA of P7 from 30 - 800 °C at a heating rate of 10 K min-1. 
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Figure 88 Exemplary THF-SEC of P7 (P7-7). PMMA standard. 
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Table 21 List of SEC measurements for all synthesized P7 polymers. Performed in THF-SEC with PMMA 
standards. 

Polymer Mn / g mol-1 Mw / g mol-1 Đ 

P7-1 8,000 9,500 1.19 

P7-2 8,400 11,500 1.36 

P7-3 7,600 8,900 1.18 

P7-6 9,000 10,400 1.16 

P7-7 8,900 11,700 1.32 

 

6.3.2.8 Li5.5PS4.5Cl1.5 Synthesis 

Synthesis and characterization of Li5.5PS4.5Cl1.5 was done by M.Sc. Philip Heuer from 

Universität Münster according to literature. 

 

All synthesis work and sample treatment for Li5.5PS4.5Cl1.5 were performed under an 

argon atmosphere (< 0.5 ppm H2O and O2). Lithium sulfide (Li2S, Alfa-Aesar, 99.9%), 

phosphorus pentasulfide (P2S5, Merck, 99%), and lithium chloride (LiCl, Alfa-Aesar, 

99.9%) were hand ground for 15 minutes to obtain 3 g batches. The mixed materials 

were then hand pressed into pellets and filled into 8 cm high silica ampoules. The 

ampoules were prepared with a carbon coating and pre heated at 800 °C for 2 h under 

vacuum to remove all residual moisture. After precursor placement in the ampoules, 

they were sealed under vacuum. After 3 days of heating at 450 °C (ramp 100 °C h-1, 

natural cooling) the powders were ground for 15 min. Following steps were the 

repetition of pelletizing, sealing inside of a prepared ampoule and annealing the 

sample at 450 °C (ramp 100 °C h-1, natural cooling) for additional 3 days.379 

 

Raman spectroscopy: The obtained powder of Li5.5PS4.5Cl1.5 was placed on a Raman 

sample holder which can be closed airtight to prevent the samples for side reactions 

and humidity. The measurements were performed with a Bruker Senterra and a 

532 nm laser source. 



Experimental Part 
___________________________________________________________________ 

201 

0500100015002000250030003500

n
o

rm
a

li
z
e

d
 i

n
te

n
s

it
y

 /
 a

.u
.

wavenumber / cm-1

PS4
3-

 

Figure 89 Raman spectrum of Li5.5PS4.5Cl1.5. The thiophosphate band is highlighted. Measurement by 
M.Sc. Philip Heuer. 

 

Powder X-ray diffraction (XRD): Powder X-ray diffraction was performed with a StadiP 

from STOE in Debye-Scherrer geometry with a Cu-Kα radiation (λ = 1.5451 Å). The 

Li5.5PS4.5Cl1.5 was sealed in 0.5 mm borosilicate capillaries and were measured in 

2θ = 3° steps for 120 s in an angle range of 2θ = 10° - 91°. 
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Figure 90 XRD spectrum of Li5.5PS4.5Cl1.5. Measurement by M.Sc. Philip Heuer. 

 

6.3.2.9 Preparation of PEs with P5 and P6 

P5/P6 (1 g) is dissolved in MeCN (10 mL) and LiTFSI (200 mg) is added. The mixture 

is stirred for 2 h in a beaker. The solvent is evaporated and the beaker put in a vacuum 

oven at 45 °C. The dried polymer/salt mix is transferred into a glovebox and 

sandwiched between two 15x15 cm Mylar® foils. Afterwards, the stack is hot-pressed 

at 45 °C and 15 MPa for 30 seconds. The film is removed from the hot-press and 

loosened from the Mylar® foil. 10 mm diameter films are punched out and transferred 

to an oven and dried at 45 °C and 10-3 mbar. 

 

6.3.2.10 Preparation of CPEs with P5 

In a glovebox, P5 (1 g), LiTFSI (200 mg), and Li5.5PS4.5Cl1.5 (1 g) are added to a beaker 

and p-xylene (30 mL) is added. The solvent is removed and the mixture sandwiched 

between Mylar® foils at 45 °C and 15 MPa for 30 seconds. The film is removed from 

the hot-press and loosened from the Mylar® foil. 10 mm diameter films are punched 

out and transferred to an oven and dried at 45 °C and 10-3 mbar. 
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6.3.2.11 Preparation of CPEs with P7 

In a glovebox, Li5.5PS4.5Cl1.5 (1 g), P7 (100 mg), and LiTFSI (77.4 mg) are added to a 

mortar with p-xylene (2 mL). Mixed in a mortar until most of the solvent evaporated. 

The paste is transferred into an oven and dried at 40 °C for 24 h. 
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6.3.3 Coating of LATP/LLZO Particles for Oxide-CPEs 

6.3.3.1 Synthesis of triethoxy silane mPEG 

 

mPEG (20.0 g, 1.00 eq.) and 3-(triethoxysilyl)propyl isocyanate (2 eq.) are added to a 

round-bottom flask and purged with nitrogen for 15 min. The flask is heated to 75 °C 

for 24 h while slowly stirring. The polymer is precipitated from THF in ice-cold diethyl 

ether 3x and dried in vacuum oven overnight at 35 °C 600 mbar. All masses and yields 

are listed in Table 22. 

 

Table 22 Masses and yields for all synthesis mPEG-triethoxy silanes. 

Polymer 3-(triethoxysilyl)propyl isocyanate Yield 

mPEG550 17.99 g 17.0 g (59 %) 

mPEG1000 9.90 g 20.0 g (80 %) 

mPEG2000 4.95 g 17.5 g (78 %) 

mPEG5000 1.98 g 20.2 g (96 %) 
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Figure 91 Exemplary 1H-NMR spectrum of mPEG550-silane in CDCl3 with proton assignment. 

1H NMR (400 MHz, CDCl3) δ / ppm: 4.01 (t, J = 4.8 Hz, 2H), 3.63 (qd, J = 7.0, 2.1 Hz, 

6H), 3.52 - 3.34 (m, 40H), 3.29 (q, J = 7.0 Hz, 2H), 3.19 (s, 3H), 2.97 (q, J = 6.5 Hz, 

2H), 1.51 - 1.30 (m, 2H), 1.12 - 0.88 (m, 9H), 0.54 - 0.30 (m, 2H). 

 

The conversion is calculated from the integral ratio of the c and i peak. Since for all 

mPEG-silanes the i:c ratio is approximately 3:2 full conversion is assumed for 

calculations. 
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Figure 92 1H-NMR spectrum of mPEG1000-silane in CDCl3. Refer to mPEG550-silane for proton 
assignment and chemical shifts. 
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Figure 93 1H-NMR spectrum of mPEG2000-silane in CDCl3. Refer to mPEG550-silane for proton 
assignment and chemical shifts. 
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Figure 94 1H-NMR spectrum of mPEG5000-silane in CDCl3. Refer to mPEG550-silane for proton 
assignment and chemical shifts. 

 

6.3.3.2 Coating of LATP with triethoxy silane mPEG (mPEG@LATP) 

 

An ethanol/water (10 ml, 95:5 v:v) mixture is acidified with acetic acid to pH=4. LATP 

powder (1 g) is sonicated in 6 mL of the mixture for 20 min. mPEG-silane (500 mg) is 

dissolved in 4 ml of the mixture. After sonication the silane solution is added to the 

dispersion of LATP and stirred for 18 h. Acetone is added and the particles centrifuged 

and washed with DCM 3x. The coated particles transferred into a beaker and dried in 

a vacuum oven at 80 °C. Yields between 541 mg and 987 mg 
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Figure 95 TGA of mPEG550@LATP from 30 - 800 °C at a heating rate of 10 K min-1. The weight 
equilibrates at 98.1% of the initial value. 
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Figure 96 TGA of mPEG1000@LATP from 30 - 800 °C at a heating rate of 10 K min-1. The weight 
equilibrates at 96.0% of the initial value. 
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Figure 97 TGA of mPEG2000@LATP from 30 - 800 °C at a heating rate of 10 K min-1. The weight 
equilibrates at 96.1% of the initial value. 
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Figure 98 TGA of mPEG5000@LATP from 30 - 800 °C at a heating rate of 10 K min-1. The weight 
equilibrates at 97.7% of the initial value. 
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6.3.3.3 Coating of LLZO with 1H,1H,2H,2H-perfluorodecyl triethoxy 

silane (PF@LLZO) 

 

An ethanol/water (50 ml, 95:5 v:v) mixture is acidified with acetic acid to pH=4. LLZO 

powder (5 g) is sonicated in 30 mL of the mixture for 20 min. 1H,1H,2H,2H-

perfluorodecyl triethoxy silane (500 mg, 360 μL, 704 μmol) is dissolved in 20 ml of the 

mixture. After sonication the silane solution is added to the dispersion of LLZO and 

stirred for 18 h. Acetone is added and the particles centrifuged and washed with DCM 

3x. The coated particles transferred into a beaker and dried in a vacuum oven at 80 °C. 

Yield 5.25 g 
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Figure 99 TGA of 1H,1H,2H,2H-perfluorodecyl triethoxy silane coated LLZO from 30 - 800 °C at a heating 
rate of 10 K min-1. The weight equilibrates at 90.8% of the initial value. 
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6.3.3.4 Coating of LLZO with triethoxy silane mPEG (mPEG@LLZO) 

 

An ethanol/water (20 ml, 95:5 v:v) mixture is acidified with acetic acid to pH=4. LLZO 

powder (2 g) is sonicated in 12 mL of the mixture for 20 min. mPEG1000-silane 

(200 mg) is dissolved in 8 ml of the mixture. After sonication the silane solution is added 

to the dispersion of LLZO and stirred for 18 h. Acetone is added and the particles 

centrifuged and washed with DCM 3x. The coated particles transferred into a beaker 

and dried in a vacuum oven at 80 °C. Yield 2.12 g 
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Figure 100 TGA of mPEG1000@LLZO from 30 - 800 °C at a heating rate of 10 K min-1. The weight 
equilibrates at 87.8% of the initial value. 
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6.3.4 Self-Crosslinking Oxide-CPEs 

6.3.4.1 Modification of polymers with IPTES 

 

As an example, the synthesis of IPTES-PEO is described. The other polymers were 

synthesized in the same manner with 2 equivalents of 3-(triethoxysilyl)propyl 

isocyanate per 1 equivalent of hydroxy groups.  

 

PEO (Mn = 10,000 g·mol-1, 50.0 g, 5.00 mmol, 1.00 eq.) and 3-(triethoxysilyl)propyl 

isocyanate (4.95 g, 20.0 mmol, 4.00 eq.) are added to a 100 mL flask and purged with 

nitrogen for 15 min. The flask is heated to 75 °C for 24 h and stirred at a low rate since 

the molten polymer is highly viscous. THF is added after cooling the flask below 60 °C. 

Precipitated from THF in ice-cold Et2O three times. The modified polymer is dried in a 

vacuum oven overnight at 35 °C 600 mbar. Yields 89 - 97 % 

Polymers modified according to this procedure: PEO (6,000, 10,000, and 

20,000 g·mol-1), PTHF (2,900 g·mol-1), PCL-diol (2,000 g·mol-1) 

THF-SEC of the unmodified polymers against PMMA standards are available in the 

Appendix Figure 125 - Figure 128. 
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Figure 101 THF-SEC of PEO6k-silane against a PMMA standard. 
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Figure 102 THF-SEC of PEO10k-silane against a PMMA standard. 
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Figure 103 THF-SEC of PEO20k-silane against a PMMA standard. 
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Figure 104 THF-SEC of PTHF2.9k-silane against a PMMA standard. 
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Figure 105 THF-SEC of PCL2k-silane against a PMMA standard. 
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Figure 106 ATR-IR of PEO10k-silane. 
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Figure 107 ATR-IR of PTHF2.9k-silane. 
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Figure 108 Exemplary 1H-NMR spectrum of PEO6k-silane in CDCl3 with proton assignment. 

1H NMR (400 MHz, CDCl3) δ / ppm: 4.49 - 4.07 (m, 2H), 3.86 - 3.73 (m, 6H), 3.72 - 

3.38 (m, 200H),3.49 - 3.38 (m, 2H), 1.66 - 1.50 (m, 2H), 1.28 - 1.09 (m, 9H), 0.68 - 

0.48 (m, 2H). 
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Figure 109 1H-NMR spectrum of PTHF2.9k-silane in CDCl3 with proton assignment. b is hidden 
underneath the g peak. 

1H NMR (400 MHz, CDCl3) δ / ppm: 3.80 (q, J = 7.0 Hz, 3H), 3.47 - 3.32 (m, 50H), 3.15 

(q, J = 7.0 Hz, 2H), 1.63 - 1.53 (m, 50H), 1.29 - 0.95 (m, 9H), 0.73 - 0.50 (m, 2H). 
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Figure 110 1H-NMR spectrum of PCL2k-silane in CDCl3 with proton assignment. 

1H NMR (400 MHz, CDCl3) δ / ppm: 4.31 - 4.14 (m, 2H), 4.10 - 3.96 (m, 4H), 3.87 - 

3.64 (m, 8H), 3.19 - 3.09 (m, 2H), 2.41 - 2.12 (m, 10H), 1.85 - 1.77 (m, 2H), 1.75 - 1.53 

(m, 20H), 1.46 - 1.28 (m, 10H), 1.25 - 1.14 (m, 9H), 0.68 - 0.55 (m, 2H). 

 

6.3.4.2 Film preparation 

The polymers, LiTFSI, MoO3/LLZO, and additives are stored in a glovebox. 1 g of 

polymer, LiTFSI according to the [O]:[Li] ratio (in the index of the film name), and 

MoO3/LLZO in ratios of 10, 25, 50, 100, 200 or 400 % in regard to the pure polymer 

without LiTFSI are weighed in. Additives are weighed in according to the stated 

amount. All components are taken out of the glovebox and mixed in a mortar until a 

homogeneous slurry is obtained. Then  

a) the slurry is doctor bladed onto a single Mylar® foil in the desired thickness. 

b) the slurry is sandwiched between two Mylar® foils and calendared through a 

manual roll-to-roll press with adjustable slit width. The Mylar® foil has a 

thickness of 100 µm so the slit width was adjusted to 200+x with x being the 

desired film thickness.  
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All films were dried under ambient conditions until a flexible crosslinked film is obtained. 

Subsequently, the films are dried twice. First, in an oven or Schlenkline (< 5·10-3 mbar) 

at 60 °C and afterwards on a Highcube (< 10-6 mbar) at 60 °C. Films are stored in dry 

room with a dew point of -60 °C. Flexible and stable films were synthesized in a 

thickness range of 16 - 200 µm. 

 

Additional information regarding film fabrication (from 4.4.2.3.3): 

During the synthesis of the CPE films incorporating various polymers, oxide particles, 

and concentrations, several key observations were made during the film fabrication 

process. However, these findings could not be reliably quantified due to the influence 

of numerous variables, some of which were difficult to control, affecting the overall 

process. 

The rate at which the slurry upon mixing solidified was highly dependent on: 

Variable    (faster > slower crosslinking condition) 

1. polymer used   (hygroscopic > hydrophobic) 

2. particle concentration  (higher > lower) 

3. the particle surface   (oxides > phosphates) 

4. temperature    (higher > lower) 

5. humidity    (higher > lower) 

6. viscosity   (higher > lower) 

Overall, the slurry crosslinking time varied between 3 minutes and several days, 

depending on the CPE components used. In some cases, particularly at high oxide 

concentrations (> 200 %), the addition of small amounts of ethyl acetate as a plasticizer 

was required. Ethyl acetate reduced viscosity, enhanced the mixability of components, 

and delayed the onset of crosslinking, thereby facilitating controlled roll pressing. All in 

all, the influence on the crosslinking rate by these variables highly indicated that a 

moisture catalyzed reaction between the alkoxy silane end-groups and hydroxy-groups 

at the particle surface were the main crosslinking contributor and not 

homocondensation of alkoxysilanes. 
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7 List of Abbreviations 

% Percentage 

[A] Concentration of A 

°C Degree Celsius 

µl Microliter 

µm Micrometer 

a.t. Ambient temperature 

AIBN 2,2′-Azobis(2-methylpropionitrile) 

Al2O3 Aluminum oxide  

AROP Anionic ring-opening polymerization  

ASSB All-solid-state battery 

ATR-IR  Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy  

ATRP Atom transfer radical polymerization  

BMS Battery management systems  

C Capacity or C-rate 

CCD Critical current density 

CEI Cathode electrolyte interface 

CHCl3 Chloroform 

CIP Ceramics-in-polymer  

cm Centimeter 

CPE Composite Polymer Electrolytes  

CRP Controlled radical polymerization  

CTA Chain-transfer agents  

Đ Dispersity 

Da Dalton 

DBU 1,8-Diazabicyclo(5.4.0)undec-7-ene 

DCM Dichloromethane 

DMF Dimethylformamide 

DSC Differential Scanning Calorimetry  

EDX Energy-dispersive X-ray spectroscopy  
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EIS Electrochemical Impedance Spectroscopy  

EtOH ethanol 

EV Alectric vehicle 

FB2 FestBatt2 

FRP Free Radical polymerization 

g Gram 

G4 1 M LiTFSI in tetraethylene glycol dimethyl ether 

h Hour(s) 

HAADF-STEM High-angle annular dark-field scanning transmission electron microscopy 

HI-MS Helmholtz-Institut Münster 

HNBR Hydrogenated nitrile butadiene rubber 

HSSE Hybrid solid-state electrolyte 

I Current 

IPTES 3-(Triethoxysilyl)propyl isocyanate  

K Kelvin 

kg Kilogram 

KIT Karlsruhe Institut für Technologie  

LATP Li1.5Al0.5Ti1.5(PO4)3  

LCO Lithium cobalt oxide  

LDPE Low-density polyethylene  

LE Liquid electrolyte 

LFP Lithium iron phosphate  

Li2CO3 Lithium carbonate  

Li3PO4 Lithium phosphate  

LiBOB Lithium tetraborate  

LiClO4 Lithium perchlorate  

LiF Lithium fluoride 

Li-ion Lithium-ion 

Li-metal Lithium-metal 

LiPF6 Lithium hexafluorophosphate 

LiSICON Lithium Super Ionic Conductor 
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LiTf Lithium triflate  

LiTFSI Lithium bis(trifluoromethanesulfonyl)imide  

LLTO Li3xLa(2/3)-xTiO3  

LLZO Li7La3Zr2O12 and doped derivatives 

LMB Lithium metal batteries  

LSV Linear Sweep Voltammetry  

LTP LiTi2(PO4)3  

M Mega 

m(A) Mass of A 

mA Milliampere 

MeCN Acetonitrile 

MeOH methanol 

mg Milligram 

mm Millimeter 

MMA Methyl methacrylate  

Mn Number average molecular weight 

mPEG Poly(ethylene glycol) methyl ether 

mPEG@LATP/LLZO mPEG coated LATP/LLZO 

Mw Weighted average molecular weight 

NaSICON Sodium (Na) Super Ionic Conductor 

NBR Acrylonitrile-butadiene rubber 

NCA Lithium nickel cobalt aluminium oxide 

NiCd Nickel-cadmium  

nm Nanometer 

NMC Lithium nickel manganese cobalt oxide  

NMP Nitroxide-mediated polymerization  

NMR Nuclear magnetic resonance 

NP Nano particle(s) 

p Conversion 

Pa Pascal 

PAN Polyacrylonitrile 
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PAN@LATP  PAN coated LATP 

PAN@SiO2 PAN coated silica nanoparticles 

PCL Poly(ε-caprolactone) and poly(ε-caprolactone)-diol 

PE Polymer electrolyte 

PEG Poly(ethylene glycol) 

PEO Poly(ethylene oxide) 

PET Poly(ethylene terephthalate) 

PF 1H,1H,2H,2H-Perfluorodecyl triethoxy silane  

PF@LLZO PF coated LLZO 

PIC Polymer-in-ceramics 

PMMA Poly(methyl methacrylate) 

ppm Parts per million 

PPM Post-polymerization modification 

PS Polystyrene 

PTHF Polytetrahydrofuran 

PVDF-HFP Poly(vinylidene fluoride-co-hexafluoropropylene) 

R Resistance 

r.t. Room temperature 
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RI Refractive index 

S Siemens 
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SEM Scanning electron microscope 
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SH-TMS (3-Mercaptopropyl)-trimethoxysilane  

SOH State of health 
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SSE Solid-state electrolytes  

T Temperature 
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TEM Transmission electron microscopy 

Tg Glass transition temperature 

TGA Thermogravimetric Analysis  

THF Tetrahydrofuran 

TiO2 Titanium dioxide  

tLi
+ Lithium transference number 

Tm Melting point (peak temperature for polymers) 

U Potential 

UV Ultra-violet 

V Voltage 

v:v Volume to volume ratio 

VTF Vogel-Tamman-Fulcher  

W Watt 

wt% Weight percentage 

Xn Number-average degree of polymerization  

XRD X-ray diffraction 

Δ Delta 

σ Ionic conductivity 
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12 Appendix 

12.1 Additional Data for “Evaluation of HNBR for CPEs” 

 

 

Figure 111 XRD of supplied LATP by Dr. Martin Finsterbusch and M.Sc. Xiaochen Liu. Data provided by 
Dr. Martin Finsterbusch. 

Table 23 PSD in µm of supplied LATP by Dr. Martin Finsterbusch and M.Sc. Xiaochen Liu. Relative 
density, ICP-OES results, and ionic conductivity at 25 °C are provided below. Data provided by Dr. 
Martin Finsterbusch. 

D(v,0.1) D(v,0.5) D(v,0.9) 

0.10 0.24 8.01 

ICP-OES: Li1.55Al0.49Ti1.59P3 

Relative density: 87.1 % 

σ (25 °C) = 4.3·10-4 S cm-1 
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Figure 112 HNBR-LiTFSI film. 
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Figure 113 Correlation between Mn determined in DMAC-SEC and mass loss in TGA from PAN@SiO2 
samples. R² (0.94) of the linear fit function indicates a strong correlation. 
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Figure 114 TEM micrographs of PAN@SiO2 1:0.1. The very thin homogeneous PAN coating can be 
observed at the particle surface. 

 

Figure 115 TEM micrographs of PAN@SiO2 1:0.5. The PAN coating is clearly visible and small 
agglomerates of PAN can be observed at the surface. 
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Figure 116 TEM micrographs of PAN@SiO2 1:1. The amount of PAN agglomerates increases, and the 
PAN coating thickness increases further. 

 

Figure 117 TEM micrographs of PAN@SiO2 1:2. Large PAN agglomerates form and the PAN coating gets 
increasingly inhomogeneous. 
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Figure 118 TEM micrographs of pristine LATP. The particles have highly rough contours with crevices. 

 

Figure 119 TEM micrographs of SH@LATP. The particles have smooth contours. 

 

Figure 120 TEM micrographs of PAN@LATP. The particles have a visible smooth amorphous surface 
coating. 



Appendix 
___________________________________________________________________ 

281 

12.2 Additional Data for “Coating of LATP/LLZO Particles 

for Oxide-CPEs” 

 

Figure 121 XRD of supplied LLZO by Dr. Martin Finsterbusch and M.Sc. Xiaochen Liu. Data provided by 
Dr. Martin Finsterbusch. 

 

 

Figure 122 PSD of supplied LLZO 122_3 by Dr. Martin Finsterbusch and M.Sc. Xiaochen Liu. Data 
provided by Dr. Martin Finsterbusch. 
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Figure 123 PSD of supplied LLZO 122_3_NV by Dr. Martin Finsterbusch and M.Sc. Xiaochen Liu. Data 
provided by Dr. Martin Finsterbusch. LLZO 122_3_NV is ball milled and sieved after sintering. 

 

Table 24 PSD in µm of supplied LLZO by Dr. Martin Finsterbusch and M.Sc. Xiaochen Liu. Relative 
density, ICP-OES results, and ionic conductivity at 25 °C are provided below. Data provided by Dr. 
Martin Finsterbusch. 

LLZO D(v,0.1) D(v,0.5) D(v,0.9) 

122_3 0.12 6.09 19.72 

122_3_NV 0.08 0.35 1.66 

122_3_NV is wet ball milled after sintering and sieved. 

ICP-OES: Li7.15La3Zr1.32Ta0.41Al0.9Hf0.02 

Relative density: 95.0 % 

σ (25 °C) = 6.2·10-4 S cm-1 
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Figure 124 TEM micrographs of a) mPEG550@LATP, b) mPEG1000@LATP, c) mPEG2000@LATP, and d) 
mPEG5000@LATP. 
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12.3 Additional Data for “Self-Crosslinking Oxide-CPEs” 
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Figure 125 THF-SEC of PEO10k against a PMMA standard. 
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Figure 126 THF-SEC of PEO20k against a PMMA standard. 



Appendix 
___________________________________________________________________ 

285 

103 104

D
R

I

molecular mass / g×mol-1

Mn = 5,750 g×mol-1

Mw = 11,400 g×mol-1

Đ = 1.99

 

Figure 127 THF-SEC of PTHF2.9k against a PMMA standard. 
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Figure 128 THF-SEC of PCL2k-diol against a PMMA standard. 
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Figure 129 Comparison of doctor bladed films with PEO10k-silane and LLZO. a) with LLZO 350 nm 
particle size and b) 6.09 µm LLZO particle size. 

 

Figure 130 Picture of the manual roll-to-roll press with adjustable slit width. 
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Figure 131 A homogeneous PEO15400 film after roll-to-roll pressing in between two Mylar® foils. 
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Figure 132 Symmetrical Li||Li plating-stripping experiments of PTHF550-400-LLZO films (30 µm and 
80 µm) with increasing current density after 10 cycles at 60 °C. 
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Figure 133 Development of areal resistance of PEO CPEs over 20 h in symmetrical Li||Li cells. 
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Figure 134 Nyquist plot of PEO CPEs after 20 h in symmetrical Li||Li cells. 
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Figure 135 DRT of PEO CPEs after 20 h in symmetrical Li||Li cells. 
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Figure 136 Development of areal resistance of PTHF CPEs over 20 h in symmetrical Li||Li cells. 
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Figure 137 Nyquist plot of PTHF CPEs after 20 h in symmetrical Li||Li cells. 
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Figure 138 DRT of PTHF CPEs after 20 h in symmetrical Li||Li cells. 
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Figure 139 Development of areal resistance of mixed CPEs over 20 h in symmetrical Li||Li cells. 
PEO15100 and PTHF5100 are added as a reference. 
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Figure 140 Nyquist plot of mixed CPEs after 20 h in symmetrical Li||Li cells. PEO15100 and PTHF5100 
are added as a reference. 
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Figure 141 DRT of mixed CPEs after 20 h in symmetrical Li||Li cells. PEO15100 and PTHF5100 are added 
as a reference. 
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Figure 142 TGA measurements of mixed PTHF films at a heating rate of 10 K min-1 from 30 - 800 °C. 
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Figure 143 Symmetrical Li||Li plating-stripping experiments of all PEO15PTHF5LLZO (30 µm and 80 µm) 
with increasing current density after 10 cycles at 60 °C. 
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Figure 144 Constant current cycling of PEO1550 (30 µm and 80 µm) at 0.25 C of Li| PEO1550|LFP with 
7 mg cm-2 mass loading at 60 °C. The discharge capacity includes error bars from 3 cells. 
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Figure 145 Constant current cycling of PEO15100 (30 µm and 80 µm) at 0.25 C of Li| PEO15100|LFP with 
7 mg cm-2 mass loading at 60 °C. The discharge capacity includes error bars from 3 cells. 
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Figure 146 Constant current cycling of PEO15100 (30 µm and 80 µm) at 0.25 C of Li| PEO15200|LFP with 
7 mg cm-2 mass loading at 60 °C. The discharge capacity includes error bars from 3 cells. 
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12.3.1 ATR-IR of prepared CPEs 
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