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Abstract 

State-of-the-art lithium-ion batteries (LIBs) with a liquid electrolyte will soon reach their 

physicochemical limits in terms of energy density. To overcome these limitations, solid-

state batteries (SSBs) are currently one of the most promising concepts. At the same time, 

safety aspects could be improved by replacing flammable liquid electrolyte by a solid elec-

trolyte (SE). Among all classes of SEs, only solid polymer electrolytes (SPEs) based on 

poly(ethylene oxide) (PEO) with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) as 

conducting salt were successfully commercialized so far. However, remaining challenges 

on the way to higher performances must be addressed such as substituting the currently 

utilized low-voltage LiFePO4 (LFP) by high-voltage LiNi1-x-yCoxMnyO2 (NCM) cathode ac-

tive material (CAM). In this context, the literature presents a very contradictory understand-

ing of the compatibility and reactivity of PEO-based SPEs with high-voltage cathodes.  

Therefore, the properties of the PEO/NCM interface were systemically investigated in this 

dissertation. It was shown that the "noisy voltage" phenomenon associated with cell failure 

is due to the penetration of lithium dendrites through the SPE and not due to the oxidation 

of the SPE. Therefore, reaction products of lithium dendrites were visualized. This issue can 

be overcome by a simple modification of the SPE using PEO with higher molecular weight, 

resulting in an improved cycling stability compared to lower molecular weight PEO. How-

ever, since the cells still experience a significant capacity fading, electrochemical imped-

ance spectroscopy (EIS) measurements in a three-electrode setup were applied. These con-

firmed that the NCM/PEO interface is indeed the Achilles’ heel in PEO-based SSBs at high 

voltages. In this context, the interfacial stability depends not only on the applied potential 

but also on the molecular weight of PEO, which is related to the number of terminal groups 

per volume. Furthermore, X-ray photoelectron spectroscopy (XPS) analysis confirmed an 

oxidative degradation of the SPE at high voltages. This is supported by scanning electron 

microscopy (SEM) images of the cathodes after cycling, suggesting that the interfacial deg-

radation at high voltages leads to a fragmentation of the polymer backbone and to a decrease 

in viscosity of the SPE.   

In addition, this work also addresses potential pitfalls during XPS analysis of PEO-based 

SPEs. In particular, the photodecomposition of conducting salts can be easily overlooked 

and misinterpreted as interfacial degradation. It has been shown that the photodecomposi-

tion of LiTFSI is more pronounced, when it is dissolved in a PEO matrix compared to pure 

material. Further, this decomposition can be mitigated by shortening the measurement time 

or by measuring under cryogenic conditions.  

Overall, the results of this dissertation expand the understanding of interfacial degradation 

in PEO-based SPEs with high-voltage cathodes. Such knowledge is crucial for developing 

effective protection strategies and improving the cycle stability of SSBs. The analytical ap-

proach presented in this work provides a workflow for further research to analyze not only 

PEO-based SPEs with NCM, but also other difficult-to-access interfaces in SSBs.  
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Zusammenfassung 

State-of-the-art Lithium-Ionen-Batterien (LIBs) mit flüssigen Elektrolyten werden in Bezug 

auf die Energiedichte bald an ihre physikalisch-chemischen Grenzen stoßen. Um diese zu 

überwinden, sind Festkörperbatterien (SSBs) derzeit eines der vielversprechendsten Kon-

zepte. Gleichzeitig könnten die Sicherheitsaspekte verbessert werden, indem der entflamm-

bare flüssige Elektrolyt durch einen festen Elektrolyten (SE) ersetzt wird. Von allen SE-

Klassen wurden bisher nur feste Polymerelektrolyte (SPEs) auf der Basis von Polyethylen-

oxid (PEO) mit Lithium bis(trifluormethylsulfonyl)imid (LiTFSI) als Leitsalz erfolgreich 

kommerzialisiert. Auf dem Weg zu höheren Leistungen müssen jedoch noch einige Heraus-

forderungen bewältigt werden, wie z.B. die Substitution des derzeit verwendeten Niedig-

volt-LiFePO4 (LFP) durch das Hochvolt-LiNi1-x-yCoxMnyO2 (NCM)-Kathodenaktivmate-

rial. In diesem Zusammenhang gibt es in der Literatur ein sehr widersprüchliches Verständ-

nis über die Kompatibilität und Reaktivität von PEO-basierten SPEs mit Hochvoltkathoden.  

Daher wurden in dieser Dissertation die Eigenschaften der PEO/NCM-Grenzfläche syste-

matisch untersucht. Es konnte gezeigt werden, dass das Phänomen des "Spannungsrau-

schens", das mit einem Zellversagen verbunden ist, auf das Eindringen von Lithiumdendri-

ten durch den SPE und nicht auf dessen Oxidation zurückzuführen ist. Dazu wurden Reak-

tionsprodukte der Lithiumdendriten sichtbar gemacht. Dieses Problem konnte durch eine 

einfache Modifikation unter Verwendung des PEOs mit einem höheren Molekulargewicht 

behoben werden, was zu einer verbesserten Zyklenstabilität im Vergleich zum PEO mit 

einem niedrigeren Molekulargewicht führte. Da die Zellen jedoch immer noch einen erheb-

lichen Kapazitätsabfall aufwiesen, wurden elektrochemische Impedanzspektroskopie-Mes-

sungen (EIS) in einem Drei-Elektroden-Setup durchgeführt. Diese bestätigten, dass die 

NCM/PEO-Grenzfläche die Achillesferse in PEO-basierten SSBs bei hohen Spannungen 

ist. Dabei hing die Grenzflächenstabilität nicht nur vom angelegten Potential ab, sondern 

auch vom Molekulargewicht des PEOs, das mit der Anzahl der Endgruppen pro Volumen 

zusammenhängt. Darüber hinaus bestätigten die Röntgen-Photoelektronenspektroskopie 

(XPS)-Messungen eine oxidative Zersetzung des SPEs bei hohen Spannungen. Dies wurde 

durch elektronenmikroskopische (SEM) Bilder der Kathoden nach dem Zyklisieren unter-

stützt. Diese legten nahe, dass die Grenzflächendegradation bei hohen Spannungen zu einer 

Fragmentierung des Polymerrückgrats und zu einer Abnahme der Viskosität des SPEs führt.   

Darüber hinaus wurde in dieser Arbeit auch potentielle Fallstricke bei der XPS-Analyse von 

PEO-basierten SPEs untersucht. Insbesondere die Photozersetzung von Leitsalzen kann 

leicht übersehen und als eine Grenzflächendegradation fehlinterpretiert werden. Die durch-

geführten Untersuchungen zeigten, dass die Photozersetzung von LiTFSI ausgeprägter ist, 

wenn es in einer PEO-Matrix gelöst ist als in einem reinen Material. Des Weiteren konnte 

diese Zersetzung kann durch eine Verkürzung der Messzeit oder durch das Messen unter 

kryogenen Bedingungen abgeschwächt werden.  

Insgesamt vertiefen die Ergebnisse dieser Dissertation das Verständnis der Grenzflächen-

degradation von PEO-basierten SSBs mit Hochvoltkathoden. Dieses Wissen ist entschei-

dend für die Entwicklung wirksamer Schutzstrategien und die Verbesserung der Zyklensta-

bilität von SSBs. Der präsentierte analytische Ansatz bietet zudem einen Workflow für wei-

tere Untersuchungen, nicht nur bei PEO-basierten SPEs mit NCM, sondern auch bei anderen 

schwer zugänglichen Grenzflächen in SSBs.
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1 Introduction 

Since their market introduction by Sony in 1991, lithium-ion batteries (LIBs) have been 

established themselves as efficient energy storage devices due to their excellent cycle sta-

bility and high energy density.[1],[2] Nowadays, LIBs are widely applied in consumer prod-

ucts, stationary applications and electric vehicles (EVs). According to a recent market re-

search report by Grand View Research Inc.[3], the global market size for LIBs was valued 

at USD 48.19 billion in 2022. The report predicts that the market will grow with a compound 

annual growth rate (CAGR) of 18.1% to reach USD 182.53 billion by 2030. This large 

increase is mainly due to the electrification of transport, which will represent the largest 

share of battery demand in 2030 in terms of total energy storage capacity. One notable ex-

ample is the German government’s ambitious target of introducing at least 15 million elec-

tric vehicles by 2030 to reduce the carbon emissions.[4] There is no doubt that the LIB has 

played a crucial role to create a wireless society that is increasingly less dependent on fossil 

fuels. For this reason, the scientific efforts of J. Goodenough, A Yoshino and M. Whitting-

ham in the development of the lithium-ion battery were awarded with the Nobel prize in 

Chemistry in 2019.[5] 

However, current state-of-the-art LIBs with an organic liquid electrolyte will soon approach 

a physicochemical limit in terms of energy density.[6],[7] Their theoretical gravimetric energy 

density (∼300 Wh kg-1) is too low to overcome the current issues of electric vehicles such 

as limited ranges compared to fossil fuel vehicles.[8] Therefore, alternative follow-up energy 

storage solutions are currently under intensive research, including solid-state batteries 

(SSBs). In SSBs, the liquid electrolyte of conventional LIBs is replaced by a lithium-ion 

conducting solid electrolyte (SE), which can offer numerous advantages. Compared to LIBs, 

SEs may enable the use of lithium metal as anode material, offering higher energy density 

due to lithium’s low redox potential (-3.04 V vs. SHE) and its lightweight. For instance, 

SSB cells with LiNi0.8Co0.15Al0.05O2 (NCA) and lithium may theoretically reach energy den-

sities of 393 Wh kg-1 and 1,143 Wh L-1, while LIBs with NCA and graphite electrodes can 

only achieve 265 Wh kg-1 and 635 Wh L-1, respectively.[6],[9] Furthermore, utilizing SEs can 

prevent electrode cross talk, a well-known undesirable chemical interaction of dissolved 

active materials that contributes to the gradual decline in long-term performance of 

LIBs.[6],[10] Further, the use of SEs can potentially improve the safety of cell through the 

mitigation of various hazards such as electrolyte flammability, cell leakage and the for-

mation of lithium dendrites that can lead to a short circuit failure.[11],[12] Overall, the potential 

of the SSB technology is highly promising, as demonstrated by the significant progress 

made by leading companies such as Bolloré, Samsung, Solid Power, QuantumScape and 

Toyota.  

Several classes of solid electrolytes (SEs) have been identified as potential candidates for 

use in SSBs. These include oxide-[13],[14], halide-[15],[16], thiophosphate-[17],[18], and polymer-

based SEs[19],[20], each exhibiting distinct material-specific advantages and drawbacks that 

are relevant for practical applications. Among all SEs, solid polymer electrolytes (SPEs) 

using poly(ethylene oxide) PEO with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

as conducting salt have emerged as one of the most successful SEs to date. This technology 
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has already been commercialized by Bolloré and is currently being utilized by Daimler in 

their electric “eCitaro” buses with LiFePO4 (LFP) as cathode active material (CAM). The 

concept of polymer electrolytes was developed already in 1973, when Fenton et al.[21] re-

ported that alkali metal salts could be dissolved in PEO to form conductive complexes. Ar-

mand et al.[22] then proposed the use of such polymer electrolyte in SSBs, in which lithium 

may be used as the anode. This approach is particularly attractive due to numerous benefits 

offered by PEO-based SPEs including low cost, high solvation ability of lithium salts and 

moderate ionic conductivity at elevated temperatures (∼1 mS cm–1 at 80 °C). Further, 

PEO-based SPEs exhibit high flexibility that allows good interfacial contact to the electrode 

active materials in contrast to inorganic SEs.[19] An important key advantage of utilizing a 

PEO-based electrolyte is its acceptable interface stability against lithium metal[19],[23]-[26], 

which can lead to higher energy densities compared to conventional LIBs, as previously 

mentioned. 

Despite its potential, the widespread use of PEO-based SPEs in SSBs is hindered by several 

challenges, including: (1) limited ionic conductivity at room temperature,[27] (2) suscepti-

bility to lithium dendrites,[28] and (3) instability against high voltage cathodes such as 

LiCoO2 (LCO) and LiNi1-x-yCoxMnyO2 (NCM).[29] In recent years, enormous research ef-

forts have been made to overcome the challenges (1) and (2). For instance, the group of S. 

Passerini[30] increased the ionic conductivity of the PEO-based SPE from ∼10-3 mS cm–1 to 

0.1 mS cm–1 at 20 °C by adding N-alkyl-N-methylpyrrolidinium TFSI as ionic liquid to the 

PEO-based SPE. Further, numerous studies[27],[28] suggested to introduce inorganic fillers 

into the PEO matrix to increase not only the ionic conductivity of the PEO-based SPE at RT 

but also to mitigate the dendrite formation issues.  

However, only limited research attentions have been dedicated to address the issue of the 

interfacial instability of PEO-based SPE with high-voltage cathodes (challenge (3)).[29] Alt-

hough PEO-based SPEs exhibit reasonable cycle performance with LFP within a limited 

voltage window (typically < 3.8 V vs. Li+/Li)[31], it is necessary to introduce high-voltage 

CAMs into PEO-based SSBs to substantially enhance their energy density for large-scale 

EV applications. As a side note, all potentials in this dissertation are given relative to Li+/Li, 

unless specified otherwise. The oxidation onset of the PEO-based SPE has been widely dis-

cussed in literature with strongly inconsistent results, as some authors assign it to 3.2 V[32], 

4.0 V[33] or even 4.6 V[34]. Furthermore, in some reports PEO-based SSBs with high-voltage 

CAMs experience a sudden cell failure caused by “voltages noise”. This phenomenon is 

believed to be caused by either lithium dendrites[34] or oxidative processes[35],[36] at the cath-

ode side.  

In this dissertation, the interfacial stability of PEO-based SSBs with high-voltage cathodes 

is reinvestigated. The aim is to gain a deeper understanding into the interfacial degradation 

phenomena, to explain and to overcome the observed "voltage noise” failure. Further, vari-

ous techniques such as impedance spectroscopy, electron microscopy and X-ray photoelec-

tron spectroscopy (XPS), just to name few, are applied to evaluate the stability of PEO-

based SPE with NCM. Additionally, the lithium salt degradation in the PEO matrix during 

XPS analysis is explored to ensure a reliable interfacial analysis.  
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In the first publication of this dissertation, titled “Evaluation and Improvement of the Sta-

bility of Poly(ethylene oxide)-based Solid-state Batteries with High-Voltage Cathodes”, the 

stability of PEO-based SSBs with high-voltage cathodes was critically evaluated and im-

proved (see chapter 3.1)[37]. In this study, the penetration of lithium dendrites through the 

SPE was verified as the cause for “voltage noise” cell failure. This issue was overcome by 

a simple modification of the SPE by using a higher molecular weight PEO, which resulted 

in an improved cycling stability compared to lower molecular weight PEO. Furthermore, 

the oxidative degradation of the SPE was confirmed by XPS after cycling with NCM, which 

was not possible by Fourier transform infrared spectroscopy due to its limited surface sen-

sitivity.  

In the second publication of this dissertation, titled “Investigation of the Stability of the 

Poly(ethylene oxide)|LiNi1-x-yCoxMnyO2 Interface in Solid-State Batteries”, the stability of 

PEO-based SSBs with NCM was further investigated (see chapter 3.2)[38]. In this study, 

electrochemical impedance spectroscopy (EIS) measurements in a three-electrode setup 

were performed to investigate the resistive processes at the NCM/PEO interface as indica-

tion for SPE degradation. The results confirm that the interfacial stability on the cathode 

side depends not only on the upper cut-off voltage, but also on the molecular weight of PEO, 

strongly affecting the capacity fading over the time. Furthermore, scanning electron micros-

copy (SEM) images of the cathodes after cycling indicate that at high voltages interfacial 

degradation leads to fragmentation of the polymer backbone and to a decrease in viscosity 

of the SPE. 

In the third publication of this dissertation (in preparation), titled “Challenges in XPS Anal-

ysis of PEO-LiTFSI Batteries (Electrolytes): Interpreting X-ray Photodecomposition”, the 

X-ray photodecomposition of conducting salts during XPS analysis was examined (see 

chapter 3.3). The study demonstrates that X-ray photodecomposition can easily be over-

looked and misinterpreted, especially when analyzing PEO-LiTFSI-based systems. Moreo-

ver, the data suggest that the photodecomposition process is more pronounced, when LiTFSI 

is dissolved in materials such as PEO compared to its pure form. The decomposition can be 

significantly reduced if measuring under cryogenic conditions or if the measurement time 

is kept to a minimum.  

The fourth and fifth publication (shared first authorship) are not main focus of this disserta-

tion, as they deal with interfaces in thiophosphate-based SSBs. In the fourth publication, 

titled “A Dry-Processed Al2O3/LiAlO2 Coating for Stabilizing the Cathode/Electrolyte In-

terface in High-Ni NCM-Based All-Solid-State Batteries”, Al2O3/LiAlO2 surface coating for 

Ni-rich NCM in thiophosphate-based SSBs was developed (see chapter 3.4.1)[39]. Therefore, 

the coating was achieved by a high-energy mixing process followed by a high-temperature 

annealing step. Consequently, the coating significantly improves the electrochemical per-

formance, since it reduces the charge transfer resistance on the cathode side. In the fifth 

publication (submitted), titled “State of Charge Dependent Impedance Spectroscopy as a 

Helpful Tool to Identify Reasons for Fast Capacity Fading in All-Solid-State Batteries”, the 

electrochemical performance of thiophosphate-based SSBs was investigated with electro-

chemical impedance spectroscopy (see chapter 3.4.2). The results suggest that a high charge 

transfer resistance on the cathode side is not necessarily responsible for poor 
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electrochemical performance. To better understand the reasons for capacity fading in SSBs, 

state of charge (SOC) dependent impedance measurements are required.    

Overall, the results of this work expand the understanding of degradation and failure mech-

anisms in PEO-based SSBs with high-voltage cathodes. The obtained picture of degradation 

processes, in particular dendrite growth and the oxidation of the PEO-based SPE, is im-

portant to develop improvement strategies on the one hand and to avoid misleading inter-

pretations of electrochemical and analytical data on the other hand. Additionally, this dis-

sertation highlights the fact that in SSB with a SPE, chemical degradation is accompanied 

by mechanical degradation, leading to very complex degradation phenomena.  
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2 Fundamentals  

In the following, the fundamental knowledge, which is essential for understanding this dis-

sertation, is briefly summarized. This includes a detailed description of materials employed 

in PEO-based SSBs and their inherent properties. Special attention is given to the topic of 

the interfacial degradation occurring between PEO-based SPE and high-voltage cathodes 

and the associated analytical challenges, which is only shortly summarized in the publica-

tions and not evaluated in detail. However, the subject is vital to understand the motivation 

as well as the results of this dissertation.  

 

2.1 Solid-State Batteries 

In general, solid-state batteries (SSBs) refer to a category of batteries where all components 

are in a solid state. The roots of solid-state batteries (SSBs) can be traced back to the early 

1800s, when Michael Faraday discovered mass transport in Ag2S and PbF2.
[40] Nowadays, 

lithium-ion SSBs are a rapidly developing technology that promises to revolutionize current 

energy storage devices. The main drivers for the application of SSBs are the potentially 

higher energy density, superior safety, and the possibility to achieve fast charging, com-

pared to conventional lithium-ion batteries (LIBs). The defining difference between SSBs 

and conventional LIBs is the choice of the electrolyte used to transfer lithium ions between 

anode and cathode: While LIBs use a liquid electrolyte, SSBs rely on a solid electrolyte 

(SE) that additionally acts as a separator (see Figure 1).  

 

Figure 1: (a) Conventional LIB cell with a liquid electrolyte, NCM cathode, graphite anode 

and a polyolefin separator. (b) SSB cell with an SPE, NCM cathode and a lithium metal 

anode. Herein, the SPE also functions as a separator.  

An SSB cell consists basically of three main components: a lithium metal anode, an SE 

separator layer, and a cathode composite, which is a mixture of the SE, carbon and CAM 

(e.g. LCO, NCM). During the discharge process, lithium ions are extracted from CAM and 
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migrate through the electrolyte to the anode, where they are deposited as lithium metal. 

Since the SE is ideally electron blocking (ideal case), electrons migrate from the cathode to 

the anode through an external circuit, thereby powering the electronic device. During the 

charging, the reverse process takes place.  

Unquestionably, the SE represents the critical component in an SSB, and must fulfil several 

crucial requirements, including high ionic conductivity, chemical and electrochemical sta-

bility towards electrode materials, mechanical robustness, processability, and cost-effec-

tiveness. Numerous types of SEs have been recognized as promising options for applica-

tions in SSBs, including oxide-[13],[14], halide-[15],[16], thiophosphate-[17],[18] and polymer-

based SEs[19],[20]. Oxide based-SEs including garnet ceramics (e.g., Li7La3Zr2O12) and per-

ovskites (e.g., Li1+xAlxTi2-x(PO4)3) require high-temperature sintering processes (>700 °C) 

to achieve sufficient interfacial contact between CAM and SE due to their rigid and non-

flexible nature. However, the thermal treatment causes irreversible degradation reactions at 

the electrode/electrolyte interfaces, which leads to an increase in cell resistances.[41],[42] Hal-

ide-based SEs such as Li3InCl6 and Li3ErI6 have gained recently renewed interest, since they 

offer high RT ionic conductivity (>10–3 S cm–1, theoretically possible 10–2 S cm–1), wide 

electrochemical stability window (up to 6 V) and even water-based synthesis approaches.[15] 

However, while halides seem to provide good stability against cathode oxide materials, they 

are highly unstable against lithium metal.[43] Lithium thiophosphates such as Li10GeP2S12 or 

Li6PS5Cl exhibit by far the highest conductivities, some of which reach values above 20 mS 

cm–1 at RT, and are noteworthy for their malleable nature.[44] However, the remaining chal-

lenges are interfacial stability issues in contact with cathode oxide materials[18] as well as 

with lithium metal[45]. Furthermore, chemo-mechanical contraction of the cathode active 

material upon delithiation results in a loss of contact between SE and CAM particles which 

increases the interfacial resistance.[46] Polymer-based SEs such as PEO offer high flexibility 

allowing good interfacial contact, moderate ionic conductivities at elevated temperatures 

(∼1 mS cm–1 at 80 °C) and acceptable interface stability against lithium.[19],[23]-[26] Com-

pared to inorganic SEs, solid polymer electrolytes (SPEs) based on PEO exhibit a sig-

nificantly lower concentration of lithium ions, leading to decreased reliance on lithium 

reserves and a reduction in production costs. However, they suffer from limited ionic 

conductivity at room temperature,[27] susceptibility to lithium dendrites,[28] and instability 

with high-voltage cathodes such as LiCoO2 (LCO) and LiNi1-x-yCoxMnyO2 (NCM).[29] Since 

SPEs and their interfaces with electrodes are the major topic of this dissertation, a thorough 

overview of SPE-based electrolytes and electrodes utilized in SSBs is given in the following 

chapter.  

 

2.1.1 Solid Polymer Electrolytes 

Solid polymer electrolytes (SPEs) typically consist of a polymer host serving as the solid 

matrix, with a lithium salt dissolved within, and without the presence of any liquid compo-

nents. An ideal polymer matrix should meet several crucial criteria to be considered suitable 

for its application as SPE. These include[47] (1) the cation solvation nature that promotes salt 

dissociation, (2) the utilization of a high dielectric constant for efficient charge separation, 
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(3) the requirement of backbone flexibility to facilitate segmental motion, and (4) the incor-

poration of a high molecular weight polymer matrix to enhance the mechanical strength. 

Preferably, the polymer repeating units contain donor atoms, particularly O and N, which 

coordinate cations to form polymer-salt complexes.[48] The first ion conducting polymer, 

poly(ethylene oxide) PEO (see Figure 2a), complexed with alkali metal salts, was discov-

ered by Fenton et al.[21], which opened a new era of research. Building upon this foundation, 

Armand et al.[22] proposed the application of such lithium conducting polymers in SSBs 

with lithium metal as anode. The PEO polymer is a linear polyether compound with terminal 

hydroxy groups as demonstrated in Figure 2a. It is worth mentioning that materials with a 

molecular weight below 20,000 g mol-1 are commonly referred to as poly(ethylene glycol) 

(PEG), while those with a molecular weight above 20,000 g mol-1 are typically known as 

PEO. The groundwork for PEG-based polymers was established by Wurtz in 1859, who 

introduced ethylene oxide into water.[49] In industry, PEG or PEO are nowadays obtained 

from an anionic polymerization of ethylene oxide (EO) monomers using catalysts or initia-

tors, allowing good control over molecular weight 𝑀W.  

 

Figure 2: Chemical structure of (a) linear PEO polymer and (b) LiTFSI conducting salt 

comprising the SPE. (c) Schematic conduction mechanism within the SPE which is based 

on intrachain and interchain hopping processes.  

The conductive mechanism of lithium ions within the PEO matrix is the result of a combi-

nation of intrachain and interchain ion hopping (see Figure 2c), accompanied by the for-

mation and breaking of EO-Li bonds. Initially, the electron-donating EO groups form com-

plexes with the Li+ charge carriers, with approximately five EO units matching one Li+ ion 

(not shown in Figure 2c for reasons of simplification).[50] Subsequently, the conduction of 

Li+ is facilitated by the segmental motion of the PEO main chains. This enables the ion 

transport along a single chain or between the chains. However, since the movement of the 

molecular chain is attributed to the amorphous regions, the ion transport occurs primarily in 

these regions, while crystalline phases are usually considered as poorly conductive. Conse-

quently, the ionic conductivity of PEO is strongly determined by the volume fraction of the 

amorphous regions.[50],[48] In this regard, the glass-transition temperature (𝑇g) characterizes 

the temperature, at which the polymer transitions from a rigid, glassy state to a more 
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flexible, rubbery state. In other words, it represents the threshold, when segmental motions 

begin.[50] Accordingly, the ionic conductivity of PEO is directly influenced by its 𝑇g, with 

lower values associated with higher conductivity. A low 𝑇g and a high conductivity can be 

achieved with a very low molecular weight PEO, which however, has poor mechanical 

strength and cannot act as a solid separator in SSBs. By increasing the 𝑀W, the mechanical 

strength can be improved at the expense of conductivity. However, for 𝑀W higher than 

9,000 g mol-1 the conductivity reaches a plateau value, independent of the terminal 

groups.[51] The influence of the molecular weight on the mechanism of ion transport, vis-

cosity, and glass transition temperature is described in detail by Devaux et al.[51] In this 

regard, the use of PEO with higher molecular weight, which results in increased mechanical 

strength without significant loss of conductivity, was employed in publication I.   

Besides the polymer matrix, the choice of the lithium salt plays a significant role for the 

ionic conductivity of SPEs.[50] Among the commonly used lithium salts such as LiBF4, Li-

AsF6, LiClO4 and LiTFSI, the latter (see Figure 2b) is particularly favored due to its out-

standing solubility and plasticizing effects[48],[52]. The charge delocalization in TFSI allows 

efficient dissociation of LiTFSI within the PEO matrix, resulting in a high fraction of free 

ions. These can move freely contributing to the conduction process. However, the ratio of 

n(EO)/n(Li) plays a significant role for the Li+ ion conduction: If the ratio of n(EO)/n(Li) is 

too low, it can lead to insufficient complexation between the polymer and the lithium ions; 

if the n(EO)/n(Li) ratio is too high, the excess of polymer chains may hinder ion mobility.[50] 

Accordingly, both cases will lead to a reduction of the overall conductivity. According to 

literature[53],[54], the highest ionic conductivity can be reached, when n(EO)/n(Li) = 10-25. 

It is worth mentioning that the pioneering application of PEO-based SPEs in commercial 

products in the past was initiated by the Canadian company Avestor. They introduced these 

electrolytes in power back-up batteries for telecom systems. However, unfortunate incidents 

involving battery fires led to the closure of the company in 2006.[55],[56] After improving the 

technology, the French company Bolloré launched its “Bluecar” electric vehicle in 2011, 

which uses PEO-based SPE in combination with a Li-metal anode and an LFP cathode. In 

addition to PEO, Bolloré uses LiTFSI as a conducting salt[57] and poly(vinylidene fluoride) 

(PVDF)[58] to enhance the mechanical properties of the SPE. Meanwhile, Bolloré’s technol-

ogy is also used by Daimler in its eCitaro electric buses. However, recent fire inci-

dents[59],[60] occurring at bus depots have drawn attention to potential safety concerns related 

to PEO-based SSBs.  

To go beyond PEO, a significant number of polymer hosts were investigated such as poly-

carbonates, polyesters, polynitriles, polyalcohols and polyamines.[48],[61] These exhibit fun-

damentally different properties to those of polyethers, and might even be able to overcome 

the limitations of PEO. For instance, in a recent study by Chen et al.[62] a hybrid polymer/ol-

igomer cell design is presented. Thereby, a fluid caprolactone oligomer with high ionic con-

ductivity acts as the catholyte, while a scaffold-supported, cross-linked poly(caprolactone) 

electrolyte is used as separator. Accordingly, this example illustrates the "all-solid" ap-

proach is not necessarily the most rewarding strategy; rather, "almost-solid" may be the 

most viable strategy.[63] 
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2.1.2 Electrode Materials 

While the SPEs were discussed in the last chapter, the focus of this chapter is on the elec-

trode materials. The subsequent section is structured into two main parts: the first part ad-

dresses the anode, the second part the cathode active materials. It should be emphasized that 

the electrode materials presented below can generally be used not only in LIBs but also in 

SSBs. 

i) Anode materials  

The anode, often referred to as the negative electrode, is responsible for the storage and 

release of lithium ions during the charging and discharging processes of a battery. Key prop-

erties of anode materials include low working/delithiation potentials vs. Li+/Li, high capac-

ities in volumetric and gravimetric terms, excellent cycling stability, cost-effectiveness and 

high levels of safety. When considering the mechanism of lithium storage, existing anode 

materials can be divided into three main groups: intercalation compounds, alloy compounds 

and conversion compounds.[64]  

In intercalation-type anodes, lithium ions are inserted and extracted from the host structure, 

enabling the lithiation and delithiation processes, respectively. One prominent example of 

intercalation anodes are carbon-based materials, particularly graphite, which has established 

itself as commercially available anode material. In graphite, the intercalation of Li ions is 

based on the layered structure with half-filled pz orbitals positioned perpendicular to the 

graphene planes that can interact with the Li 2s orbitals.[65] However, due to the fact that 

only one Li ion can be intercalated per six carbon atoms, resulting in the formation of 

LiC6
[66], the gravimetric capacity of graphite is limited (372 mAh g-1). Furthermore, it is 

important to note that during initial LIB operation, a solid electrolyte interphase (SEI) is 

formed on the graphite surface due to side reactions of the electrolyte solvent and salt.[67] 

While the presence of the SEI is essential for long-term performance of LIBs due to its 

passivating properties, the continuous growth of the SEI contributes to capacity fading. Sig-

nificantly higher capacities offer anode materials such as silicon (Li4.4Si, 4200 mAh g-1) and 

tin (Li4.4Sn, 994 mAh g-1), that store lithium through alloy/dealloying mechanisms.[64] Dur-

ing lithiation, these materials react with lithium to form lithium-based alloys, during deli-

thiation the reverse reaction occurs. However, this causes an enormous volume expansion, 

which leads to cracks and pulverization of materials and consequently to fast capacity fad-

ing. Nevertheless, it is worth to mention that commercially available LIBs are now begin-

ning to include small fractions (e.g., 2-10 wt.%) of silicon oxide in the negative electrode.[66] 

Readers interested in silicon as anode in SSBs are referred to a previously published re-

view[68]. In conversion-type anodes, such as transition metal oxides, lithium is stored 

through a conversion reaction mechanism. While they provide high capacities, these mate-

rials also experience volume changes, similar to alloy compounds leading to poor cycle 

life.[69] 

Among these anode compounds, pure lithium metal anodes exhibit the highest specific ca-

pacity (3860 mAh g−1) and the lowest potential (−3.04 V vs. SHE).[68] As a result, only a 20 

μm thick lithium layer is required to replace the much thicker standard graphite anode of a 

common 18650 LIB cell.[7] However, their use in liquid electrolytes is hindered by a few 



10  2   Fundamentals 

 

 

significant issues. One primary challenge is the occurrence of side reactions between the 

reactive lithium metal and the liquid electrolyte. These undesired side reactions can lead to 

the formation of an unstable SEI layer on the surface of the lithium metal.[70] The unstable 

SEI layer can lead to continuous consumption of lithium ions and an increase in cell re-

sistance, ultimately resulting in significant capacity fading. Furthermore, the presence of a 

liquid electrolyte in contact with lithium metal can promote the growth of lithium dendrites, 

which can eventually lead to shortening of the battery cell. However, the use of a solid 

separator offers a potential solution to overcome these issues. A remarkable example of this 

potential is demonstrated by Krauskopf et al.[71], who showed that interfacial resistance be-

tween LLZO-based SE and lithium metal can be reduced to practically 0 Ω cm2 by applying 

an external pressure of several 100 MPa. In addition, PEO-based SPEs are also expected to 

exhibit comparatively acceptable interfacial stability toward lithium metal.[19],[23]-[26] This 

will be described in more detail in chapter 2.2.1. The stability of other SEs with lithium such 

as thiophosphate- and halide-based SEs is limited.  

ii) Cathode materials 

In comparison, the cathode, often referred to as the positive electrode, is also responsible 

for the storage and release of lithium ions during the charging and discharging. Therefore, 

the CAM is delithiated and lithiated. Since graphite shows only a slightly higher redox po-

tential than lithium metal[67], the voltage difference between cathode and anode is mainly 

influenced by the working potential of the CAM, which can vary from 2 V to 5 V vs. Li+/Li. 

Additionally, it should be noted, that the cathode represents a significant portion, approxi-

mately 51% (referred to NCM cathode), of the total cost of a LIB cell.[72] The cathode ma-

terials used in LIBs can be categorized into two groups: low-voltage cathode materials and 

high-voltage cathode materials. This differentiation is based on the voltage range at which 

these materials operate in the battery system.  

Low-voltage cathode materials operate at lower voltages, typically below 4 V, and include 

materials such as lithium iron phosphate (LiFePO4, LFP) or lithium manganese oxide 

(LiMn2O4, LMO). The olivine-structured LFP, which was firstly reported by Padhi et al.[73] 

in 1997, has relatively low electronic conductivity (~10-9 S cm-1 at RT) caused by the slow 

1D migration of Li ions limited by close-packed hexagonal oxygen atoms.[74] Thus, LFP 

particles are typically covered with a nm-thick carbon layer. LFP is well known for its cycle 

stability and safety. In comparison, due to the property of fast 3D diffusion of Li ions in the 

spinel structure, LMO provides a higher rate capability.[75] However, one drawback of this 

material is its susceptibility to Mn2+ dissolution in liquid electrolytes, limiting the cycle life. 

This may be mitigated by the utilization of SEs. While low-voltage materials, particularly 

LFP, offer inherent advantages, their lower cell voltage leads to a limitation on energy den-

sity. 

As a result, high-voltage cathode materials operating above 4 V have gained significant in-

terest, especially for EV applications. Among these materials, layered oxides have emerged 

as promising candidates, which were first proposed as intercalation compound for recharge-

able batteries by Mizushima et al.[76] in 1980. They crystallize in a hexagonal layered struc-

ture, commonly known as the α-NaFeO2-type structure. Within this structure, the unit cell 

structure consists of three slabs of CoO6 octahedra, where the transition metal atoms are 



2   Fundamentals  11 

 

 

arranged in an edge sharing configuration.[77] In case of LiCoO2 (LCO), which was first 

commercially introduced CAM, 50% of lithium ions can be reversibly removed, while Co3+ 

is oxidized to Co4+. When more lithium is extracted, the crystal structure undergoes a phase 

transition from its initial hexagonal to a monoclinic structure. Due to this intrinsic structural 

instability the experimental electrochemical capacity is limited to 140 mAh g-1 (theoretical 

capacity 280 mAh g-1).[74] To overcome this low practical capacity and the relatively high 

cost of cobalt in LCO, cobalt was substituted by other transition metals such as nickel and 

manganese. Accordingly, in the state-of-the-art LIBs for EV applications LiNixCoyNi1-x-yO2 

(NCM) materials are mainly used. It is important to note that the capacity and thermal sta-

bility of NCM strongly depend on its composition, especially on the Ni content. Higher Ni 

content in NCM leads to higher capacity, but also to lower structural and thermal stability. 

For instance, LiNi1/3Mn1/3Co1/3O2 has a relatively high thermal stability, but delivers only a 

specific capacity of 150-160 mAh g-1, whereas Ni-rich NCM, such as LiNi0.8Co0.1Mn0.1O2 

deliver 200 mAh g-1 but exhibit worse thermal stability and cycle life.[78] The thermal insta-

bility is associated with the highly delithiated NCM, which reacts with the electrolyte and 

can cause a thermal runaway. Other detrimental processes limiting the cycle life are particle 

cracking and phase transition of NCM, which are linked to the operation voltage of the 

battery. It is worth to mention that Tesla already adopted Ni-rich NCM811 

(LiNi0.8Co00.1Ni0.1O2) cathode materials in their LIB systems.[79] Accordingly, since Ni-rich 

materials are believed to be the benchmark for high energy density applications, these ma-

terials were combined with PEO-based SPE in this dissertation. However, this leads to in-

terfacial instabilities, which will be discussed in the next chapter.  

 

2.2 Interfacial Stability in PEO-based Solid-State Batteries 

Although the working principle of a Li-ion battery seems to be simple, detailed processes 

during charging/discharging, especially on the electrode/electrolyte interface are highly 

complex and not well understood in literature. The following summary provides an over-

view of the existing knowledge regarding the Li/PEO- and Cathode/PEO-based SPE inter-

face.  

 

2.2.1 Stability Issues: Li/SPE Interface 

This chapter focuses on the interfacial stability issues between PEO-based SPE and the lith-

ium metal anode. In this regard, two main phenomena at this interface are discussed in lit-

erature:  

i) Lithium dendrite formation and dendrite growth 

In general, lithium dendrites are metallic microstructures that form on the anode side during 

the charging process and can further grow during subsequent cycles. As a consequence, 

their growth leads to fast capacity fading and to serious safety issues, especially the risk of 

thermal runaways and fires. The growth of lithium dendrites was not only observed in bat-

tery cells with liquid electrolytes, but also in cells with solid electrolytes. In this regard, the 
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critical current density (CCD) was defined as the highest current density at which a lithium 

metal cell can be cycled without causing severe lithium dendrite growth, leading to a short 

circuit.[80] Therefore, traditional testing procedures commonly involve constant current cy-

cling tests using symmetrical lithium cells with stepwise increases in current density. Sud-

den voltage drops or voltage noise during the cell operation indicate a short circuit by one 

or multiple dendrites, which electronically connect the electrodes, identifying the CCD 

value. For Li/PEO-LiTFSI/Li cells these values spread from 0.5 mA cm-2[81] to 0.02 mA 

cm-2[82] in literature. However, it should be mentioned that the CCD value is neither intrinsic 

to the cell nor to the material but rather depends on various extrinsic factors, such as current 

profile, transferred charge, pressure, resting intervals and interface chemistry, as it is com-

mented by Fuchs et al.[83] in detail. Besides traditional electrochemical testing, further meth-

ods are introduced to reveal lithium dendrite growth such as optical microscopy[84], SEM[85] 

or 7Li nuclear magnetic resonance (NMR)[86]. Furthermore, it should be mentioned that 

PEO-based SSBs with NCM can experience voltage noise during charging due to dendrite 

formation[34], although this has also been associated with oxidation of PEO-based 

SPEs[35],[36] in the literature (see chapter 2.2.2). 

The sensitivity of PEO-based SPEs to lithium dendrite growth has been addressed using 

various strategies, including the incorporation of inorganic fillers[27],[28], modifications of 

the polymer structure[87],[33], and the utilization of a spacer[88]. 

ii) The (electro)chemical instability of PEO-LiTFSI towards lithium  

Although many authors believe that PEO-based SPE is sufficiently stable against lithium 

metal, several authors highlight a significant instability of this interface. In early stud-

ies[89],[90] the presence of a resistive SEI on lithium metal in a PEO-based system was con-

firmed by electrochemical impedance measurements. Static ageing of the SPE/lithium in-

terface under storage conditions shows a parabolic growth of the SEI with growth rates of 

1.2 Ω cm2 h−0.5.[91] 

Subsequent XPS investigations[92],[93] confirmed that the inner layer of the SEI contains 

Li2O, while the outer layer is formed of ROLi species, LiF and hydrocarbons. In contrast, 

FTIR studies[94] demonstrated that the formation of Li2O and also LiOH is not a result of 

the SPE being unstable towards lithium, but rather stems from the reaction with residual 

water present in the SPE. A comprehensive degradation mechanism was provided by Ush-

akova et al.[95], who proposed a reductive cleavage of PEO molecules by lithium atoms. 

According to their results, the reductive reaction path starts with a single electron transfer 

(SET) from lithium to the PEO, which breaks the ether-bond and leads to the formation of 

alkoxide and radical fragments, followed by further reaction steps.    

In comparison to these experimental results, theoretical studies with density functional the-

ory (DFT)-based modelling revealed a strong thermodynamic driving force for the for-

mation of Li2O accompanied by the generation of C2H4 and H2 gas, when gaseous PEO 

oligomers are in contact with a Li(100) surface.[96] In this context, all steps in the decompo-

sition process are exothermic. Interestingly, in the absence of metallic lithium when dealing 

with a fully oxidized Li2O (111) surface, the decomposition of PEO should become an en-

dothermic process. However, it is worth noting that even in gloveboxes with low degree of 

contaminations, lithium metal exhibits a passivation layer composed of mainly Li2CO3, 
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LiOH and Li2O, as shown by Otto et al.[97] This could be one significant factor contributing 

to the inconsistent results on the stability of PEO-based SPE with lithium metal in literature.  

Finally, it should be noted that it is not publicly known how Bolloré manufactures their 

lithium anodes or whether they use an additional interlayer between the anode and the PEO-

based separator. 

 

2.2.2 Stability Issues: Cathode/SPE Interface 

This chapter addresses the interfacial stability issues between PEO-based SPEs and cathode 

active materials. Since the main focus of this dissertation is on the interface with high-volt-

age CAM, the interfacial stability of PEO-based SPE with LFP is not discussed in detail. 

However, detrimental processes in the operation window of LFP (<3.6 V) are included, as 

it can be seen below.   

In case of PEO-based SPEs with high-voltage cathodes such as LCO and NCM, various 

degradation and failure mechanisms have been proposed in the literature, so far. In the fol-

lowing, the main drivers contributing to the interfacial instability of PEO-based SPEs with 

high-voltage cathodes are presented and discussed. In particular, these are: 

i) The instability of the conducting salt 

According to the results Ma et al.[98], the compatibility between PEO-LiDFOB (lithium 

difluorooxalatoborate) and an LCO cathode is mainly determined by the stability of the Li 

salt LiDFOB instead of the PEO-polymer. By FTIR analysis, they suggested a ring-opening 

reaction of the DFOB anion. Moreover, they attributed the peak splitting observed between 

1200 cm–1 and 1000 cm–1 to the decomposition of the LiDFOB salt. XP spectra supported 

these findings.[98]  

Also, other authors such as Nie et al.[99] and Seidl et al.[32] confirm that the conducting salt 

plays a crucial role in the degradation of the SPE. In their studies, they proposed the for-

mation of bis(trifluoromethanesulfonyl)imide acid (HTFSI), which is an extremely strong 

acid (see below). In order to form HTFSI, the oxidation of the PEO-polymer seems to pro-

ceed first[99] or simultaneously[32]. For this reason, this is described in more detail in the 

following section.  

ii) The instability of the PEO polymer  

Nie et al.[99] performed differential electrochemical mass spectrometry (DEMS) measure-

ments, when PEO-LiTFSI was cycled with LCO. As shown in Figure 3, the onset voltage 

for obvious gas release (mainly H2) was observed at 4.2 V vs. Li+/Li. Interestingly, this 

voltage was lower compared to an active material-free electrode cell, where the onset volt-

age was 4.5 V. From theoretical calculations Nie et al.[99] suggested a surface catalytic effect 

of LiCoO2 regarding the SPE degradation at high voltages, which was also observed by 

other authors[25]. Moreover, using the computational calculations of Faglioni et al.[100], Nie 

et al. predicted that in the first step of the SPE degradation, one electron is removed from 

PEO polymer, leading to a proton transfer from PEO to LiTFSI. Consequently, HTFSI is 
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formed, a highly acidic acid. In the next step, HTFSI could attack PEO, leading to chain 

scissions. According to Faglioni et al. and Nie et al., the generation of H2 gas is likely a 

result of the chemical crosstalk of HTFSI reacting with Li metal.   

 

Figure 3: Voltage profile of PEO-based SSB with LCO and corresponding in situ DEMS 

results of different mass signals. The data reveal an H2 gas release of PEO-based SPE at 

around 4.2 V. The release of other gases cannot be observed below 4.6 V. The pressure 

drops of other gases are caused by the increase in H2 partial pressure. The authors suggest 

that HTFSI is formed at the cathode, but migrates to the anode side, where it reacts with 

metallic lithium, generating H2. Reprinted with permission from ACS Energy Lett. 2020 

American Chemical Society.[99] 

The presence of HTFSI was experimentally proven by Seidl et al.[32]. Based on FTIR meas-

urements they suggest that the onset of PEO oxidation on stainless steel electrodes (no CAM 

material involved) already occurs at 3.2 V vs. Li+/Li. At this voltage, the alcohol terminal 

group of PEO is deprotonated and forms HTFSI. Then HTFSI reacts with the ether chain 

resulting the formation of methanol and 2-methoxyethanol. At higher voltages around 

3.6 V, the ether chain is chain is oxidized, accelerating the HTFSI formation, as reported by 

Seidl et al. These findings are partly consistent with the results by Yang et al.[33], who also 

demonstrated that the terminal –OH group is first oxidized when the voltage is higher than 

4.05 V. Replacing the reactive –OH group with more stable –OCH3 would extend the elec-

trochemical stability window to 4.3 V. Accordingly, they reported that the ether chain (–C–

O–C–) is stable up to 4.3 V, which strongly deviates from the degradation onset suggested 

by of Seidl et al.. 

It is worth noting that Seidl et al.[32] also studied the gas evolution of PEO-LiTFSI cells with 

lithium metal as counter and stainless steel as working electrode (no CAM material in-

volved). Interestingly, in their study the release of H2 gas was already detected under OCV 

conditions. However, its intensity remained unchanged, when the potential was increased 

to 5 V vs. Li+/Li.[32] Accordingly, this seems not to be consistent with the study by Nie et 
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al., presented in Figure 3. In this context, other authors write that only traces of gas can be 

detected before 4.4 V, indicating a negligible decomposition of PEO.[101] This highlights the 

inconsistency of results regarding the degradation of PEO-based SPEs in the literature. 

A further approach was carried out by Kaboli et al.[85], who studied the degradation of PEO-

LiTFSI with NCM using in situ scanning electron microscopy. They found that the thickness 

of the PEO-based SPE decreased as a function of cycling time, which was associated with 

the degradation of the PEO-based SPE at high voltages. This was not the case, when PEO-

based SPE was cycled with LFP. Moreover, volcano-like features were observed as an in-

dication for the degassing of the SPE due to electrochemical degradation.  

Moreover, in some publications a “voltage noise” behavior was observed during charge of 

PEO-based batteries with high-voltage cathodes. Some authors[35],[36] attributed this phe-

nomenon as indication for oxidation of PEO-based SPE. However, other authors[34] at-

tributed this to dendrite formation.  

Finally, one recent work by Homann et al.[34] should be mentioned, who determined the 

onset of the main oxidation of PEO-based SPE via overcharge of the working electrode. 

Using different electrodes such as NCM, LFP and conductive carbon, they claim that the 

main oxidation onset of PEO-based SPE could be assigned to 4.6 V vs. Li+/Li. This is inde-

pendent of the molecular weight of PEO, i.e. the amount of the terminal –OH groups. Ad-

ditionally, the oxidation onset is independent of the amount of LiTFSI in the SPE. These 

results are in contrast to some previous studies (see above) that attributed the oxidation onset 

to lower potentials and emphasized the influence of terminal –OH groups on the electro-

chemical stability window. In addition, as shown in Figure 3, it seems to be possible to 

charge PEO-based SSBs to higher potentials than 4.6 V. It should be mentioned, however, 

that Homann et al.[34] do not exclude potential oxidative degradation processes of PEO-

based SPEs below 4.6 V.  

iii) The intrinsic instability of the cathode active material 

Although nickel-rich NCM layered oxides are currently the benchmark for conventional 

LIBs due to their high specific capacity, their longevity is limited due to various stability 

issues. These were attributed to particle cracking[102], phase transition[103] and oxygen evo-

lution[104] during cycling. Consequently, the poor performance of PEO-based SSBs with 

high-voltage CAM was not attributed to the instability of the SPE by many authors, but to 

the instability of the CAM at higher voltages.  

In the study of Qiu et al.[25], PEO-based SSBs were paired with LiMn0.7Fe0.3PO4 cathodes, 

which demonstrate a significantly higher capacity retention compared to cells with LCO, 

noteworthy with the same cut-off voltage (4.2 V vs. Li+/Li). Moreover, since the interfacial 

resistance in cells without active material (Super-P as positive electrode) charged to 4.2 V 

barely changed while the interfacial resistance in cells with active material increased rapidly 

after cycling to 4.2 V, they concluded that the structural phase transformation of the LCO 

is the Achilles' heel in PEO-based SSBs. In this regard, they confirmed the presence of CoO 

rock-salt and Co3O4 spinel on the LCO using different methods such as transmission elec-

tron microscopy (TEM), X-ray absorption spectroscopy (XAS) and Raman spectroscopy.[25] 
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Further, Li et al.[101] confirm that at the upper cutoff voltage of 4.2 V, the poor electrochem-

ical performance mainly originates from the structure collapse of LiCoO2 at the surface 

instead of the decomposition of the SPE. According to their study, intensive electrochemical 

degradation of PEO-based SPEs occurs only at voltages above 4.5 V, which could be the 

reason for further capacity degradation. 

In contrast to these findings, Liang et al.[29] conducted Co K-edge XAS measurements of 

cycled and uncycled LCO materials. Thereby, they were not able to detect any differences 

between the samples in either the TEY (total electron yield) or FLY (fluorescence yield) 

modes suggesting LCO is relatively stable during cycling. Furthermore, they demonstrate 

that SPE degradation mainly occur on the carbon surface and not on the surface of LCO.  

Overall, this literature screening highlights the complex and incompletely understood nature 

of degradation mechanisms in PEO-based SSBs utilizing high-voltage cathodes. The exist-

ing body of literature exhibits inconsistencies and gaps in knowledge, further highlighting 

the need for continued research in this area. As a result, the aim of the dissertation is to delve 

more deeply into this topic and clarify the inconsistencies.  

Nevertheless, a predominant view on the degradation of PEO-based SPEs with high-voltage 

cathodes can be distilled from the reports in literature, which is presented in a condensed 

form in Figure 4. It should be noted, however, that this is a simplified illustration that does 

not consider all reported findings.  

 

Figure 4: Scheme of the common belief about the degradation in PEO-based SSBs with 

high-voltage cathodes. Path I and Path II reveal the oxidation of the terminal groups and the 
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ether bonds, respectively. Both pathways may lead to the formation of HTFSI, which can 

migrate towards the lithium anode, where it reacts with lithium metal, resulting in the release 

of H2. Further, the presence of NCM may catalyze these reactions, releasing oxygen. Please 

note the given potentials are not exactly defined in the literature and may vary significantly.  

Based on this comprehensive overview of the understanding of interfacial processes in PEO-

based SSBs with high-voltage cathodes, several open questions can be identified:  

(1) What is the underlying cause of “voltage noise” behavior in PEO-based SSBs with 

high-voltage cathodes? 

(2) Is the capacity fading of PEO-based SPEs with high-voltage cathodes determined 

by resistive processes at the anode side or the cathode side? 

(3) Is the capacity fading affected by the structure of PEO-based SPE or entirely by the 

CAM degradation at high voltages? 

(4) In addition to existing knowledge available in the literature, what are the underlying 

mechanisms responsible for the degradation of PEO-based SPE at high voltages? 

What is the kinetics of these degradation processes? 

(5) What factors may contribute to the varying conclusions found in the literature re-

garding the interfacial degradation of PEO-based SPE? 

In light of these questions, this dissertation aims to address and elucidate the issues outlined 

in (1)-(5). 

 

2.3 Analytical Challenges  

In this chapter, the main analytical challenges related to the interfacial degradation analysis 

of PEO-based SPEs with high-voltage cathodes in this dissertation are presented. In general, 

the analysis of these systems is highly complex and not straightforward due to the following 

reasons: 

i) Overlap of impedance contributions   

Electrochemical impedance spectroscopy (EIS) is a well-established technique in battery 

research. It serves as a non-destructive method to monitor the effects of degradation pro-

cesses on the internal cell resistance within a battery. An electrochemical impedance spec-

trum of a full cell contains impedance contributions from all parts of the cell. These are the 

electrolyte bulk resistance, the resistances between the SPE membrane and the electrodes 

or between the electrodes and the current collectors.[105] Nyquist plots are commonly used 

to visualize the data, where the imaginary part is plotted against the real part of the imped-

ance as function of the frequency. In accordance to Wurster et al.[105], for a SPE-based bat-

tery, the serial resistance is seen as the x-interception at high frequencies (𝑓 > 105Hz), 

which represents the ionic resistance of the SPE layer. The semicircles in the high and mid-

dle frequency region (105 − 10 Hz) can be assigned to interfacial resistances, which are 

resistances for electron and ion transfer. The low frequency region (𝑓 < 10 Hz) is related 

to diffusion processes in the cathode.[90],[105] In this context, the characteristic frequency 
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𝑓max defines to which extent different features can be distinguished in the impedance spec-

trum. It can be expressed as function of the capacitance 𝐶 and the resistance 𝑅:  

 
𝑓𝑚𝑎𝑥 =

1

2𝜋𝑅𝐶
 

(1) 

 

However, in full cells, it is almost inevitable that various time constants will overlap. Ac-

cordingly, a specific cell configuration is required to separate the impedance contributions 

from anode and cathode side. One approach is to measure impedance in symmetrical cells. 

However, for the impedance testing at different SOCs, two anodes or two cathodes from 

identical cells needs to be reassembled into symmetrical cells, presenting limitations in prac-

ticality. To overcome this, cells with a reference electrode (RE) are well-suited to separate 

the impedance contribution from the anode and cathode sides. Thereby, the RE has to fulfill 

several requirements:[106] (a) its potential has to be stable during the measurement duration; 

(b) it has to be located centrally between anode and cathode, where the electric field is ho-

mogenous; and (c) its cross-sectional dimensions have to be small compared to the distance 

between electrodes to minimize the potential gradient across the diameter of the RE. This 

can be achieved with so called micro-reference electrodes (µ-RE), which is small compared 

to the size of the electrodes and the distance between them. These have found already broad 

application in liquid cells[106],[107]. In this dissertation, a gold wire with a polyester coating 

was burned at the tip in order to obtain a point-like reference electrode. This electrode was 

placed between two PEO membranes and in situ lithiated to obtain a LixAu alloy (see Figure 

5a). However, it should be mentioned that in case of a high-impedance µ-RE[108] artifacts 

can dominate the high frequency region of the impedance spectrum. These artifacts often 

emerge as inductive loops (see Figure 5b).  

 

Figure 5: (a) Schematic illustration of a three-electrode setup including a polyester coated 

gold wire reference electrode to distinguish between the anode and cathode impedance con-

tributions. (b) Impedance spectrum of the cathode at 4.2 V. The inductive loop demonstrates 

an artifact of the measurement.  

ii) Poor accessibility of the SPE/CAM interface 

The post mortem analysis is conducted after a battery cell completed its operational lifetime 

to investigate degradation products in PEO-based SSBs with high-voltage cathodes. There-

fore, bulk analysis methods such as NMR, X-ray diffraction (XRD) or Raman spectroscopy 
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may not be suitable because the concentration of the CEI products can be below the detec-

tion limits of these methods. Additionally, these methods are not surface sensitive, making 

it impossible to attribute the degradation products to specific interfaces in PEO-based SSBs. 

Accordingly, surface sensitive techniques such as XPS, SEM or time-of-flight secondary 

ion mass spectrometry (ToF-SIMS) are required for a reliable interfacial analysis. However, 

the access to the electrode/electrolyte interfaces has proven to be extremely difficult due to 

the sticky nature of PEO, which hinders the disassembly of cells after electrochemical cy-

cling. To still access this interface, some authors[25] apply solvents such as acetonitrile, 

which, however, can dissolve not only the SPE, but also the CEI components. Another pos-

sible way to access these interfaces is to prepare cross-sections of the cell components. 

Therefore, the cells can be cut with scalpel or scissors. However, this has the consequence 

that the sticky PEO will be smeared across the interfaces, leading to a coverage of the CEI 

products on the one hand and to a high surface roughness on the other hand. These phenom-

ena are in general detrimental for the application of surface sensitive techniques. Accord-

ingly, a polishing step is subsequently required, which can be performed mechanically or 

by ion polishing. Alternatively, a cross section can be prepared with a focused ion beam 

scanning electron microscope (FIB-SEM). However, both ion beam polishing as well as ion 

beam cutting can lead to ion-induced degradation of the SPE (see below), making it ex-

tremely difficult to distinguish between the degradation products caused by sample prepa-

ration or electrochemical cycling. For this reason, a specific workflow was developed in this 

dissertation to access the PEO/NCM interface and thereby to reduce the impact of prepara-

tion-related effects on the analysis. Inspired by the research work of Walther et al., the idea 

was to remove the current collector of the cathode and thus make the surface accessible. 

However, this was achievable only if the cathodes were not calendered before. To facilitate 

removal of the current collector, the cells were cooled to −80 °C. This process aimed to 

reduce the adhesive characteristics of PEO by increasing its crystallinity. The process is 

illustrated in Figure 6.  

 

Figure 6: Workflow employed to analytically access the PEO/NCM interface. First, the 

cells were characterized electrochemically by impedance and cycling tests. Subsequently, 

the cells were stored at -80 °C to facilitate the removal of the current collector from the 

uncalendered cathode by simply using tweezers. This enabled the investigation of the 

PEO/NCM interface with SEM, XPS and ToF-SIMS.   

In general, analyzing the interface towards the current collector, as illustrated in Figure 6, 

enables the detection of CEI products. However, in PEO-based SSBs these can be covered 

by native polymer. Furthermore, considering that the CEI is nm thick and contains multiple 

degradation products, surface sensitive techniques can easily reach a detection limit in this 

context, which is in detail described by F. Walther[109]. Furthermore, since the PEO polymer 



20  2   Fundamentals 

 

 

is composed of carbon, hydrogen, and oxygen atoms, the data obtained are strongly influ-

enced by a native impurity layer present on any sample surface, even when the samples are 

stored under UHV conditions. 

iii) Radiation damages during analysis 

Since the interfaces in SSBs are often buried, milling with focused ion beams (FIBs) to 

expose them is becoming increasingly popular in the SSB community. In comparison to 

sputter depth profiling, which suffers from differential sputtering, especially in organic-in-

organic hybrid systems, FIB milling enables the fabrication of sample cross-sections for 

subsequent chemical analysis. For instance, Walther et al.[18] used this approach to prepare 

45 °FIB crater sidewalls in thiophosphate-based NCM composite cathodes for their interfa-

cial degradation analysis with ToF-SIMS. Their results are outstanding but possible chem-

ical degradation and beam heating effects caused by the FIB hinder direct application of this 

approach to organic-based samples, which are known to be very beam-sensitive.[110] Thus, 

extensive “clean-up” processes by sputtering with an argon gas cluster ion source are re-

quired to remove the FIB-induced damages. However, sputtering with Ar+ (and likely to a 

lesser extent with argon gas clusters) leads to the degradation of LiTFSI to LiF, which was 

shown in detail by Yu et al.[111]  

Interfacial analysis without sputtering is not always possible in PEO-based SSBs, as the 

interfaces can be buried. It should be mentioned that beam-damages of the SPE can also 

occur during surface analysis. For instance, although X-ray photoelectron spectroscopy 

(XPS) is one of the common techniques to analyze interfacial degradation in PEO-based 

SSBs, the X-ray radiation during the measurements leads to photo-induced degradation.[112] 

This is described in detail in the third publication of this dissertation. As shown in chapter 

3.3, the X-ray induced damages can be significantly reduced by shortening the measurement 

time or by measuring under cryogenic conditions. Consequently, when analyzing PEO-

based SPEs with LiTFSI as the conducting salt, researchers must be aware of sputtering and 

radiation-induced damages in their SPEs to avoid pitfalls in the interpretation of the data.  

Overall, this chapter emphasizes the complexity of analyzing PEO-based SPEs with high-

voltage cathodes and highlights the need for innovative approaches to overcome challenges 

such as overlapping impedance contributions, access to interfaces, and mitigation of radia-

tion-induced damages during analysis. Furthermore, this chapter provides insights into, how 

these challenges were addressed in this dissertation.  
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3 Results 

At the beginning of this dissertation in 2020, the stability of PEO-based SPEs with high-

voltage cathodes such as NCM was very contradictory understood in literature, as the oxi-

dation onset of the SPE was assigned to be 3.2 V, 4.0 V or even 4.6 V vs. Li+/Li. Accord-

ingly, the knowledge on the capacity fading of PEO-based SSBs with NCM was limited. In 

addition, some authors observed a “noisy voltage” related cell failure, which was attributed 

either to oxidation processes of the PEO at the cathode or to short-circuit behavior due to 

the penetration of lithium dendrites through the SPE. To clarify the apparent inconsistences 

in the literature regarding cell failure and capacity decay of PEO-based SSBs, the compati-

bility and reactivity of PEO-LiTFSI with high-voltage CAM was reinvestigated.  

Therefore, the “noisy voltage” related cell failure was evaluated and effectively addressed 

(publication I)[37]. After enabling stable electrochemical cycling, the stability of PEO-

LiTFSI/NCM interface was extensively analyzed (publication II)[38]. In the course of this 

analysis, potential pitfalls, particularly photodecomposition of conducting salts during XPS 

analysis, were observed and further examined (publication III).  

In addition, detrimental processes at LPSCl/NCM interface were addressed by a surface 

coating (publication IV)[39]. In this regard, an advanced impedance analysis approach was 

considered and evaluated (publication V).  

It should be noted that although publications I, II and III are the main focus of this disserta-

tion (first authorship), publications IV and V are important contributions (joint first author-

ship) 

 

3.1 Publication I 

Evaluation and Improvement of the Stability of Poly(ethylene oxide)-based Solid-state 

Batteries with High-Voltage Cathodes 

In the first publication[37], the cycle stability in PEO-based SSBs with high-voltage cathodes 

was evaluated. In particular, the origin of “voltage noise” related cell failure was attributed 

to the penetration of lithium dendrites through the SPE and not to the oxidation of PEO. 

Therefore, reaction products of lithium dendrites were visualized using an LATP separator. 

To overcome this failure and to enable a reasonable cycling performance, an SPE with 

higher molecular weight was applied, which exhibits higher mechanical rigidity compared 

to low molecular weight PEO. In addition, it was shown that cell leakage, which can be 

easily overlooked, can lead to incorrect conclusions about the PEO degradation. But also, 

in properly closed cells, the XPS results confirmed the presence of oxidative degradation 

products at the SPE/NCM interface.  

Overall, the results of this study support the critical evaluation of the stability of PEO-based 

SSBs with high-voltage cathodes. However, a more detailed investigation of the interfacial 

degradation mechanisms is required (see publication II).  

The experiments for this work were designed and performed by the first author under the 

supervision of A. Henss and J. Janek. E. Trevisanello assisted during the material synthesis. 
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R. Ruess supported in data analysis. A. Mayer, D. Bresser and S. Passerini supported in the 

validation of the data. All authors contributed to the scientific discussion. The manuscript 

was written by the first author and edited by all other authors.  

Reprinted with permission from Y. Yusim, E. Trevisanello, R. Ruess, F. H. Richter, A. 

Mayer, D. Bresser, S. Passerini, J. Janek, A. Henss, Angew Chem Int Ed Engl 2023, 62, 

e202218316. DOI: 10.1002/anie.202218316. Copyright © 2023 Wiley-VCH GmbH. 
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3.2 Publication II  

Investigation of the Stability of the Poly(ethylene oxide)|LiNi1-x-y CoxMnyO2 Interface 

in Solid-State Batteries 

In the second publication[38], the interface between PEO-LiTFSI and NCM was investigated 

in detail. In order to unambiguously assess the resistance contribution of the PEO-

LiTFSI/NCM interface, EIS measurements were conducted in a three-electrode setup. The 

results confirmed that the NCM/PEO interface is strongly degrading at high voltages. In this 

regard, the interfacial stability on the cathode side depends not only on the applied potential, 

but also on the molecular weight of PEO. Both aspects are significantly affecting the cell 

performance. In addition, SEM images demonstrate that the pores of the cathode are filled 

by the SPE after cycling to high potentials. Accordingly, this indicates that the electrochem-

ical degradation of the SPE is accompanied by the mechanical degradation, leading to a 

decrease in viscosity of the SPE. 

Overall, the results provide new insights into the detrimental processes occurring in PEO-

based SSBs in combination with high-voltage cathodes. Additionally, it is important to note 

that the results unequivocally demonstrate that the PEO-based SPE is degrading with high-

voltage cathodes.   

The experiments for this work were designed and performed by the first author under the 

supervision of A. Henss and J. Janek. D. F. Hunstock assisted with the experimental work. 

A. Mayer, D. Bresser and S. Passerini supported in the validation of the data. All authors 

contributed to the scientific discussion. The manuscript was written by the first author and 

edited by all other authors.  

Reprinted from Y. Yusim, D. F. Hunstock, A. Mayer, D. Bresser, S. Passerini, J. Janek, A. 

Henss, Adv. Mater. Interfaces 2023, 2300532. DOI: 10.1002/admi.202300532. Copyright 

© 2023 Wiley-VCH GmbH 
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3.3 Publication III   

Challenges in XPS Analysis of PEO-LiTFSI Batteries (Electrolytes): Interpreting X-

ray Photodecomposition 

The third publication (in preparation) investigates the X-ray photodecomposition of PEO-

based SPEs during the XPS analysis. Although the X-Ray photodecomposition of conduct-

ing salts has been reported previously, it can be easily overlooked and misinterpreted, espe-

cially when analyzing interfacial degradation in PEO-based SSBs. The results of the study 

provide additional insights in the photodecomposition process and clarify if PEO-LiTFSI 

degrades to LiF with NCM before and after cycling. In addition, it was shown that the pho-

todecomposition process is more pronounced, when LiTFSI is dissolved in a PEO matrix 

compared to pure reference material. Further, the photodecomposition can be significantly 

reduced, when measuring under cryogenic conditions. 

Overall, the findings of this study extend the understanding of X-ray photodecomposition 

of PEO-based SPEs and demonstrate pitfalls in their XPS analysis.   

The experiments for this work were designed and performed by the first author under the 

supervision of A. Henss and J. Sann. Y. Moryson assisted in performing the XPS measure-

ments. K. Seipp supported in the validation of the data. All authors contributed to the sci-

entific discussion. The manuscript was written by the first author and edited by all other 

authors.  
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3.4 Meaningful Contributions (shared first authorship) 

3.4.1 Publication IV   

A Dry‐Processed Al2O3/LiAlO2 Coating for Stabilizing the Cathode/Electrolyte Inter-

face in High‐Ni NCM‐Based All‐Solid‐State Batteries 

In the fourth publication[39], an Al2O3/LiAlO2 surface coating was introduced on Ni-rich 

NCM to reduce interfacial degradation between thiophosphate-based SE and NCM. There-

fore, the coating was obtained by a dry coating process followed by post-annealing at 

600 °C. Various structural characterization methods confirmed the formation of a dense 

Al2O3/LiAlO2 coating layer. Electrochemical evaluation experiments demonstrated that an-

nealing-induced changes of the coating have beneficial effects on the SSBs. Cells containing 

Al2O3/LiAlO2-coated NCM exhibit significantly improve the rate capability and the long-

term cycling performance compared to cells assembled from uncoated or Al2O3-coated 

CAM. This is supported by EIS measurements showing lower cell resistance after cycling 

with Al2O3/LiAlO2-coated NCM compared to pristine NCM.  

Overall, the results of this study present an effective dry coating method that is suitable for 

large-scale processing of cathodes for next-generation SSBs, excluding solvent-related in-

fluences and costs. 

The experiments for this work were designed and performed by R. S. Negi under the super-

vision of R. Takata, F. Schmidt and M. T. Elm. Y. Yusim and A. Henss supported in the 

validation of the data and conducted the impedance analysis. S. Ahmed and K. Volz per-

formed the TEM measurements. The manuscript was written by Y. Yusim and edited by all 

other authors. The first authorship of this work was shared between R. S. Negi and Y. 

Yusim.    

Reprinted with permission from R. S. Negi, Y. Yusim, R. Pan, S. Ahmed, K. Volz, R. Ta-

kata, F. Schmidt, Anja Henss, M. T. Elm, Adv. Mater. Inter. 2022, 9, 2101428. DOI: 

10.1002/admi.202101428. Copyright © 2022 Wiley-VCH GmbH. 
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3.4.2 Publication V  

State of Charge Dependent Impedance Spectroscopy as a Helpful Tool to Identify Rea-

sons for Fast Capacity Fading in All-Solid-State Batteries  

In the fifth publication (submitted), the influence of the charge transfer resistance on the 

galvanostatic cycling performance of SSBs was investigated. In many reports, the capacity 

fading of thiophosphate-based SSBs is attributed to an increase of the charge transfer re-

sistance in the composite cathode caused by interface degradation and/or chemo-mechanical 

failure. However, in this work large differences in the long-term cycling performance were 

observed, with comparable charge transfer resistance on the cathode side. Accordingly, the 

charge transfer resistance of the cathode is not necessarily responsible for capacity fading. 

Other processes, such as resistive processes on the anode side, can also play an important 

role. Since these processes usually depend on the SOC, they may not appear in the imped-

ance spectra of fully charged cells. Thus, analyzing the impedance spectra of charged cells 

only is insufficient for the identification of major resistive processes in SSBs. 

Overall, the results of this study recommend to measure impedance spectra at different 

SOCs, which can gain a better understanding of the different degradation phenomena, re-

sponsible for capacity fading in SSBs.  

The experiments for this work were designed and performed by M. Wiche under the super-

vision of M. T. Elm. Y. Yusim and A. Henss performed supporting ToF-SIMS measure-

ments, assisted in validation of the data and conducted in-depth impedance analysis. K. 

Vettori performed the FIB-SEM measurements. R. Ruess assisted with data interpretation. 

The manuscript was written by Y. Yusim and edited by all other authors. The first author-

ship of this work was shared between M. Wiche and Y. Yusim.    
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4 Conclusions and Outlook 

In this dissertation, a comprehensive investigation was undertaken to explore the interfacial 

degradation phenomena in PEO-based SSBs with high-voltage cathodes. These phenomena 

had not been fully and consistently understood in the existing literature. As a result, this 

dissertation provides in-depth insights into the underlying failure mechanisms and intricate 

interfacial processes. 

Based on this, it was shown that the “voltage noise” failure, observed in PEO-based SSBs 

with high-voltage cathodes, is caused by the penetration of lithium dendrites though the SPE 

and not by the oxidation of the SPE. Therefore, an LATP pellet was introduced between 

anode and cathode, which could act as a “white screen” to monitor the lithium dendrites 

growth. Accordingly, to overcome the “voltage noise” behavior, an SPE with higher molec-

ular weight PEO was introduced, which improves the mechanical rigidity of the SPE and 

enables a reasonable cycling performance. Obtaining discharge capacities of over 200 mAh 

g-1 with PEO-based SPE and Ni-rich NCM is a notable result in comparison to other reports.  

Since the cells could be successfully cycled, it became possible to conduct a more in-depth 

analysis of the interfacial processes. Therefore, EIS measurements in a three-electrode setup 

were applied to separate the impedance contributions from the anode and cathode side. The 

results confirmed that the PEO/NCM interface is indeed the Achilles’ heel in PEO-based 

SSBs at high voltages. In this context, it is worth noting that the interfacial stability on the 

cathode side is influenced by not just the cut-off voltage, but also by the molecular weight 

of PEO. This observation underscores that the number of terminal hydroxide groups in PEO 

plays a significant role in the oxidative degradation process of the SPE. Consequently, PEO 

with 𝑀𝑤=8,000,000 g mol-1 has the highest capacity retention compared to PEO with lower 

molecular weight. Moreover, to provide access to the PEO/NCM interface for post mortem 

analysis, a special workflow was developed in this dissertation to remove the current col-

lector from the cathode. Based on this, XPS analysis demonstrated the presence of oxidative 

degradation products of the SPE after cycling to high voltages, especially leading the for-

mation of C=O species. Another important key finding emerged from the SEM analysis, 

when comparing the cathodes before and after cycling to high potentials. Before cycling 

large empty pores were present in the cathode, which, however, were filled by the SPE after 

cycling to 4.1 or 4.3 V. Hence, this suggests that the oxidative degradation of the PEO-based 

SPE results in chain cleavage of the polymer, leading to a lower viscosity that facilitates 

complete infiltration of the cathode pores with the electrolyte. Consequently, the operation 

of PEO-based SSBs with high-voltage cathodes results not only in an electrochemical deg-

radation of the SPE, but also in mechanical degradation of the SPE. Altogether, the results 

unequivocally confirmed that PEO-based SPEs degrade when they are cycled with high-

voltage cathodes. 

It is worth noting that during the XPS analysis the X-Ray photodecomposition of conducting 

salts can be easily overlooked and misinterpreted. In this regard, the photodecomposition 

process is more pronounced when LiTFSI is dissolved in a PEO matrix compared to pure 

reference material. Further, the photodecomposition process can be significantly reduced, 

when measuring under cryogenic conditions or reducing the measurement time. As a 
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consequence, no LiF degradation products were observed in pristine PEO-LiTFSI and PEO-

LiTFSI with NCM (before and after cycling). 

Overall, this dissertation expands the understanding of the stability of PEO-based SPEs with 

high-voltage cathodes. In particular, this work shows how interfaces in PEO-based SSBs, 

which are typically challenging to access, can be effectively approached. The findings are 

placed within the broader context of the existing literature on the interfacial stability of 

SPEs. The knowledge gained in this dissertation is crucial to develop effective protection 

strategies in order to improve the cycle stability of SSBs.  

Although the above summarized results expand the knowledge of interfacial degradation in 

PEO-based SSBs, there are still many relevant questions that could serve as focal points for 

future studies:  

i) Further characterization of the degraded PEO-based SPE 

In this work, it was proposed that the electrochemical degradation of PEO-based SPEs is 

accompanied by mechanical degradation leading to cleavage of the polymer backbone and 

consequent decrease in viscosity. Although the cleavage of the polymer is proposed in other 

reports, direct evidence of this phenomenon has not been provided yet. Accordingly, this 

hypothesis needs to be confirmed in further studies, e.g., by gel permeation chromatography 

(GPC) measurements that could determine the molecular weight distribution of PEO-based 

SPE before and after cycling. However, this requires the assembly of larger cells than those 

used in this work (cell diameter here: 10 mm) to obtain sufficient analytical material. Fur-

ther, it is not understood, whether the mechanical degradation of the SPE at the cathode side 

can promote the growth of lithium dendrites at the anode side leading to cell failure, as 

indicated by “voltage noise”. Therefore, in situ monitoring of dendrite growth, e.g., using 

SEM and long-term cycling to different cut-off potentials, could provide further insights.  

ii) Further characterization of the Li/PEO-LiTFSI interface 

In addition, it was shown in this dissertation that degradation processes on the anode side 

should not be neglected. Impedance measurements in a three-electrode setup showed a sig-

nificant increase of the interfacial resistance at the anode side. This could be due to a poten-

tial cross-talk from the cathode side or due to other phenomena. Although the interfacial 

resistance of the anode side is not focus of this dissertation, it is worth to reinvestigate this 

interface not only during ageing but also after lithium platting stripping (dynamic condi-

tions) in future studies. Since higher molecular weight PEO can mitigate the dendrite for-

mation, it is important to understand if, in addition, the interfacial (electro)chemical stability 

on the anode is improved.  

iii) Development of protection strategies 

This dissertation is consistent with the common belief that PEO-based SPEs are not stable 

at higher voltages. Accordingly, effective protection strategies must be developed on the 

way to high energy density PEO-based SSBs. Potential strategies may involve substituting 

the terminal groups of PEO and/or developing protective coatings for high-voltage CAM. 

According to literature reports, several coatings such as LATP[25],[99] or  lithium tantalate[29] 
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have already demonstrated a significant improvement in the long-term cycle stability of 

PEO-based SSBs with high-voltage LCO.  

Finally, solid-state batteries based on both organic and inorganic solid electrolytes continue 

to face a number of challenges that must be addressed to facilitate their path to market. 

Additionally, it seems that the “all-solid” concept may not be the most rewarding target; 

instead, “almost-solid” may be the most viable strategy.[63] Nevertheless, progress to date is 

promising and suggests that SSBs (or almost-SSBs) are on the verge of commercial success 

(see QuantumScape, Factorial Energy, Solid Power etc.). The specific nature of this success, 

whether it relates to niche applications or the mass market, remains an open question.[6] 

 “If we knew what it is we were doing, it would not be called research, would it?”  

– Albert Einstein (1879 – 1955) 
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