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Summary 

This thesis addresses the design of ion-conducting polymers, their application as host material in 

solid polymer electrolytes (SPEs) and the detailed characterization in the context of materials and at 

the level of solid-state battery cells involving lithium metal anodes and lithium iron phosphate 

cathodes. In particular, the focus is on structure-property relationships between chemistry and 

physico-chemical as well as electrochemical performance, in-depth analysis of electrochemical 

processes in various cell geometries and the behavior of the SPEs in a realistic battery environment. 

One central theme throughout the thesis is the functional polyacrylate (PA) or polymethacrylate 

(PMA) backbone featuring a variable ester function. Decorated with functional ether- or ester-based 

pendant groups, these polymers can conduct lithium-ions (Li+) via coordination to the free electron 

pairs of their oxygens. 

Solid electrolytes, especially polymer-based systems are considered a key technology for the 

successful implementation of high energy and power density conversion electrodes on the way to 

next generation all-solid-state lithium metal batteries (ASSLMBs) with improved safety. Thereby, 

the SPE plays the role of both ion transport medium and electrical separator between the electrodes. 

This work is separated into two major parts with respect to the chemistry of ion-conducting moieties 

in the polymer architecture. In chapter 4, five new bottlebrush copolymers bearing different lengths 

of poly(ethylene glycol) (PEG) side chains attached to two different backbones were synthesized. 

SPEs obtained from these bottlebrushes mixed with LiTFSI conducting salt were examined and the 

results were compared to the respective linear polymer systems. The occurring processes in the cell 

were identified by the Distribution of Relaxation Times (DRT) or extended DRT (eDRT) method. 

It could be shown that the crystallinity of PEG can be suppressed by the polymer architecture 

without any considerable loss in ionic conductivity (σ) regardless of the investigated backbone. 

Among different low-Tg materials, the one with the highest σ shows the lowest Tg and simultaneously 

the lowest crystallinity. The lithium transport number (LTN) and the electrochemical stability of the 

bottlebrush SPEs are comparable to linear PEG SPEs. 

Unresolved questions of interfacial as well as bulk processes are addressed by comparing 

bottlebrushes with linear poly(ethylene oxide) (PEO) in chapter 5. Besides using a bottlebrush host 

polymer, the role of the Li salt anion was investigated in a detailed comparative analysis using LiTFSI 

and the borate salts LiBOB and LiDFOB in these SPEs. Irrespective of the chemical nature of the 

anion these SPEs possess one major, resistive-capacitive bulk conductivity mechanism. For the 

borate-containing SPEs, the time-dependent formation of a solid electrolyte interphase layer (SEI) 

was identified, which could be separated from the slower charge transfer process via eDRT method. 

Furthermore, the contribution with the highest resistance was identified as the diffusion of Li+ in the 

electrolyte. Besides a more beneficial SEI for the LiBOB-SPE compared to LiDFOB, the LTNs of both
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systems are comparable to those observed in LiTFSI systems. 

To further improve the SPEs for the application in ASSLMBs at ambient temperature in chapter 6, 

solid polymer nanocomposite electrolytes (SPNEs) based on TiO2 nanoparticles in a bottlebrush-

LiTFSI matrix were prepared and analyzed while the results were interpreted with eDRT. The SPNEs 

were referenced against linear PEO-LiTFSI SPEs and nanoparticle-free bottlebrush-LiTFSI to 

understand the influence of nanoparticles on the electrochemical, interfacial, and mechanical 

properties. Compared to the respective SPEs, an optimum nanoparticle concentration was found at 

10 wt% in terms of increased σ-values as well as mechanical and electrochemical stability. While 

exhibiting a similar LTN, the compatibility of the SPNEs with Li metal was significantly improved 

due to the formation of a stable low-resistive SEI. In ASSLMBs, the bottlebrush SPNEs performed 

efficiently even at 30 °C, while the PEO systems suffered from crystallization. When the current rate 

was increased at 70 °C, the cell with the bottlebrush SPNE maintained a high discharge capacity with 

enhanced stability compared to the linear analogue. 

Chapter 7 constitutes the second part of this thesis, focusing on functional amorphous polyesters in 

“Beyond PEO” SPEs. By systematic structural variation of the alkyl spacer, the diester groups as well 

as the backbone chemistry (PA vs. PMA), seven new graft copolymers were synthesized, 

characterized, analyzed, and consequently studied as host polymers in SPEs as well as SPNEs. The 

maximum σ was found at 25 wt% salt concentration for PA-based polyesters with the longest alkyl 

spacers showing the lowest Tg. According to FT-IR spectroscopy studies both uncoordinated and 

Li+-influenced ester groups were identified to be present in roughly equal molar ratio to achieve high 

σ. The measured LTNs where significantly higher than those for PEO-based SPEs. For SPNEs, cell 

failure caused by Li dendrite short-circuiting could be fully avoided and stable and reliable long-

term Li plating and stripping with a low overpotential was realized. In ASSLMBs, stable cycling with 

a high capacity retention at 70 and even at 40 °C was obtained. 
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Zusammenfassung 

Diese Arbeit befasst sich mit dem Design ionenleitender Polymere, ihrer Anwendung als 

Wirtsmaterial in festen Polymerelektrolyten (SPEs) und der detaillierten Charakterisierung im 

Kontext der Materialien und auf der Ebene von Festkörperbatteriezellen mit Lithiummetall-

Anoden und Lithiumeisenphosphat-Kathoden. Insbesondere liegt der Fokus auf den Struktur-

Eigenschafts-Beziehungen zwischen chemischer Struktur und physikochemischer sowie 

elektrochemischer Performance, der ausführlichen Analyse der elektrochemischen 

Prozesse in verschiedenen Zellgeometrien und dem Verhalten der SPEs in einer realistischen 

Batterieumgebung. Den roten Faden dieser Arbeit stellt das funktionelle Polyacrylat (PA)- oder 

Polymethacrylat (PMA)-Rückgrat dar, das eine variable Esterfunktionalität besitzt. 

Ausgestattet mit funktionellen ether- oder esterbasierten Seitengruppen, vermögen diese 

Polymere Lithiumionen (Li+) über die Koordination an den freien Elektronenpaaren ihrer 

Sauerstoffatome zu leiten. 

Feststoffelektrolyte, insbesondere Systeme auf Polymerbasis, gelten jedoch als 

Schlüsseltechnologie für den erfolgreichen Einsatz von Konversionselektroden mit hoher 

Energie- und Leistungsdichte auf dem Weg zu Lithium-Metall-Festkörperbatterien der 

nächsten Generation (ASSLMBs) mit verbesserter Sicherheit. Dabei fungiert der SPE sowohl 

als Ionentransportmedium als auch als elektrischer Separator zwischen den Elektroden. 

Diese Arbeit ist im Hinblick auf die chemische Beschaffenheit der ionenleitenden Gruppen in der 

Polymerarchitektur in zwei Hauptteile untergliedert. In Kapitel 4 wurden fünf neue 

Bürstenpolymere mit unterschiedlich langen Polyethylenglykol (PEG)-Seitenketten, gebunden an 

zwei verschiedenen Rückgraten, synthetisiert. SPEs, bestehend aus LiTFSI-Leitsalz gemischt mit 

diesen Bürstenpolymeren, wurden untersucht und die Ergebnisse wurden mit den entsprechenden 

linearen Polymersystemen verglichen. Die in der Zelle ablaufenden Prozesse wurden mit der 

Methode der Verteilung der Zeitkonstanten (DRT) oder der erweiterten DRT (eDRT) identifiziert. 

Es konnte gezeigt werden, dass die Kristallinität von PEG durch die Polymerarchitektur 

unterdrückt werden kann, ohne dass es zu einem nennenswerten Verlust der Ionenleitfähigkeit (σ) 

kommt, unabhängig vom untersuchten Rückgrat. Unter den verschiedenen Materialien mit 

niedrigem Tg-Wert weist das Material mit der höchsten σ den niedrigsten Tg-Wert und gleichzeitig 

die geringste Kristallinität auf. Die Lithium-Transportzahl (LTN) und die elektrochemische 

Stabilität der Bürsten-SPEs sind vergleichbar mit linearen PEG-SPEs. 

Noch offene Fragen hinsichtlich Grenzflächen- und Bulk-Prozesse werden durch den Vergleich von 

Bürstenpolymeren mit linearem Polyethylenoxid (PEO) in Kapitel 5 adressiert. Neben 

der Verwendung eines Bürsten-Wirtspolymers wurde die Rolle des Li-Salzanions in einer 

detaillierten vergleichenden Analyse unter Verwendung von LiTFSI und den Borat-Salzen LiBOB 

und LiDFOB
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in diesen SPEs untersucht. Unabhängig von der chemischen Beschaffenheit des Anions besitzen 

diese SPEs einen resistiv-kapazitiven Ionenleitungsmechanismus. Für die borathaltigen SPEs wurde 

die zeitabhängige Bildung einer sog. Solid Electrolyte Interphase (SEI) beobachtet, die mittels eDRT 

vom langsameren Ladungstransferprozess separiert dargestellt werden konnte. Darüber hinaus 

konnte der Beitrag mit dem größten Widerstand der Diffusion von Li+ im Elektrolyten zugeordnet 

werden. Neben einer vorteilhafteren SEI für den LiBOB-SPE im Vergleich zu LiDFOB sind die LTNs 

beider Systeme mit denen vergleichbar, die in LiTFSI-Systemen beobachtet werden. 

Um die SPEs für die Anwendung in ASSLMBs bei Raumtemperatur weiter zu verbessern, wurden 

in Kapitel 6 Polymer-Nanokomposit-Elektrolyte (SPNEs) auf der Basis von TiO2-Nanopartikeln in 

einer Bürstenpolymer-LiTFSI Matrix hergestellt, analysiert, und die Ergebnisse mit eDRT 

interpretiert. Die SPNEs wurden mit linearen PEO-LiTFSI-SPEs sowie mit nanopartikelfreiem 

Bürstenpolymer-LiTFSI verglichen, um den Einfluss von Nanopartikeln auf die elektrochemischen, 

grenzflächenbezogenen und mechanischen Eigenschaften zu untersuchen. Im Vergleich zu den 

entsprechenden SPEs wurde eine optimale Nanopartikelkonzentration von 10 Gew.-% im Hinblick 

auf höhere σ-Werte sowie mechanische und elektrochemische Stabilität gefunden. Neben einer 

ähnlichen LTN, konnte die Kompatibilität der SPNEs mit Li-Metall durch die Bildung einer stabilen, 

widerstandsarmen SEI deutlich verbessert werden. In ASSLMBs lieferten die Bürsten-SPNEs selbst 

bei 30 °C noch gute Ergebnisse, während die PEO-Systeme durch ihren kristallinen Zustand bei 

dieser Temperatur, eine drastisch erniedrigte Kapazität aufwiesen. Bei Erhöhung der 

Zyklisierungsrate bei 70 °C erreichte die Zelle mit dem Bürsten-SPNE eine hohe Entladekapazität, 

wobei die Stabilität im Vergleich zum linearen Analogon erhöht wurde. 

Kapitel 7 bildet den zweiten Teil dieser Arbeit, der sich mit funktionellen amorphen Polyestern in 

"Beyond PEO" SPEs beschäftigt. Durch systematische Strukturvariation der Alkylketten zwischen 

den Diestergruppen, der Diestergruppen selbst sowie des Rückgrates (PA vs. PMA) wurden sieben 

neue Pfropfcopolymere synthetisiert, charakterisiert, analysiert und anschließend als 

Wirtspolymere in SPEs sowie SPNEs untersucht. Maximale σ–Werte wurden bei 25 Gew.-% Li-

Salzkonzentration für PA-basierte Polyester mit den längsten Alkylketten gemessen, welche 

gleichzeitig die niedrigsten Tg-Werte aufwiesen. Gemäß Untersuchungen mittels FT-IR 

Spektroskopie wurden sowohl unkoordinierte als auch Li+-beeinflusste Estergruppen in etwa 

gleichem molarem Verhältnis identifiziert, um hohe σ-Werte zu erreichen. Die gemessenen LTNs 

waren deutlich höher als die für PEO-basierte SPEs. Für SPNEs konnte Zellversagen aufgrund von 

durch Li-Dendriten hervorgerufene Kurzschlüsse vollständig vermieden und ein stabiles und 

zuverlässiges Abscheiden und Auflösen von Lithium mit niedriger Überspannung realisiert werden. 

In ASSLMBs war eine stabile Batteriezyklisierung mit einer hohen Kapazitätserhaltung bei 70 und 

sogar bei 40 °C möglich
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 Introduction 

An update of the German climate protection policy in 2021 by the Federal Ministry for Economic 

Affairs and Climate Action states that greenhouse gas neutrality must be achieved on a binding basis 

by 2045.[1] With this goal, the energy transition from nuclear and fossil fuels towards renewables is 

the driving force for a clean, affordable and secure energy supply according to the Federal 

Government. Better energy efficiency is only possible with energy storage systems that enable a 

decoupling of production and consumption as well as the generation of a balancing power to 

stabilize the supply frequency.[2,3] 

Among systems like thermal, compressed air, natural gas, and superconducting magnetic energy 

storage as well as chemical techniques using flow batteries, fuel cells, and supercapacitors, the 

electrochemical rechargeable battery is considered a promising solution for portable electronic 

devices and electric vehicles.[4] Electromobility is expected to contribute to the energy transition, as 

there should be seven to ten million electric vehicles on Germany’s roads with a demand at present 

for lithium-ion batteries (LIBs) of more than 2,000 GWh by 2030.[5] 

LIBs were commercialized by Sony in 1991[6] after solving the issue of reactive lithium (Li) by using 

intercalating graphite anodes, which are capable of transforming the incoming electrical energy into 

chemical energy (potential difference of the redox couples) via an electrochemical reaction and vice 

versa with a high conversion efficiency. As the benchmark for portable electronics, they also feature 

a high installation speed and flexibility. With practical gravimetric energy densities of ∼250 Wh kg-

1 (theoretical value: 385 Wh kg-1) at a working voltage of about 4 V, LIBs are energetically located 

between lead-acid batteries and octane fuel with practical values of 35 Wh kg-1 and 1233 Wh kg-1, 

respectively.[7–12] However, up-scaling of common LIBs chemistry to a commercial level comes with 

hindrances of various natures. These can be low power and energy density, possible thermal runaway 

leading to explosion and/or fire risks due to flammable liquid organic electrolytes, high costs, low 

cycle life as well as limitations in temperature operational ranges, material availability and 

sustainability.[10,13] On top, a 20-year lifetime, including 6000 cycles are required for grid storage 

application, where high energy density is less important than performance stability.[14,15] 

To tackle these barriers and enable the way for next generation battery systems, it has been 

recommended that pure Li anodes can be combined with next-generation intercalating or 

conversion cathodes featuring high working potentials and energy density. In these systems, 

incompatible liquid organic electrolytes must be replaced by alternatives like solid inorganic 

electrolytes, solid polymer electrolytes (SPEs), or hybrid materials (e.g., nanocomposites) as a 

combination of both inorganic and organic, in all-solid-state lithium metal batteries (ASSLMBs) with 

a possible gravimetric energy density of ∼600 Wh kg-1 when Li is combined with an intercalating 

cathode.[7,15,24,25,16–23] 
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The following chapter introduces the general setup of a lithium metal cell including all components 

and characteristics with respect to LIBs. Thereafter, a detailed overview presents the cell setups and 

the electrochemical characterization methods applied in the present thesis. 

1.1 Setup of a lithium metal cell 

In general, a battery may consist of multiple electrically connected electrochemical cells, constituting 

the smallest unit of a device that converts chemical (potential difference of the redox couples) to 

electric energy and vice versa. Primary batteries are assembled in the charged state and deliver 

electrical energy under current flow only until chemically depleted (discharged), whereas secondary 

(rechargeable) batteries or accumulators can be restored repeatedly to its original charge condition 

after discharge by an electric current of opposite direction. This type of batteries features reversible 

redox reactions on each electrode. A rechargeable electrochemical cell in Figure 1.1a consists of two 

different electrodes, an anode (here: Li metal) and a cathode (here: lithium iron phosphate, LiFePO4, 

LFP) as well as an electrolyte (e.g., SPE), which can also act as separator preventing electrical short 

circuits between the electrodes within a battery. The two electrodes of different electric potential 

Ecathode and Eanode are spatially separated from each other in half-cells and create a potential difference 

ΔE in volt (V), ionically connected by the electrolyte, measurable at the current collectors of the cell. 

This potential difference translates to the cell voltage U and is the electromotive force (emf) of the 

cell reaction, unique for each half-cell redox couple.  

 
Figure 1.1: (a) Setup of a Li metal battery cell with a Li metal anode, solid electrolyte (e.g., SPE), LFP cathode, stainless steel 

(StSt) and aluminum (Al) current collectors. (b) Setup of a Li-ion battery cell with a graphite anode, liquid electrolyte 

including separator, LFP cathode, copper (Cu) and aluminum (Al) current collectors. Adapted from literature.[9,10,18] 

Reversible redox reactions occur at each electrode due to the emf, separated into two half reactions, 

and the transferred electrons as flow is used and passed by the external circuit. Both reactions are 

accompanied by the insertion or removal of Li from the active electrode material using a physical 

and electrical insulating, but ion-conductive transport material (e.g., SPE) between the two 

electrodes. During discharge, the oxidation (loss of electrons) of the active material occurs at the 

anode (here: oxidation of Li0 to Li+), whereas the reduction (gain of electrons) of the active material 

takes place at the cathode (here: reduction of Fe3+ to Fe2+), by convention. The anode material, (e.g., 

Li metal with a theoretical specific capacity of 3860 mAh g−1) consists of elemental Li in the fully 

LFP cathode
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electrolyte

Li anode AlStSt

Charge Discharge

Li+
- +

Charge Dischargee-e- V
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electrolyte
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Graphite anode
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charged state. Lithium-ions (Li+), dissolved from the Li bulk material, are transported from the 

anode through the electrolyte and inserted into the cathode (e.g., LFP with a theoretical specific 

capacity of 170 mAh g−1, cf. chapter 1.2.2.1) during discharge. This intercalation process can cause 

microstructural changes and deformation-induced degradation as well as volume expansion. The 

cell is fully discharged when the discharge cut-off potential has been reached or when all potentially 

mobile Li has been displaced. For recharging the battery, these processes are simply reversed. The 

half-cell reactions and the total cell reaction for the discharge are illustrated in Eq. (1.1)-(1.3).[15,26–29] 

Anode: Li
Discharge
�⎯⎯⎯⎯� Li++e- (1.1) 

                             Cathode: FePO4���
νOxOx

+Li++e- Discharge
�⎯⎯⎯⎯� LiFePO4�����

νRedRed

 (1.2) 

                  Total: FePO4+Li 
Discharge
�⎯⎯⎯⎯�  LiFePO4 (1.3) 

νOxOx and νRedRed indicate the oxidized (Ox) and reduced species (Red) with the respective 

stoichiometric coefficient ν. During deintercalation of Li (charging), an A phase (FePO4) without 

lithium and the stoichiometric B phase (LiFePO4) coexist, while the A phase increases in the further 

course until only the A phase remains, in an ideal case. With this configuration, a theoretical 

gravimetric energy density of 586 Wh kg-1 can be achieved, which is about one third more compared 

to the commercial system comprising a graphite intercalating anode (385 Wh kg-1) (cf. chapter 

1.2.1.1). 

1.1.1 Thermodynamics of electrochemical reactions 

Redox reactions at the electrodes continue until electrochemical equilibrium, while neutrality of 

charges within the electrolyte is maintained. All electrochemical processes including the equilibrium 

of the half-cell reaction at the cathode between Fe3+ (Ox) and Fe2+ (Red), are defined by an external 

electrical current. These reactions take place either in liquid media or in (quasi)-solids at interfaces 

of porous electrodes, metals, or semi-conductors (electron conductors) and the electrolyte (ionic 

conductor). A transfer of electrons between electrically separated electrochemical active materials 

(electrodes), connected by an external circuit, leads to a redox reaction of the active species (change 

in oxidation state): 

νOxOx + n e- ⇄ νRedRed. (1.4) 

Electrochemical reactions can either take place spontaneously and induce a voltage (galvanic cell, 

e.g., batteries during discharge) or can be forced by application of a voltage (e.g., electrolysis, e.g., 

batteries during charge) and are considered reversible as long as parasitic side reactions can be 

neglected. 

The Nernst equation (Eq. (1.5)) relates the potential of a specific electrode (here: cathode) to the 
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standard potential of the redox-active species (E0 at 298.15 K and unit activity a), measured against 

a reference electrode, as a function of the relative activities of the oxidized (aOx) and reduced (aRed) 

species in the system (cf. Eq. (1.2) and (1.4)): 

𝐸𝐸cathode = 𝐸𝐸cathode
0 +

𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

ln �
𝑎𝑎Ox

𝜈𝜈Ox

𝑎𝑎Red
𝜈𝜈Red� , (1.5) 

with the stoichiometric coefficients ν, the Faraday constant F in coulomb mole-1 

(96485.33 C mol-1 = 96485.33 A s mol-1), the universal gas constant R in joule mole-1 kelvin-1 

(8.314463 J mol-1 K-1 = 8.314463 C V mol-1 K-1), the moles (mol) of electrons n transferred during 

the redox process, and the temperature T in kelvin (K). The open circuit voltage (OCV = U0) of an 

electrochemical cell is then calculated by the difference in both electrode potentials: 

𝑈𝑈0 = Δ𝐸𝐸 = 𝐸𝐸cathode − 𝐸𝐸anode, (1.6) 

where a positive voltage value commonly relates to negative current flow (electrons) from anode to 

cathode during discharge. This is accompanied by the fact that the potential at the cathode is higher 

than at the anode: Ecathode > Eanode. The steady state of the cell corresponds to the currentless state.  

In the case of a thermodynamic equilibrium, the equilibrium constant K, considering a negative 

Gibbs free energy -ΔG° in joule mole-1 (J mol-1) for the spontaneous cell reaction as the available 

electrical energy, is given by: 

𝑅𝑅𝑅𝑅 ln 𝐾𝐾 = −Δ𝐺𝐺0 = 𝑛𝑛𝑛𝑛𝑈𝑈0 = 𝑄𝑄𝑈𝑈0, (1.7) 

with the number of electrons transferred per mole of reactant n. The product of nF equals the 

amount of charge produced and is denoted as electrical charge Q in coulomb 

(1 C = 1 As = 3600-1 Ah). It depends on the quantity of materials involved in the reaction and 

represents a capacity factor (cf. Eq.(1.9)), whereas U0 describes an intensity factor. 

1.1.2 Reaction kinetics at electrodes 

Loading a LIB by applying an external current different from zero or an external voltage larger than 

OCV leads to dynamic, i.e., time-dependent processes including the actual electrode reaction. These 

processes are generally lossy and thus lead to overpotentials (η; cf. chapters 1.4.4 and 1.4.6). In 

general, these overpotentials arise from different reactions steps, including mass-transfer, charge-

transfer, and the ongoing reaction, which all represent resistance contributions in an equivalent 

circuit model. An exemplary U-I plot (Figure 1.2, displayed for the discharge case) shows the non-

linear dependency of the overpotential on the selected (dis)charge current. During charging, the 

overpotentials increase with increasing current, starting from OCV, affecting the electrical efficiency 

of a battery cell. The slowest process always determines the rate of the reaction and thereby limits 

the current that can be provided. Instantaneous contributions ΔVIR, can be attributed to the cell 
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internal resistance (ηIR) caused by the cell components, the contact and electrolyte resistance (Rbulk) 

in ohm (Ω). Thus, the current collectors and in particular the active material have an ohmic 

resistance across which, according to Ohm’s law, an applied voltage drops as soon as current flows. 

These processes generate thermal energy leading to heating of the electrochemical cell. The second 

part consists of dynamic contributions (ΔVpolarization) from diffusion ηD or concentration 

overpotential ηC to compensate for the concentration difference of Li+ in the electrolyte caused by 

(de)intercalation processes at the electrodes. At constant load, a certain concentration gradient is 

established after a sufficiently long, theoretically infinite time. Besides the electrolyte, the liquid and 

solid-state diffusion in the electrode has a significant contribution and can be considered as the rate-

determining step at high currents. Moreover, the charge transfer (ηCT, or activation overpotential) 

on the electrode-electrolyte interface (cf. Eq. (1.53)), and the solid electrolyte interphase (SEI, cf. 

chapter 1.2.1.3, ηSEI) also contribute to the dynamic overpotentials caused by kinetic hindrances. 

Considering the OCV (U0) of a cell in the current state as a reference point, the cell voltage U deviates 

from U0 upon load by the sum of all overpotentials η in volt (V): 

U=U0+η. (1.8) 

If the cell is charged, ηcharge > 0 and U is higher than the OCV. In the discharge case, U is lower than 

the OCV and ηdischarge < 0 (cf. Figure 1.34). 

 
Figure 1.2: Exemplary U-I characteristic curve of an electrochemical cell at a constant OCV with different types of 

overpotentials caused by the lossy processes of activation (ηCT), internal ohmic resistance (ηIR), and concentration (ηD). 

Adapted from literature.[27,30] 

Since the chemical composition of the reactants changes with increasing state of charge in most 

cases, the OCV and other battery characteristics are generally not constant over the entire operating 

range. 

Electrochemical double layer: At the electrode–electrolyte interface, an electrochemical double layer 

is formed, at which charge carriers accumulate on both sides of the interface, which therefore acts as 

a plate capacitor. The structure of the double layer is illustrated in Figure 1.3 with the corresponding 

electric potential curve Φ in volt (V) as a function of the spatial distance x from the electrode. The 

double layer has a big influence on the rates of electrode processes. Based on Stern´s model, three 

consecutive space charge layers beyond the bulk electrode (light red) can be found. The inner 

Helmholtz plane (IHP) in direct proximity to the surface space charge region (dark red) of the bulk 
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electrode (light red), contains specifically adsorbed ions (green), accumulating at the electrode 

surface at a distance half of their ionic radius in a compact layer. The space charge layer is a small 

region of reduced charge carrier concentration due to ongoing charge recombination at the surface 

combined with limited diffusion of incoming cations at the surface. A further layer of non-

specifically adsorbed ions (here: cations) is referred to as the outer Helmholtz plane (OHP, blue). 

The consequent diffuse layer (Gouy–Chapman layer, blue) shows exponentially decreasing ionic 

concentration with increasing distance from the electrode, before finally reaching the electroneutral 

bulk electrolyte (light blue). 

 
Figure 1.3: Electrochemical double layer formed at the electrode–electrolyte interface based on Stern´s model and the 

corresponding electric potential curve Φ as a function of the spatial distance x from the electrode. The structure consists 

of the bulk electrode (light red), a space charge layer (dark red), the inner Helmholtz plane (IHP, green), the outer 

Helmholtz plane (OHP, blue), the diffuse (Gouy–Chapman) layer (blue), and the bulk electrolyte (light blue). Adapted 

from literature.[31–33] 

In equilibrium state, the double layer is electroneutral on a macroscopic scale. Upon the application 

of a current, the double layer is charged or discharged according to the sign of the current using 

charge carriers from the electrode reaction. Hence, these processes show a resistive-capacitive 

influence on the electrical double layer, similar to the interphase layer formed at the anode during 

cell operation (cf. chapter 1.2.1.3). In the resting state of the cell after a theoretically infinite time, 

the dynamic processes are complete, and the measured voltage theoretically equals the OCV in this 

state of charge. However, in reality, voltage hysteresis in real cells leads to a difference in the OCV 

as a function of the preceding current direction, which can usually be observed even after a very long 

time. 

1.1.3 Characteristics of electrical energy storage systems 

Charge/discharge rates: Cycling rates or C-rates (C) can be expressed by the time t in hours needed 

for a complete charge (discharge), considering the current I, and the nominal capacity CN. CN is 

specified as the value of electric charge in coulomb (1 C = 1 As = 3600-1 Ah) that can be drawn at a 

specified rated current within a defined, safe voltage window. The theoretical capacity CT equals the 
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total amount of charge, after complete discharge under ideal conditions (cf. Eq. (1.55)). It applies 

that CN < CT due to parasitic reactions and resistances in the cell:[26,33] 

𝐶𝐶 =
𝐼𝐼

𝐶𝐶N
. (1.9) 

State of Charge of a lithium battery: Decisive for the potential of the electrodes is the state of charge 

(SOC) of the cell, which is defined as the ratio of Q that can be taken from the battery in the current 

operating state in relation to CN in percent: 

SOC =
𝑄𝑄
𝐶𝐶N

. (1.10) 

If only one electrode is considered, the term degree of lithiation (DOL) can also be used. A significant 

gradient of the DOL between the surface of the electrode particles and their center can occur, 

especially during high loadings. As the electrochemical reaction takes place at the electrode–

electrolyte interface, the DOL at the particle surface is responsible for the electrochemical-

thermodynamic potential, which differs from the average DOL-value due to large time constants for 

charge equalization in the particles.  

Coulombic/Current/Faradaic efficiency: The reversibility of charge and discharge is given by the 

coulombic efficiency in %. It describes the charge efficiency by which electrons are transferred in 

batteries. The instantaneous coulombic efficiency is considered as the ratio of current needed for a 

faradaic process (Ir) to the total current (It) involved in the rth process:  

coulombic efficiency =
𝐼𝐼r

𝐼𝐼t
. (1.11) 

The overall coulombic efficiency represents the fraction of total charge involved in the rth process: 

coulombic efficiency =
𝑄𝑄r

𝑄𝑄t
. (1.12) 

Aside from an ideal value of unity, it is favorable for electrochemical processes to be carried out with 

high coulombic efficiencies. Prerequisites are potentials and conditions chosen to be free from 

parasitic reactions (e.g., side reactions of electrolytes, electrodes, and impurities). 

Specific energy: The theoretical specific energy w describes the value of stored electrical energy W, 

either per mass or volume (Wh kg–1 or Wh l–1) of the active materials and is referred to as gravimetric 

or volumetric energy density, respectively. It depends on the OCV and the cell nominal capacity CN 

(or Q) and by that on the system´s chemistry. w is the electric power P in watt (W) as the integral of 

the product of open-circuit voltage and the current I in ampere (A) that can be drawn over time. 

The gravimetric energy density wgrav is represented as:[6,25,37,26,27,31–36] 
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𝑤𝑤grav  =  
𝑊𝑊

𝑚𝑚anode + 𝑚𝑚cathode
=

𝑄𝑄𝑈𝑈0

𝑚𝑚anode + 𝑚𝑚cathode
=

𝐶𝐶N𝑈𝑈0

𝑚𝑚anode + 𝑚𝑚cathode

=
∫ 𝑈𝑈0𝐼𝐼d𝑡𝑡

𝑚𝑚anode + 𝑚𝑚cathode
=

∫ 𝑃𝑃d𝑡𝑡
𝑚𝑚anode + 𝑚𝑚cathode

. 
(1.13) 

An overview of electrical energy storage systems based on lithium is given in Figure 1.4. In a Ragone 

plot, storage characteristics in terms of specific energy (capacity) and specific power (loading) can 

be compared. 

 
Figure 1.4: Ragone plot reflecting the relation between specific energy and specific power of rechargeable Li-ion and next 

generation Li batteries. Adapted from literature.[38] 

LIBs comprising two intercalating electrodes, are state-of-the-art for rechargeable electrical energy 

storage devices (cf. chapter 1.2). Due to its size, Li+ is able to diffuse in most solid structures or cleave 

many metallic or ionocovalent bonds. Based on the rocking-chair technology, the Li+ rock back and 

forth between the intercalation compounds during charge/discharge. Here, Li is stored in its ionic 

rather than metallic state by intercalating in carbonaceous anode host materials (e.g., graphite with 

a theoretical specific capacity of 372 mAh g−1) combined with layered or three-dimensional-type 

lithium transition-metal oxides (LMeOs) as cathode causing volumetric/structural changes of both 

active materials. The electrodes are ionically connected by liquid organic electrolytes or gel polymer 

electrolytes (GPEs, cf. chapter 1.3.5). However, the intercalation chemistry limits the power and 

energy density as it is confined to only one electron transfer per transition metal in the cathode. Also, 

various safety issues regarding liquid organic electrolytes in combination with polyolefin separators 

are likely to be solved when replaced by more inert, solvent-free systems (discussed in detail in 

chapter 1.3.5.1). 

A battery technology based on pure Li metal as anode (cf. chapter 1.2.1.2) is initially motivated by 

its high specific capacity and the fact that Li is the most electropositive (–3.04 V vs. standard 

hydrogen electrode) as well as the lightest (M = 6.94 g mol–1 and ρ = 0.53 g cm–3) metal. Combined 
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with solid electrolytes, either organic, inorganic or hybrids, which act as functional separators in 

ASSLMBs, the ever-increasing demand for batteries with higher energy density (e.g., range of 

electrical vehicles) as well as high power density (e.g., fast charging performance of electrical 

vehicles) could be satisfied and leveled up to ∼1 kWh kg-1 and ∼1 MWh kg-1, respectively. 

Even higher values in terms of specific energy (∼3 kWh kg-1) may be achieved by implementing 

elemental sulfur (S) or oxygen (O) cathodes in Li-S and Li-O2 (or Li-air) batteries (cf. chapter 1.2.2.2). 

To establish novel battery technologies, long-term stability, compatibility of the components 

including interfaces, cycling reversibility, self-discharge, cell architecture as well as processing have 

to be addressed for next generation batteries and are currently in the focus of research. A lithium 

battery cell consists of many different components, which can be optimized individually from each 

other, but have to work together as an overall device, which requires mutual adaptation of the 

components. Major components are the electrodes, which define the specific energy and power of 

the cell.[6,9,10,12,15,28,29,38]  

1.2 Electrodes 

The positive and negative electrodes of LIBs are usually applied as coatings on current collectors, 

forming composite electrodes, which provide the electrical contact with the external circuit. For the 

cathode, aluminum foil is used due to its stability at high potentials. On the anode side, typically 

copper foil is applied, as aluminum would parasitically form lithium-aluminum alloys at low 

potentials. Suitable active electrode materials should offer a high material density, a robust lattice 

structure, good (electrochemical) stability, high reversible capacity (i.e., storable charge per unit 

mass of material) and specific energy, good ionic (σ, cf. chapter 1.3.1) and electrical conductivity 

(“mixed conduction”), long cycle life, high rate capability and lithium diffusion into the active 

material, as well as non-toxicity, earth-abundance, and low cost. The challenge of the electrode active 

material is to store energy by means of a reversible chemical redox reaction, to achieve a large 

amount of energy at a small weight and volume in combination with a high potential difference 

between both electrodes according to Eq. (1.13) and (1.6). Cathode materials are processed as fine 

powders in the low µm-range and mixed with different amounts of inactive components in the form 

of a slurry to achieve the desired properties. Besides the active material, the homogeneous mixture 

consists of a binder (e.g., poly(vinylidene fluoride) (PVDF), cf. Figure 1.20) to provide a sufficient 

cohesion between the electrode particles and adhesion to the current collector), conductive carbon 

(e.g., conductive graphite (CG) as electron conducting medium), an electrolyte (as ionic conducting 

medium in and outside the pores of the active materials, cf. chapter 1.3), and a solvent (e.g., 

N-Methyl-2-pyrrolidone (NMP) to dissolve/disperse all components). After the coating procedure, 

the solvent is removed to obtain a porous film with maximized surface area to provide fast 

electrochemical reaction kinetics for both, lithium-ions and electrons. Commercially available LIBs 



1 Introduction 

 
24 

have intercalation electrodes, that serve as a host lattice structure to incorporate and release the 

exchanged lithium-ions reversibly.[25,26,28,39] 

1.2.1 Anode materials 

1.2.1.1 Intercalating anodes 

Intercalation is defined as the incorporation (“topotactic reaction”) of a guest species (e.g., ion, atom, 

or molecule) into the empty sites in the crystal lattice of a host compound. In the best case, the 

electrode material does not change morphologically in terms of dissolution or deposition of material, 

nor does the lattice structure of the electrode material change. However, upon repeated cycling, this 

intercalation process can cause microstructural changes and deformation-induced degradation, 

which may affect the service life of the electrode and thus the battery as well as its performance. 

Carbon based anodes: The most prominent intercalating anodes for LIBs are based on carbonaceous 

materials, i.e., different allotropes of carbon featuring high thermal, chemical and electrochemical 

stability, good cycle life, and low cost. With their 1D and 2D diffusion pathways for lithium-ions, 

these materials are classified by their crystallinity and the stacking of carbon atoms. The widely used 

hexagonal form of graphite is able to intercalate Li between the superimposed graphene layers by a 

multistage phase transition in a potential range between 0.01 and 0.3 V vs. Li/Li+. One Li+ can be 

intercalated per hexagonal carbon ring resulting in LiC6 in the fully lithiated state, which is shown 

schematically in Figure 1.5. The intercalation follows well-defined 2-phase plateaus with also well-

defined chemical compounds at the beginning and the end of these plateaus. Along the plateau both 

phases exist simultaneously offering a flat and low working potential. The phase transition during 

Li+-insertion in the graphite lattice is divided into different stages with increasing DOL, resulting in 

volume changes between fully charged and discharged states of ca. 10%. 

 
Figure 1.5: Crystal structure of graphite as intercalating anode material for LIBs. Li+-ions are inserted between the graphene 

layers to form LiC6 in the fully lithiated state. Adapted from literature.[40] 

Below 0 V vs. Li/Li+, the lithium no longer intercalates into the graphite particles, but is 

preferentially deposited in the reduced metallic state Li0  on the electrode surface. This process is 

referred to as Li metal deposition (or Li plating). Li plating starts on the active material surface and 

grows as long as the surface potential of the electrode is less than 0 V vs. Li/Li+. This surface potential 

is dependent of the DOL and the resulting overpotential. Frequently, the growth is dendritic (cf. 

Li+-ion
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chapter 1.4.4.4). Thus, a high level of lithium plating can have safety-critical consequences like 

increasing cell thickness, clogging of anode pores, or even short circuiting of anode and cathode. 

Graphene as a monolayer of graphite forms 2D sheets with a high surface area of nanometer 

thickness and shows substantial mechanical strength. Depending on its interaction with lithium, 

theoretical capacity values of 780 mAh g-1 (adsorption of Li+ in a Li2C6 structure) or 1116 mAh g-1 

(covalent LiC2 structure) are possible. However, graphene anodes suffer from low capacity retention 

due to aging upon cycling. By applying a more disordered structure, new active sites for Li+ storage 

are created, and a high capacity is reached (1050 mAh g-1), but the resulting poor electrical 

conductivity limits the power density. Hetero-atom doping of porous graphene, enhances the mass 

transport and results in a better capacity retention. 

Carbon nanotubes (CNTs) is another allotrope of carbon, formed by a self-assembly unidirectional 

growth process and characterized by a graphene tubular structure in the nanometer scale. 

Depending on the thickness and number of coaxial layers, they are classified in single (SWCNT) and 

multiwall carbon nanotubes (MWCNT). CNTs can be applied as both, active anode materials and 

nano-additives for composite anodes reaching theoretical capacities of 1116 mAh g-1 in the case of 

SWCNTs (LiC2 structure by intercalation in and outside the tubes). Similar to graphene, realizing 

high coulombic efficiency and a stable cycling behavior of these materials remains challenging owing 

to large structural defects and high voltage hysteresis. Improvements regarding these issues can be 

achieved by modifying the morphological characteristics.  

As a general strategy, the application of multidimensional nanostructured materials and hybrid 

materials (i.e., combined with metals, semimetals, oxides, or phosphides) allows for an increase ion 

accessibility, shorter diffusion lengths, higher lithium storage capacity, and high-rate performance 

owing to their high surface-to-volume ratio combined with an excellent electrical conductivity. 

Nonetheless, the use of carbon based nanomaterials as active anode materials faces issues regarding 

limited scalability and high production costs, which hinders their commercialization by 

now.[9,25,45,26,28,39–44] 

Titanium oxide based anodes: Intercalating anode materials based on titanium oxide are an 

alternative class to carbon allotropes. Titanium dioxide (titania, TiO2) is an interesting active 

material featuring low cost, low volume change (< 5%), high thermal stability, rate capability, 

reversible capacity, and stability at its operation potential (1.5 V vs. Li/Li+), as well as stable SEI 

formation. Different allotropes for the use in LIBs are available. Among the anatase, brookite, rutile, 

and bronze polymorphs of TiO2, the latter reaches a theoretical capacity of (335 mAh g-1). Due to a 

unique open crystal structure, it possesses favorable low energy Li+ transport channels from surface 

to subsurface sites. The lithiation takes place through a surface redox or pseudocapacitive charging 

mechanism offering the highest rate capability. 

Lithium titanium oxide (LTO, Li4Ti5O12) crystallizes in a spinel structure and therefore features 3D 
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conducting channels for Li+ (cf. Figure 1.7c). LTO is considered a sustainable, cheap, and safe anode 

for LIBs: a two-phase reaction maintaining a constant voltage (1.55 V vs. Li/Li+) with only little 

hysteresis between charge and discharge demonstrates its excellent reversibility. This high potential 

allows for a safe operation of the LIB at the cost of working potential, mitigates the formation of the 

SEI and prevents the formation of Li dendrites. In addition, the remarkable structural stability of 

LTO during cycling (transition to rock salt type Li7Ti5O12 in the fully charged state) enables a very 

high rate capability, and with that ultrafast charging. Unfortunately, the low electrical conductivity 

(10-13 S cm-1) restricts the full capacity (175 mAh g-1) (cf. chapter 1.4.6 and Eq. (1.9) and reduces the 

Li+ diffusion. 

Disadvantages of titanium oxide based active materials like the low intrinsic ionic conductivity (σ) 

and electrical conductivity, and capacity can be addressed by nano-structuring of the materials and 

the preparation of nanocomposites (e.g., with CNTs) including carbon coating thereof.[34,39,43,44] 

In summary, there is an urgency to replace commercialized intercalating electrodes by materials with 

higher capacity (retention) as well as energy and power density. In terms of Li storage per mole of 

active material, conversion electrodes may be promising alternatives. 

1.2.1.2 Conversion anodes 

Well-known in the field of primary lithium batteries, this class of materials is characterized by a 

solid-state electrochemical redox reaction during cycling with a change in the crystal structure and 

the physico-chemical properties as a result of breaking and recombining chemical bonds. 

Conversion-type materials include reactions of Li between the elements (X; or their corresponding 

oxides) of main groups 3 to 7 of the periodic table yLi + X ↔ LiyX (alloying-type), or between 

compounds comprised of transition metals (Me) and the respective main group elements (X) 

yLi + MexXz ↔ xMe + zLi(y/z)X (conversion-type). The combination of Li with the elements of the 3rd 

to 6th main groups often leads to semiconductors with elemental substructures, which indicate a 

heteroatomic structure of the compounds. If the element is a metal or a semimetal, these compounds 

are described as zintl phases. These are intermetallic compounds with strongly heteropolar bonding 

fractions of the alloy partners, which can be described by an ionic bond formulation (Li+X-) and 

represent transitions between metal and ionic bonds. The metallic character of the compounds and 

the associated electrical conductivity increase with increasing order number of the element, which 

is beneficial for the use as active material. As they contain an increased content of lithium per 

mass/volume unit accompanied by a multi-electron transition, these compounds show significantly 

higher capacities (e.g., 2 to 10 times higher than that of graphite) or higher specific energies 

compared to the intercalation compounds. In general, conversion-type active materials suffer from 

a volume expansion up to 420% upon cycling. This may result in material cracks and pulverization, 

loss of electrical contact between the particles, and therefore electrode disintegration and severe 

capacity fading. Especially in the case of anodes, the volume change may destroy the SEI, leading to 
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continuous electrode decomposition, loss of active Li and increasing cell resistance. Low reaction 

kinetics thereby also limit the rate capability. Due to these disadvantages, conversion electrodes for 

lithium secondary batteries are currently still not ready for commercial application but subjected to 

intensive research.[9,18,43,44,46] 

Alloying-type anodes: Alloying-type anodes are based on a metal or metalloid X comprising Al 

(~990 mAh g-1, AlLi), tin (Sn, ~990 mAh g-1, Li22Sn5), antimony (Sb, ~660 mAh g-1, Li3Sb), 

germanium (Ge, ~1623 mAh g-1, Li22Ge5), silicon (Si, up to ~3600 mAh g-1), and a few more. These 

anodes are able to form alloys with Li at relatively low potentials (< 1 V vs. Li/Li+). Alternatively, 

their corresponding oxides (XOy) may also be used instead of the pure element (X), which can 

drastically enhance the cycling performance. This is attributed to the formation of amorphous or 

nano-sized Li2O in the initial charge of the cell. In the first step, Li reacts irreversibly with the anode 

forming Li2O and X. Consequently, the Li alloy with X is formed. By this order, Li2O acts as both a 

buffering domain and a binder during the Li−X alloy formation/cleavage, keeping the alloyed 

particles together and reducing their overall volume change. With this strategy, volume variation 

and capacity fading can be limited. The Li2O also serves as ionically conducting medium for the Li+ 

diffusion and prevents the electrochemically formed nano-X particles from agglomeration. 

However, Li2O shows poor electrical conductivity causing high overpotentials in the cell and also 

has a negative impact on the capacity. Several approaches were studied to minimize electrode 

disintegration: Nanosizing of the active materials helps to absorb volume changes (i.e., only small 

absolute volume changes), increases the accessibility of Li+ and shortens the diffusion path length. 

The additive incorporation of electrochemically (in-)active matrix elements (e.g., metals, metal 

oxides or carbon-based nanostructures forming hybrid materials) into Li can help to absorb volume 

changes, improve electrical conductivity, and have a catalytic effect on the Li cycling. By proper 

choice of the active material’s starting morphology and the cut-off voltage, the cycling stability can 

be improved. 

From the above presented list silicon (Si) is probably the most prominent candidate offering a 

theoretical specific capacity of ~3600 mAh g-1 for Li15Si4. Moreover, the low lithiation potential 

(0.4 V vs. Li/Li+) of Si is beneficial for the possible specific energy of the cell. Due to the high natural 

abundance of Si, it is very cost effective. On the other hand, this active material suffers from severe 

capacity fading during the initial cycles due to the issues addressed in the introductory paragraph. 

Nanostructures of lithium-alloy anodes with innovative morphologies in combination with carbon 

coating or their corresponding oxides (~1600 mAh g-1, SiO) as well as composites based on these 

active materials seem to be promising approaches toward better cycling stability. Used as an additive 

in commercial anodes, Si nanoparticles (NPs) embedded in the graphite matrix, can increase the 

anode performance.[18,25,34,39,43] As an example, Zhang et al.[47] used a so-called SF@G material as 

anode, consisting of graphene (G) coated onto silicene flowers (SF) in combination with an LFP 
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cathode and a liquid organic electrolyte. The cell showed both stable cycling (~150 mAh g-1) and 

high coulombic efficiency over 250 cycles at 0.5C. 

Conversion-type anodes: This material class is based on compounds with the general composition 

of MexXz (X = O, P, S, N). In contrast to the intercalating counterparts, transition-metal based 

compounds as active materials undergo a conversion reaction, which offer comparably high 

reversible specific capacities (500-1000 mAh g-1) at reaction potentials around 0.5–1.0 V vs. Li/Li+. 

The potential increases with increasing ionic character of the Me–X bond allowing for safe cell 

operation. The high energy barrier associated with breaking of the Me–X bond and the change in 

electrical conductivity slow down reaction kinetics and promote a high voltage hysteresis. 

Accompanied by a large volume expansion, their high-rate performance and long-time stability is 

limited. Applying the general strategy of nanostructuring and hybridizing, the capacity retention, 

and the stability of the SEI at high rates can be improved. 

Among this anode materials, iron oxides provide some of the highest theoretical specific capacities. 

Both, haematite (α-Fe2O3, CT = 1007 mAh g-1) and magnetite (Fe3O4, CT = 926 mAh g-1) were 

investigated and optimized as anodes. Haematite nanotubes coated with carbon could reversibly be 

cycled 150 times at 0.2C between 0.005 and 3 V vs. Li/Li+ maintaining ~750 mAh g-1. 

Nanocomposites comprising magnetite cores and porous carbon silicate layers on the other hand, 

reached ~900 mAh g-1 over 50 cycles with coulombic efficiency close to 100%.[34,39,43,44] 

Lithium metal anode: The original LIB research started by trying to use metallic Li as anode, which 

resulted in safety issues due to its high reactivity in the elemental state. In the early 1970s, Stanley 

Whittingham recognized the potential of lithium to release its electron when he developed the first 

lithium metal battery by combining with titanium disulfide as a cathode. In 1980, John Goodenough 

doubled the battery’s potential by coupling with a cobalt oxide cathode, thus putting a foundation 

stone for the present LIB. Five years later, Akira Yoshino succeeded in eliminating pure lithium and 

also the dangers of explosion in the battery by using a graphite anode and lithium-ions, which are 

safer than pure lithium. This made the first commercially viable LIB workable and safe in practice, 

for which the three scientists obtained the Nobel Prize in 2019. Eric C. Evarts reported about the 

limits of lithium in lithium batteries in an outlook published in the journal Nature capturing various 

opinions of renowned scientists on this subject. In the chapter "more power" the following excerpt 

was found: “The ideal would be to return to a pure lithium-metal anode. ’Forget silicon, if you can 

go straight to lithium-metal, that is the end goal,’ says Liu. Compared with graphite anodes, lithium 

metal anodes can absorb ten times more lithium-ions while charging — and without silicon’s 

swelling problem.”[48] Thus, the Li metal anode in secondary batteries has been experiencing a revival 

for several years since its commercialization and disappearance due to several accidents and safety 

problems in the late 80's. This material seems to be the ideal choice due to its extremely high 

theoretical capacity (highest possible charge-carrier density in a battery) and excellent physical as 
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well as electrochemical properties. However, a number of severe problems have still to be 

addressed.[15,49] 

1.2.1.3 Solid Electrolyte Interphase 

The open circuit voltage (OCV) of carbonaceous anodes typically lies far outside the electrochemical 

stability window of organic electrolytes (i.e., thermodynamic instability). Therefore, an inevitable 

reaction between electrode, electrolyte components (cf. chapter 1.3), and Li+, i.e., a reductive 

decomposition occurs in these materials during the first charge, leading to an irreversible capacity 

loss. As result of this electrochemical reaction, an insoluble passivation layer between the electrolyte 

and the anode particles is formed (450-980 nm thickness), which contains various compounds (e.g., 

chalcogenides, hydroxides, halides, pnictogens, hydrocarbons, alkoxides, carbonates). This layer is 

called solid electrolyte interphase (SEI). The thickness and chemical composition of the SEI strongly 

depends on the chemistry of the electrolyte, and the physical and chemical nature of the anode 

surface. While one part of the layer (rather inorganic compounds) faces the active material and is 

comparatively dense, the other part (rather organic compounds) faces the electrolyte and is more 

porous. 

After the formation of the SEI during the initial cycles, there is no more direct electrical contact 

between the electrode and the electrolyte, which stabilizes the SEI and prevents further growth. 

Nevertheless, the SEI grows slowly over time. The reasons for this are a continuous electrolyte 

decomposition due to a measurable electrical conductivity, and the formation of cracks in the SEI 

due to mechanical stress upon cycling, resulting in repeated passivation of the electrode surface. 

The SEI quality significantly influences cycling stability, lifetime, performance, and safety of LIBs. 

To achieve a low overpotential, the SEI should allow for high Li+ conductivity. Moreover, the SEI 

should act as a filter to prevent co-intercalation of solvent molecules which would otherwise destroy 

the host lattice. To avoid further capacity losses, the SEI should have a good adhesion to the anode 

particles and be stretchable to a certain extent to allow for volume increase of the electrode without 

cracking during intercalation. To optimize the above properties and to design a stable interfacial 

layer, electrolyte additives can be added, and a particle coating of the anode material can be applied. 

In this regard, the use of carbon coating on the active materials can provide a much thinner SEI 

(60-150 nm) by preventing direct contact between the active material and the electrolyte 

components. This drastically reduces the cell’s internal resistance.[8,9,25,26,28,34,45,50] 

Using Li metal as an electrode material, the spontaneous formation of a native surface film 

(passivation layer) on top of the “fresh” electrode during storage and manufacturing has to be 

considered, which may contain several species including, nitrides, hydroxides, oxides, and 

carbonates. Upon exposure to the electrolyte, its reductive decomposition due to the highly reactive 

nature of Li combined with corrosion of the Li electrode result in the formation of the SEI. 
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Depending on its quality, the ongoing consumption of active Li anode material can be inhibited. 

Spatial surface heterogeneities (i.e., local variations in surface chemistry, microstructure, and 

morphology related to the surface energy) promote an irregular Li deposition upon cycling, which 

can lead to dendrite growth (cf. chapter 1.4.4.4) and surface pitting. These three-dimensional Li 

morphologies in turn lead to continuous decomposition of the electrolyte and generate a self-

amplifying effect of heterogeneous lithium deposition. The subsequent physical and/or electrical 

isolation of metallic Li additionally causes the formation of “dead Li” (theory and detailed 

mechanism in chapter 1.4.4.4). All these mechanisms negatively impact the coulombic efficiency 

and the internal cell resistance, resulting in a gradual increase in the Li anode overpotential, capacity 

fading during cycling or even total cell failure by short circuiting of the electrodes. 

The varying reaction kinetics responsible for the morphological evolution of the electrode, are 

directly reflected in voltage curves during galvanostatic cycling in Li symmetrical cells (cf. chapter 

1.4.4). To improve performance, safety, and cycle life of Li anodes, the non-uniform reaction kinetics 

at the surface must be homogenized. One approach for this focuses on improving the mechanisms 

of Li metal deposition, namely by the choice of the current collector, SEI-modification including the 

design of electrolytes (cf. chapter 1.3) and electrolyte additives for the stabilization and optimization 

of the electrode-electrolyte interface under harsh electrochemical conditions (high Li+-mobility, 

nanostructured and amorphous nature, and high mechanical integrity as shown in Figure 1.6), as 

well as pulse charging. 

 
Figure 1.6: Properties of the SEI on top of a Li metal surface and how they can positively (top green) and negatively (bottom 

red) contribute to the Li metal deposition. (a) A high Li+-mobility is desirable, (b) small crystalline grain size enables 

homogeneity, and (c) a high elastic modulus and high yield strength of the SEI can withstand elastic deformation and 

suppress lithium protrusions. Adapted from literature.[50] 

A second approach concentrates on the electrode design: artificial interphases of either polymeric 

or inorganic structure, electrically-conducting frameworks offering a constant volume for 

homogenous Li deposition, Li-alloys with metals or metalloids instead of pure Li or even Li-free 

hybrid anodes working with an alloying mechanism have been introduced. A detailed discussion of 

(a) Li+-mobility (b) particle size (c) strength
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various strategies to enable Li metal as anode material can be found in the literature.[15,50–52] 

High-energy Li batteries comprising NMC622 cathodes in combination with a conventional liquid 

organic electrolyte could successfully be cycled 200 times at a rate of 0.5C by applying a Li–

mesoporous carbon nanofiber-based anode. However, when Li metal was used instead, the cell 

survived for only 10 cycles due to Li dendrite formation. They also pointed out the importance of 

electrode and electrolyte material balancing in terms of energy density and cycle life on the cell-

level.[53,54] 

Another quote from Evarts’ outlook was as follows: “‘I just don’t see lithium metal with a liquid 

electrolyte as a commercial possibility,’ says Balsara. ‘That looks like TNT to me.’”[48] The severe 

safety concerns regarding Li metal in combination with liquid organic electrolytes (cf. chapter 

1.3.5.1) accompanied with the perspective to effectively inhibit Li dendrite formation are major 

aspects for the development of solid alternatives. However, Li dendrite formation was observed not 

only in liquid organic electrolytes, but also in solid ether-based homo and copolymer electrolytes or 

a combination of both. Considering SPEs (cf. chapter 1.3.6.1), there exist numerous different 

approaches of how to suppress Li dendrites effectively and allow for a stable and efficient 

cycling:[15,55,64,56–63] 

Fu et al.[65] demonstrated a significant benefit of lithium fluoride (LiF) as electrolyte additive in Li 

metal batteries by an in situ generation of LiF NPs via cation metathesis in different cell geometries. 

According to the literature, LiF is a key component in a synergistic combination with other SEI-

components, builds up a less resistive and better electrode-protecting interphase film.[66–72] A detailed 

and profound study on chemomechanical design rules to avoid the growth of Li dendrites in solid 

electrolytes was provided, in which according to their claim ion conductors can either have dendrite-

blocking (pressure-driven) or dendrite-suppressing (density-driven) character, but not both. They 

point out that the classical “blocking” of dendrites can only be achieved with high-shear-modulus 

polymers (> 7·109 N m-2) twice that of metallic Li, for example mechanically reinforced block 

copolymers, that apply compressive mechanical stress but allow plastic deformation of Li metal. 

Thereby, the pressure-driven instabilities that lead to lithium dendrites can be counteracted. This 

comes at the cost of a relatively lower σ compared to homopolymers. However, successful 

suppression of dendrite-growth can be achieved by soft polymers (low shear-modulus) infiltrated 

with nanostructured “hard” ceramics such as TiO2 NPs forming hybrid ceramic-in-polymer 

composite materials. Thereby, the ceramic fillers impede the change in partial Li+ molar volume VLi
+ 

relative to VLi (υ = VLi
+/VLi) during lithium plating and stripping at the anode to successfully suppress 

Li dendrite growth (cf. chapter 1.3.6.2). Increasing the yield strength of an SPE can also stabilize the 

dendritic protrusions, even with a shear modulus two orders of magnitude smaller than that of Li.[51] 

Wan et al reported on a polymer–polymer solid-state electrolyte with a modulus of ∼107 N m-2, 

based on an ultrathin nanoporous polyimide (PI) membrane infiltrated with SPE that can 
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successfully withstand Li dendrite formation over 300 cycles at 0.5C and 60 °C in contrast to the 

plain SPE.[73] Furthermore, Wu et al. summarized and reviewed the importance of very thin 

(< 25 µm) solid-state electrolyte membranes in realizing high gravimetric and volumetric energy 

densities.[74] 

The aforementioned obstacles preventing in the use of pure Li metal as anode material are addressed 

in this thesis, and based on the discussed approaches, solution strategies to overcome them are 

presented in the following chapters for a durable and safe cycling of ASSLMBs. 

A step towards the commercialization of ASSLMBs was taken by the American company 

QuantumScape, who announced in a press release on November 16, 2021 they achieved the goal of 

demonstrating a 10-layer solid-state cell capable of at least 800 cycles with energy retention higher 

than 80%, at 1C cycling rate, 25 °C, 3.4 atmospheres of pressure, and 100% depth of discharge.[75] 

1.2.2 Cathode materials 

1.2.2.1 Intercalating cathodes 

The intercalation reaction based on the insertion of lithium-ions into a transition metal-based 

cathode host material xLi + MeXy ↔ LixMeXy is limited to a maximum of one electron transfer per 

transition metal. Generally speaking, only one or less equivalents of lithium-ions per mole of the 

host material can reversibly be stored by intercalating electrode materials limiting the theoretical 

capacity. The insertion can furthermore be classified by its dimensionality of Li+-ion diffusion. It is 

distinguished between one-dimensional (1D) paths or channels, two-dimensional (2D) planes and 

three-dimensional (3D) networks while maintaining structural integrity of the open frameworks 

upon cycling. 

Polyanion cathodes: At the cathode side, polyanion materials as active materials for lithium batteries 

with the general formula LiMeXO4 can be applied. LiMeXO4 comprise large XO4
y- (X = S, P, Si, As, 

Mo, W; Y = 2 to 4) polyanions, which stabilize the lattice structure and increase the cathode redox 

potential, transition metal ions (Me = Fe, Co, Ni, Mn), and lithium. As a representative of this group, 

the olivine based (1D) polyanion compound LFP offers a high structural stability (volume change 

< 7% during cycling) in which Li and Fe occupy octahedral sites while P is located in tetrahedral sites 

embedded in a hexagonal close-packed oxygen array (Figure 1.7a). However, this comes at the price 

of limited Li+ diffusivity and electrical conductivity (10-9 S cm-1) owing to the 1D lithium transport 

and the insulating polyanion framework, respectively. The associated low capacity at high C-rates 

(cf. chapter 1.4.6.1) can be overcome by tailoring the composition (e.g., impurities like Fe2P increase 

the electrical conductivity) and the size (nano-structuring), modifying the surface (e.g., carbon 

coating), and doping of the material. Furthermore, LFP is also known for its high thermal stability, 

rate capability, safety, low cost, and environmental friendliness. In addition, it shows an extremely 

flat, comparatively low charge-discharge plateau (OCV of 3.4 V vs. Li/Li+ over a wide range of the 
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DOL) which is caused by the existence of two structurally very similar edge phases and their 

diffusion-driven propagation. 

 
Figure 1.7: Crystal structures of intercalating cathode materials for lithium batteries. (a) 1D olivine structured LiFePO4 

(purple: PO4 tetrahedra, brown: Fe–O polyhedra), (b) 2D layered LiCoO2 (blue: CoO6 octahedra), and (c) 3D spinel 

structured LiMn2O4 (violet: MnO6 octahedra). Black lines represent one unit cell in the structures. Adapted from 

literature.[76] 

Layered oxide cathodes: The general composition of ternary layered oxides includes LiMeO2 

(Me = Co, Ni, Cr) and LiXCoO2 (X = Ni, Cr, Fe, Al, B, Mg etc.) compounds crystallizing in the 

layered α-NaFeO2-type structure, allowing for a 2D Li+ diffusion in the lattice. Probably the most 

widely used cathode material in LIB to this day is lithium cobalt oxide (LiCoO2, LCO). Co and Li are 

located in octahedral lattice sites (CoO6 octahedra) and occupy alternating layers with a hexagonal 

symmetry as shown in Figure 1.7b. LCO offers a relatively high theoretical specific capacity 

(274 mAh g-1), low self-discharge, high discharge potential (∼3.9 V vs. Li/Li+) combined with a flat 

charge/discharge characteristic, and good cycling performance. Unfortunately, only half of the 

theoretical capacity (∼145 mAh g-1) is accessible in practical application due to the instability of the 

low-Li phase (Li1-xCoO2, x < 0.7). Deep Li extraction (> 4.2 V vs. Li/Li+, ≥ 50%) induces lattice 

distortion from hexagonal to monoclinic symmetry and causes fast capacity fading of the cell. This 

can also be observed when applying high C-rates. Besides, the use of cobalt can be considered 

outdated as it is comparably expensive, toxic and shows insufficient thermal stability (∼200 °C), 

based on the exothermic release of oxygen. 

From this point of view, a complete substitution of cobalt in the structure by the less expensive nickel 

leads to the isostructural lithium nickel oxide (LiNiO2, LNO) with an increased reversible capacity of 

about 200 mAh g-1. However, pure LNO cathodes are unfavorable due to the mixed occupation (Ni2+ 

substitutes Li+ sites) during synthesis, which hinders Li+ diffusion. Moreover, it shows even less 

thermal stability due to higher reduction potential of Ni3+ compared to Co3+. The cheap and 

environmentally more sustainable alternative to LCO and LNO, lithium manganese oxide (LiMnO2, 

(a) (b) (c)

Li+-ion
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LMO) suffers from a difficult synthesis, fast capacity fading, and the automatic internal 

rearrangement to a spinel structure. 

The concept of solid solution formation in layered metal oxides may provide the possibility to 

compensate the drawbacks of one type of ions by the positive effects of another. In the context of 

LIBs, it led to the development of the ternary active cathode materials lithium nickel manganese 

cobalt oxide (Li1-x-yCoxMnyO2, NMC or NCM). The indexing of their molar composition is indicated 

by numbers in the naming scheme (e.g., NCM523: Li0.5Co0.2Mn0.3O2). Depending on the specific 

proportions, a trade-off between increased capacity (Ni), better rate capability (Co), and improved 

safety (Mn) is achieved to tailor the battery characteristics. A perfectly balanced recipe makes NMC 

a material with higher reversible capacity and better cycling stability compared to the corresponding 

single-metal phases. Within NMC523 (CT = 274 mAh g-1) only about 66% of the lithium present in 

the structure can be deintercalated (CN ≈ 180 mAh g-1) between 2.5 and 4.5 V due to structural 

instabilities. The higher specific capacity of nickel-rich phases (Ni ≥ 60%) comes at the cost of lower 

thermal and cycling stability due to increased probability of electrolyte-related side reactions 

induced by Ni4+ at high cut-off voltages and the formation of micro cracks. Corresponding Li-rich 

cathode materials are currently under investigation. 

By substituting Mn for Al, lithium nickel cobalt aluminum oxide (Li1-x-y-zNixCoyAlzO2, NCA) shows 

the highest obtainable specific capacity (∼200 mAh g-1) among the nickel-rich layered cathode 

materials. Moreover, it features a long calendar life compared to other Co-based layered oxides. 

However, high capacity fading and instability at elevated temperatures must be considered during 

operation. 

Spinel oxide cathodes: The class of spinel oxides LiMe2O4 (Me = Mn, Ni) crystallizes with a cubic 

spinel-like structure and offers a 3D network of Li+ diffusion channels, in which Me occupies the 

octahedral and Li predominantly occupies the tetrahedral sites (Figure 1.7c). LiMn2O4 (spinel-LMO) 

benefits from lower cost due to the abundance, environmental sustainability of Mn compared to Co 

and Ni, as well as its high operating potential (4.1 V vs. Li/Li+), high rate capability and extraordinary 

temperature stability. However, spinel-LMO shows poor cycling behavior, mainly due to severe 

capacity fading promoted by high temperatures. This is mostly attributed to electrolyte oxidation, 

the release of Mn2+ into the electrolyte and the formation of new phases. Also, its theoretical specific 

capacity (148 mAh g-1) and electrical conductivity is rather low. Many attempts have been made to 

improve the electrochemical performance of spinel-LMO, namely electrode (nano)-structuring, 

doping, surface coating and partial substitution of Mn with other transition metals to form so-called 

five-volt spinels. With the latter, the cut-off voltage can be increased up to 5 V to achieve higher 

specific energies. By blending this material with other cathodes for LIBs, synergistic effects come 

into play. For further information regarding intercalating electrodes, the reader is referred to the 

literature.[9,18,25,29,34,44,77–79] 
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1.2.2.2 Conversion cathodes 

Metal halides (MXz, Me = Ag, Cu, Fe, Ni, Co, Li etc.) are suited for conversion cathodes due to 

intermediate operation potentials (~1.2 to 4.2 V vs. Li/Li+) and high theoretical specific capacities. 

The reaction follows a general mechanism in which the halide ions (X-) diffuse out of the cathode 

material and react with Li to form LiX. During this process Me nanoparticles are formed, which are 

embedded in LiX. Intrinsic problems like poor electrical conductivity, large voltage hysteresis and 

volume expansion, side reactions, dissolution of active material, and agglomeration of metal NPs 

prevent practical application of these systems. However, owing to its low cost and toxicity, FeF3 is a 

widely studied material. Cathodes based on reduced graphene oxide decorated with FeF3 NPs were 

reported by Chu et al. and achieved a discharge capacity of 476 mAh g-1 at a current density of 

50 mA g-1 between 1 and 4.5 V vs. Li/Li+.[18,80] 

Significantly higher specific capacities are possible by applying chalcogens as a very promising type 

of novel cathode materials. The theoretical specific energy of 2613 Wh kg-1 and the theoretical 

specific capacity of 1167 mAh g-1 at an average discharge potential of 2.24 V vs. Li/Li+ per cell could 

be obtained assuming a complete reaction of 16 Li and S8 to form 8 Li2S in Li-S batteries. The 

stepwise reduction shows plateaus at 2.3 V and 2.1 V, corresponding to two separate processes: first, 

the reductive ring-opening of S8-rings and second, the gradual reduction of linear polysulfide 

intermediates (Li2Sn, 2 ≤ n ≤ 8). The natural abundance and extremely low cost of S makes this 

system an interesting alternative to classical intercalating cathode materials. However, a significant 

drawback lies in its poor electrode rechargeability and limited rate capability due to the insulating 

nature of S and its solid reduction products (Li2S and Li2S2) as well as the solubility of intermediate 

polysulfides, Li2Sn. Due to the lower density of Li2S compared to S, the cathode must provide enough 

space to compensate for the volume change of about 80%. Typically, a cathode contains between 

5 to 70 wt% S, the rest accounts for the carbon material and, to a lesser extent, the binder. 

Furthermore, a significant loss of capacity is typically caused by the generation of various soluble 

polysulfides. The dissolved polysulfide anions migrate through the electrolyte, which is referred to 

as “shuttle mechanism”, then reach the lithium metal anode where they form insoluble products by 

further reduction to shorter length equivalents and create an insulating layer. This leads to a poorly 

controlled Li-electrolyte interface. During charging however, these polysulfides are oxidized at the 

cathode. These problems can be delayed by an excess of electrolyte and Li metal, which is a critical 

factor in terms of volumetric energy density of electronic devices, as they are limited in space. To 

overcome the problem of soluble sulfur by a spatial confinement of S, cathodes based on a dense 

mixture of 3D nanostructured S and mesoporous carbon as well as a replacement of the Li metal 

with a Li-Sn-C nanostructured alloy or copolymerized S may allow access to an increased safety 

standard, higher reversible capacity, and a good rate performance. Also, highly porous oxide 

structures (e.g., zeolites and metal–organic frameworks (MOFs)), 2D covalent organic frameworks 
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(COFs) or 2D S/Ti2C composites as host materials were examined in hope of reduced polysulfide 

cross-over. Another strategy utilizes a nature-inspired, saccharide-based binder for the fixation of 

polysulfides based on its reducing properties. In contrast, electrically conducting oxides (e.g., Ti4O7 

or NiFe2O4) offering polar surfaces for polysulfide-trapping allow for high and stable capacities 

(> 2000 mAh g-1) with an S-loading of 70%.[8,9,86,25,34,41,81–85] Faced the problems involved with liquid 

organic electrolytes, Li–S batteries equipped with solid-state electrolytes are investigated. Using an 

ether-based SPE, Fang et al. presented the ability of a direct transformation of S to solid Li2S2/Li2S 

without intermediates taking place on a PVDF-coated S cathode.[87] Based on a hybrid glass–

ceramic-Kevlar solid inorganic electrolyte, a Li-S battery with a high cell-level energy density of 

371 Wh kg-1 and a stable cycling over 100 cycles at 25 °C was demonstrated by Xu et al.[19] 

From the theoretical point of view, even distinctly higher capacity values are possible if oxygen is 

applied as active cathode material in Li-air batteries. Depending on the system, a theoretical specific 

capacity of 1168 mAh g-1 with an associated specific energy of 3458 Wh kg-1 is possible. The 

underlying reversible redox couple is 2Li + O2 ↔ 2Li2O2 and takes place at ca. 2.9 V vs. Li/Li+. This 

type of cathode needs a special structure consisting of a conductive porous carbon matrix with a 

large surface area, possibly covered with catalyst particles, which enables the cell reaction and 

provides sufficient free volume for the solid reaction products. When an open cell geometry without 

a specific oxygen reservoir is used, severe problems appear as the air components including moisture 

are likely to react with the Li metal anode. Moreover, decomposition and volatilization of the liquid 

organic electrolytes and formation of Li dendrites are critical safety issues. This comes along with 

the formation of irreversible by-products resulting in a poor long-term stability and rate capability 

with a substantially lower practical capacity. By the use of suitable solid-state electrolytes, these issues 

may be prevented.[10,25,29,81,82,88] One strategy utilizes inorganic lithium-ion-exchanged zeolite 

membranes, integrated with cast Li as the anode and CNTs as the cathode by in situ assembly 

strategy. This battery showed a capacity of 1000 mAh g-1 (12020 mAh gCNTs
-1) over 149 cycles at a 

current density of 500 mA g-1.[88] 

An overview of all herein discussed electrode materials with their theoretical specific capacities and 

the corresponding operating potentials vs. Li/Li+ is presented in Figure 1.8. 



1 Introduction 

 
37 

 
Figure 1.8: Theoretical specific capacities and the corresponding operating potentials vs. Li/Li+ of different electrode 

materials: Intercalating cathodes (light grey), conversion cathodes (grey), intercalating anodes (light green), and 

conversion anodes (green). 

The electrolyte holds the essential key role between the electrodes in terms of efficient transport of 

Li+ to maintain the underlying electrochemical reactions on both sides upon cycling of the battery. 

In the following section, different types of electrolyte systems with their corresponding salts 

emphasizing on SPEs and hybrid electrolytes are discussed along with their advantages and 

drawbacks. Beforehand, the term and mechanism of σ will be introduced. 

1.3 Electrolytes 

The electrolyte’s main task is providing the shortest and fastest possible path between both electrodes 

for Li+ shuttle during charging and discharging, translating to a high σ over a wide temperature 

range. Furthermore, the electrolyte must have the lowest possible electrical conductivity to avoid 

constant and rapid self-discharge via internal shorting. Moreover, the electrolyte must provide high 

chemical and electrochemical compatibility with the electrodes and inactive materials as well as a 

high window of phase stability. It should ensure excellent dissolution or dissociation of the 

conducting salt and feature good wetting properties to fill all the pores of the electrodes. In addition, 

high environmental compatibility, robustness against various types of abuse, safety, sufficient 

availability, low toxicity and flammability as well as a low price are desirable. 

Electrolytes usually consist of the components – the conducting salt, the conducting matrix (organic 

liquids, solid organic or inorganic materials, or a combination) and optional additives. The 

combination of the individual components dictates the physico-chemical and electrochemical 

properties of the electrolyte.[25,34] 

Figure 1.9 gives an overview of the development of Li+-conducting electrolytes for rechargeable Li 

batteries. They are compared regarding σ in siemens centimeter-1 (S cm-1) with respect to their Li+ 

conductivity σLi
+ (cf. Eq. (1.21) from 60 to 80 °C and their levels of safety. 
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Figure 1.9: Li+-conducting electrolytes for rechargeable lithium and LIBs. Liquid electrolytes are shown in purple, gel 

polymer electrolytes (GPEs) in ocher, ceramic electrolytes in green, solid polymer electrolytes (SPEs) in blue and single-

ion conducting SPEs (SIC-SPEs) in pink. The requirements of total ionic conductivity (σ) and individual Li+ conductivity 

(σLi+) for battery operation are shown as grey and pink dashed lines, respectively. The values are given for high temperature 

operation of 60-80 °C. At ambient temperature, some of the solid systems have very low σ values. Adapted from 

literature.[89] 

1.3.1 Ionic conductivity of the electrolyte 

Ionic conductivity (σ) describes the transport of ionic species driven by a gradient in electrochemical 

potential. The ion mobility partly determines the power output of the battery cell. The faster the ions 

diffuse from one electrode to another, the shorter is the charging time. Additionally, the ion 

transport number is defined as the net charge carried by one ion species (ion fraction) out of the 

total charge carried by both cations and anions. Both parameters, σ, and lithium transport number 

(LTN, tLi
+, cf. chapter 1.3.2) are important physical properties relevant for electrolytes in Li batteries. 

σ can be expressed by the number density of ions or charged mobile clusters ni per unit volume-1 

(cm-3), their electrical mobility µi in unit area volt-1 second-1 (cm2 V-1 s-1) and the number of charges 

carried by the ions qi (As): 

σ = � 𝑛𝑛𝑖𝑖 𝜇𝜇𝑖𝑖𝑞𝑞𝑖𝑖. (1.14) 

Small molecules electrolytes: In this type of electrolytes (e.g., salts dissolved in water or organic 

solvents), the electrical mobility is inversely proportional to the structural relaxation time τ in 

seconds (s): 

𝜇𝜇 ∝  𝜏𝜏s
−1. (1.15) 

The rate of the structural rearrangement of the solvent molecules (τs-1) limits the rate of the charge 

transport. 
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Macromolecule electrolytes or SPEs: Using flexible polymers (or a mixture of small molecule and 

polymer electrolytes) as a solvent for Li salts, the size of the ion is much smaller than that of the 

solvent molecule (polymer). As a result, the charge transport is controlled by the local (microscopic) 

viscosity (ηmicro) in pascal-seconds (Pa s) rather than the macroscopic viscosity. The latter is mainly 

influenced by the motion of the whole polymer chain. Assuming that ηmicro is caused by the polymer 

segmental motion (i.e., α-relaxation of polymer chain segments at a distinct temperature, denoted 

as glass transition temperature Tg), the following relation holds true: 

𝜇𝜇 ∝  𝜂𝜂micro
−1 . (1.16) 

Based on the Maxwell relation for small molecules, the viscosity is directly proportional to the 

structural relaxation time: 

𝜏𝜏s ∝ 𝜂𝜂. (1.17) 

In both cases, σ is directly coupled to the structural relaxation of the matrix with comparable times 

scales for ionic transport (τσ ∝ σ-1) und structural relaxation of the host material (τs). This behavior 

results in a decoupling index of Rτ = τs/τσ ≤ 1. Hence, a high σ is only possible at very short 

structural relaxation times with the same rate-determining steps. For strong ion-ion coupling in 

SPEs, values as low as Rτ ≈ 10-3 are possible.[26,33,34,90–96] 

Polymer dynamics are highly dependent on the polymer chemistry, structure, and molecular weight 

M (kg mol-1). Ion-conduction in flexible amorphous polymers takes place only above Tg as it 

correlates to the onset of segmental motions of the polymer main chains (thermal energy in excess 

of Tg) in tightly packed structures. With decreasing Tg the polymer flexibility increases, which is 

inherently beneficial for σ. Based on the relationship between the material’s microscopic relaxation 

and the macroscopic transport processes, the dynamic bond percolation model can be used to 

describe the frequency dependent conductivity, the dielectric response, and the temperature 

behavior of polymer electrolytes as dense materials. “Bond” in this case refers to the dynamic 

generation of suitable coordination sites. As an example, the ether oxygens in poly(ethylene oxide) 

(PEO, cf. Figure 1.18), coordinate to Li+ similarly as the complexation of Li+ by organic carbonate 

solvents. Below 20 kg mol-1, PEO is usually named poly(ethylene glycol) (PEG).[97] The cation–

polymer interactions can be classified by the hard-soft acid-base (HSAB) theory according to 

Pearson. A comparably hard base like the PEO oxygen strongly coordinates to hard cations such as 

Li+ and thereby dissolve the Li salt. The coordination must be only sufficiently strong to promote 

mobilization but not as strong as to spatially fixate the ion, allowing for low free energy 

configurations when the ion is surrounded by 5-6 ether oxygens. Polymer hosts containing 

heteroatoms like sulfur (S), phosphorus (P), fluorine (F), nitrogen (N) or functional cyano (CN or 

nitrile) and carbonyl (CO) groups in the polymer chain are also capable of dissolving lithium salts. 

Ion transport can occur via two different mechanisms: either by intrachain or by interchain hopping 
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between the polymer electrolyte’s coordination sites. In the fluctuation-driven diffusion mechanism 

(interchain hopping), the polymer chains are constantly creating suitable, free and adjacent 

coordination sites due to micro-Brownian motion. Consequently, a diffusion of Li+ (generally 

speaking of all ion sorts) sets in following a gradient towards more negative free energy. At 

sufficiently high M, segmental motion of polymers, their specific volume, and transition 

temperatures are independent of the chain length, called critical entanglement molecular weight. 

According to the Rouse model, an increasing friction by diffusing polymer chains with increasing 

molecular weight occurs. 

Contrarily, the vehicular diffusion (the solvation shell is the vehicle) describes the diffusion via the 

entire polymer chain by coordinated ions (intrachain hopping). This mechanism occurs only in low-

M polymers due to the entanglement of the solvation shell within the polymer matrix. 

Besides the discussed models, the free volume as well as the configurational entropy model are also 

used to explain the ionic transport in SPEs. The former states that with increasing temperature, the 

expansivity of the material produces local empty space (i.e., free volume), which can be entered by 

ions, solvated molecules, or other polymer segments. Hence. the amount of volume present in the 

material is a measure of the overall mobility of the SPE. Considering entropy fluctuations rather 

than volume fluctuations in the configurational entropy model further improve the concept as it 

correctly predicts pressure dependences. Both models are quasi-thermodynamic, rather than 

microscopic, which directly relates to thermodynamic observables. However, these models do not 

provide a distinct microscopic mechanistic concept. The interchain Li+ transport in a PEO matrix is 

shown in Figure 1.10: 

 
Figure 1.10: Interchain Li+ transport in a PEO matrix by segmental motion of the polymer chains. The circles represent 

oxygen atoms of the PEO chain. Adapted from literature.[98] 

For semi-crystalline polymers hosts, the crystalline phase is considered only poorly ion conducting 

or even insulating due to the high energy barrier for the required motion of Li+ between the preferred 

sites. A low degree of crystallinity is therefore expected to promote σ. In the case that an SPE provides 

a melting transition (i.e., melting temperature Tm) in the operating temperature range of a device, 

different conductivity properties appear in the coexisting phases, which is disadvantageous for the 

reliability and the mechanical stability for operation below Tm. An abrupt change in the slope of the 

T-dependent σ can generally be traced to a phase change in the SPE (“crystallinity drop”, Figure 

Li+ Li+

Li+
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1.11c). 

In general, σ in flexible, tightly packed SPEs is influenced by the: 

☐ chemistry of the electrolyte salt (cf. chapter 1.3.3) 

☐ electrolyte salt (charge carrier) concentration: starting from a dilute complex, σ first 

increases (increasing number of charge carriers according to Eq. (1.14) and then, after 

attaining a maximum at a particular concentration, drops quickly at higher salt 

concentrations (the salt acts as a weak physical cross-linker impeding the segmental mobility 

by increasing the activation energy for main-chain bond rotations) 

☐ properties of the polymer host (cf. chapter 1.3.6.1) including crystallinity, M, Tg, and polarity 

(cf. chapter 1.3.3): For polyether host materials, the σ shows an optimum at an intermediate 

polymer polarity. A low polarity leads to large ions clusters, resulting in decreased ionic 

motion. Similarly, a high polarity slows down the segmental dynamics and therefore the σ 

☐ type, concentration, and properties of additives (cf. chapters 1.3.5 and 1.3.6.2) 

☐ pressure: σ decreases with increasing pressure, as the free volume is decreased (free volume 

model) 

☐ temperature: the dependence of σ on T follows a curved line in Arrhenius coordinates 

(1/T-logσ-diagram, Figure 1.11b), which is caused by the direct correlation between inverse 

viscosity and ion mobility (as shown above). σ consequently increases with increasing T 

attributed to the increasing polymer segmental motion. As an empirical generalization 

originally developed for pristine polymers and temperature-dependence of viscosity in 

amorphous glasses, the data can be represented by a Vogel–Fulcher–Tammann (VFT, VTF 

or related Williams-Landel-Ferry WLF) behavior in a modified Arrhenius equation: 

𝜎𝜎 = 𝜎𝜎0 𝑒𝑒𝑒𝑒𝑒𝑒� −𝐸𝐸a
𝑅𝑅(𝑇𝑇−𝑇𝑇0)�. (1.18) 

where σ0 is a pre-exponential factor proportional to the number of carrier ions, which may 

be itself temperature dependent (σ0 = AT-0.5). Ea describes the activation energy and T0 is the 

zero-mobility temperature. T0 is denoted as “Vogel temperature” or “equilibrium glass 

transition temperature” (~50 K below Tg) and is a reference temperature with respect to Tg, 

where the segmental mobility drops to zero. Based on the different models, T0 can also be 

interpreted as the temperature at which no free volume or excess configurational entropy of 

the material is present.[64,94,105–114,96,115–117,98–104] 

Keeping in mind the ion transport in flexible, tightly packed SPEs, it seems obvious that σ can only 

be improved to a certain degree and is inevitably associated with the transition from solid to liquid 

materials bringing back the same disadvantage of mechanical instability as for liquid organic 

electrolytes (cf. chapter 1.3.5). Here, it could be argued that a decoupling of τσ from τs is necessary 

to realize efficient SPEs in electrochemical devices. 
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In contrast, relatively rigid amorphous polymers show significantly lower segmental relaxation, but 

therefore a high amount of frustration in chain packing. This creates free volume (e.g., via sterically 

hindered moieties) to allow for diffusion of small ions. As a result, τσ is significantly faster than τs, 

translating to a decoupling of σ from the structural relaxation of the matrix. Moreover, σ of some 

polymers (“superionic” conductors) is much less sensitive to temperature than its segmental 

dynamics. In this case, the degree of decoupling correlates well with the steepness of the T 

dependence of the segmental dynamics (fragility) but not with Tg. Therefore, polymers with 

relatively low Tg, and sufficient ion solvating properties while maintaining the decoupling properties 

through strong frustration in packing are desirable. Kinetically disordered materials, which are 

applied significantly below their Tg, can demonstrate decoupling indices in the order of Rτ ≈ 1013. 

Besides “superionic” conductors, we can also observe a conventional temperature-dependent 

Arrhenius-type relation of σ for liquid organic electrolytes, “polymer-in-salt” SPEs with salt 

concentrations ≥ 50 wt%, crystalline ion-polyether complexes as well as solid inorganic electrolytes. 

The latter can be expressed by: 

𝜎𝜎 = 𝜎𝜎0 𝑒𝑒𝑒𝑒𝑒𝑒�−𝐸𝐸a
𝑅𝑅𝑇𝑇 �, (1.19) 

with the pre-exponential factor σ0 = A. This exponential relationship is represented as a straight line 

in Arrhenius coordinates (Figure 1.11a). The observed relationship is attributed to the 

corresponding ion transport mechanism, which involves mobile species in a (crystalline) solid 

passing through periodic bottleneck points, which define an energetic barrier that separates two local 

minima along the minimum energy pathway. This can be interpreted as ion jumps in a frozen 

structure controlled by electrostatic interactions and elastic forces. The resulting σ is greatly 

influenced by this energy barrier (migration or motional energy Em). Furthermore, the number of 

interstitials, vacancies, and partial occupancy on lattice sites or interstices influence the σ (defect 

formation Ef and trapping energy Et). In the absence of such a linear dependence of σ on 1/T, the 

VTF theory is usually applicable.[95,96,122,99,101,112,113,118–121] 

The determination of σ is described in 1.4.2. and its T-dependence for different classes of electrolytes 

is illustrated in Figure 1.11. 
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Figure 1.11: Idealized Arrhenius plots of σ vs. T. (a) linear Arrhenius behavior (e.g., “superionic” conductors), (b) curved 

VTF behavior (e.g., fully amorphous, flexible SPEs), (c) coexisting phases over the measured temperature range. After 

melting of the crystalline phases follows VFT behavior at higher temperatures (e.g., semi-crystalline, flexible SPEs). 

Adapted from literature.[96] 

1.3.2 Lithium transport number 

Besides σ, the lithium transport number (LTN) tLi
+ (alternatively lithium transference number, equal 

to the LTN in dilute limit with no ion association present) is an important value to characterize 

electrolytes in terms of cell performance and cyclability. tLi
+ is defined as the net charge carried by 

the lithium cations (ion fraction) divided by the total charge transferred by all ion species through a 

reference plane in the absence of a concentration gradient: 

𝑡𝑡Li+ =
𝑖𝑖+

𝑖𝑖+ + 𝑖𝑖−
=

𝑖𝑖+

𝑖𝑖t
=

𝜇𝜇+

𝜇𝜇+ + 𝜇𝜇−
=

𝜎𝜎+

𝜎𝜎+ + 𝜎𝜎−
, (1.20) 

where i+ and i— are the current transported by the lithium-ions (+) and the anions (-), respectively, 

it is the total current, μ± the charge carrier mobility of the lithium-ions (+) and the respective anions 

(-) and σ± is the ionic conductivity of the lithium-ions (+) and the respective anions (-) in a solution 

of uniform composition. 

The LTN describes the percentage ions that can not only be shuttled between the electrodes but also 

be converted/intercalated at the electrodes in a battery. Multiplied with σ, this leads to the more 

useful and comparable effective Li+ conductivity σLi
+: 

𝜎𝜎Li+ = 𝜎𝜎𝑡𝑡Li+ . (1.21) 

Hence, a high LTN means that the overall σ is mainly governed by Li+-mobility, while a low LTN or 

a high anion transference number (t- = 1 − t+), respectively, indicates predominant anionic 

transport. The migration of anions in the opposite direction of Li+ transport (LTN <1), causes 

concentration gradients in the electrolyte and at the electrode surfaces as current flows. This 

significantly contributes to cell polarization, increased internal resistance and capacity fading due to 

accumulation and precipitation of salt at the electrode surface. Assuming complete salt dilution, 

transport of the negative charge carriers (t-) can be suppressed by the use of bulky anions (cf. chapter 
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1.3.3) or immobilization of anions.[26,28,96,123–126] 

Combining polyether with lithium bis(trifluoromethane)sulfonimide (LiTFSI) (molar ratio of 

EO/Li = 20, cf. chapter 1.3.3 and Figure 1.9), LTNs commonly in the range between 0.1-0.2 were 

reported, which can be enhanced up to ~0.4 by using bulky, less mobile anions, and close to ~1 by 

the application of single-ion-conducting SPEs (cf. chapter 1.3.6.1). In general, depending on the 

chemistry of the polymer host, the chemistry and concentration of electrolyte salt as well as the 

additive, and T, LTNs up to ~0.9 can be realized in SPEs. Therefore, the LTN is usually determined 

between 60°C and 90 °C in the amorphous phase.[22,89,121,127–129] 

The determination of the LTN is described in chapter 1.4.3. 

1.3.3 Electrolyte salt 

To increase the number of charge carriers n (cf. Eq. (1.14)) and therefore σ of the system, a lithium 

salt is fundamental component of an electrolyte. Suitable salts have to comply with various demands 

originating from the challenging cell chemistry to ensure maximum σ and stability of the battery. 

Ideally, salts completely dissociate in the electrolyte even at high salt concentrations. Li+ should be 

mobile unrestrictedly while the counter-ion is ideally immobile and electrochemically stable against 

oxidation at the cathode. Generally, both anion and cation should be inert towards all cell 

components with the exception of Li in context with the active electrode materials. Finally, the salt 

should be nontoxic and stable on a long temperature and time scale (> 10 years). The attractive force 

between both ions can be described by Coulomb’s law as the force between two point charges F12 in 

a dielectric medium: 

𝑛𝑛12 =
1

4𝜋𝜋𝜀𝜀0𝜀𝜀r

𝑞𝑞1𝑞𝑞2

𝑟𝑟12
2 . (1.22) 

q1 and q2 are the two charges in coulomb (C), r12 is the distance between the two charges in meter 

(m), εr (dimensionless) is the (relative) dielectric constant of the medium and ε0 is the vacuum 

permittivity (8.854·10-12 As V-1 m-1).[33,34] To enhance the salt dissociation, i.e., to decrease F12, three 

main strategies can be followed.  

Polarity: With an increasing polarity and dipole (i.e., dielectric constant) of the surrounding matrix, 

the resulting attractive force between the ion species decreases and therefore the dissociation of the 

salt and stabilization of ions is facilitated (cf. chapter 1.3.1). Relatively low εr values are obtained for 

LiTFSI in PEO (εr = 7.5 at 85 °C)[94], whereas PVDF (εr = 8.4)[130] shows a higher dielectric constant 

due to the electronegative fluorine group. In GPEs containing cyclic carbonate solvents as ion-

conducting material [e.g., lithium perchlorate (LiClO4) in ethylene carbonate (EC)/propylene 

carbonate (PC) + poly(acrylo nitrile) (PAN)] (εr = 65.5 at 25 °C, cf. Figure 1.20)[94], an almost tenfold 

increase in εr can be realized. The pristine carbonate-based liquid electrolytes possess even higher 
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dielectric constants, making them the materials of choice for practical battery applications. Typical 

cyclic carbonates like EC (εr = 89.6 at 25 °C, Figure 1.12a)[131] and PC (εr = 64.9 at 25 °C, Figure 

1.12b)[132] are high-boiling, viscous fluids at ambient temperature (RT). To reduce the viscosity of the 

electrolyte, mixtures with organic esters, such as γ-butyrolactone (εr = 39 at 25 °C, γ-BL, Figure 1.12e) 

or linear carbonates like diethyl carbonate (εr = 2.8 at 25 °C, DEC, Figure 1.12d) and dimethyl 

carbonate (εr = 3.1 at 25 °C, DMC, Figure 1.12c) are used. 
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Figure 1.12: Chemical structures of common liquid organic electrolytes: (a) EC, (b) PC, (c) DMC, (d) DEC and (e) γ-BL. 

Ion size disparity and HSAB concept: Another concept to enhance the salt dissociation is based on 

anion-design utilizing Pearson’s hard soft acids bases (HSAB) theory. Hard acids with small ionic 

radius per point charge (here, Li+) tend to form stable salts with like partners, here hard bases, (e.g., 

F-, O2-). These ion pairs show low dissociation constants and therefore poor solubility in low polarity 

and poorly complexing solvents. Combining a hard acid with a soft base, ideally designed with a 

largely delocalized negative charge, the dissociation constant and the solubility in the electrolyte 

increases significantly. However, some type of very soft bases such as S2- or I− have very low oxidation 

potentials and are therefore not suited for the application in lithium batteries.[34,133] Shen et al. 

suggested to combine highly polar matrix polymers with salts having similar ion radii to achieve 

high σ with concomitant high tLi
+ by avoiding preferential solvation.[134] 

Anion receptors: In contrast to the electrolyte matrix, anion receptors can be considered as 

electrophilic counterparts, interacting with the anions to enhance the dissociation. In general, 

molecules with electron-deficient centers and electron-withdrawing moieties (Lewis acids) are 

introduced as competitive coordination centers for the anions which are in return less coordinated 

to Li+. One example is tris(pentafluorophenyl)borane (TPFPB), which is able to dissolve LiF in ether-

based electrolytes.[102] Similarly, the addition of NPs (cf. chapter 1.3.6.2) like Al2O3 to an SPE can 

help to promote the dissociation.[135] 

1.3.3.1 Lithium salts 

Lithium hexafluorophosphate LiPF6: Since the early stage of battery research, it is an almost 

impossible task to perfectly incorporate all the beforementioned properties in one specific electrolyte 

salt for Li batteries. LiPF6 is up to now the choice for commercial LIBs in combination with liquid 

organic electrolytes, due to its well-balanced properties in terms of high σ at RT (10.7·10-3 S cm-1 in 

EC/dimethyl carbonate, DMC) and excellent anodic stability (5 V vs. Li/Li+). The main drawbacks 

lie in its chemical and thermal instability. It decomposes at elevated temperatures (> 60 °C) forming 
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LiF and PF5, the latter being highly reactive towards the solvent matrix. Furthermore, unavoidable 

water traces lead to the formation of HF, accompanied by further degradation of the cell components 

and the release of gaseous products.[93,136–140] Great efforts were put in the search for suitable 

alternatives. However, improving some aspects and properties usually comes at the price of 

sacrificing other ones. A detailed overview of and a comparison between lithium salts for Li batteries 

can be found in the literature.[93,141,142] 

Lithium imides LiTFSI and LiFSI: Among the various materials, fluorine substituted sulfonimide 

salts have attracted much attention due to their high thermal stability (> 200 °C), σ  > 8·10-3 S cm-1 

in EC/DMC, solubility, and electrochemical stability (> 4.4 V vs. Li/Li+) as well as due to the 

presence of strong electron withdrawing groups and delocalized anions. In 1989, Armand et al. 

introduced the first imide salt in LIBs: LiTFSI (cf. Figure 1.13a) is probably the most common ion 

source in SPEs and was also used in this work as a reference material in combination with different 

types of host polymers (cf. chapters 1.3.6.1, 0, 5, 6 and 0). In a flexible semi-crystalline polymer 

matrix (e.g., PEO) it is known to suppress the crystallinity and reduce the Tg as it shows a plasticizing 

effect within a certain concentration range (cf. 1.3.6.1). Drawbacks like Al current collector pitting 

corrosion around 3.6 V vs. Li/Li+ have so far prevented its commercial application. However, it was 

proven that this can be suppressed by different strategies (e.g., coating of the current collector or 

blending with other salts). 
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Figure 1.13: Chemical structures of the lithium imide salts (a) LiTFSI and (b) LiFSI.[110] 

Using fluorine instead of perfluorinated methyl groups in lithium bis(fluorosulfonyl)imide, LiFSI 

(Figure 1.13b), it turned out to offer even higher solubility in a number of different media and 

excellent σ. Compared to LiTFSI, this is essentially attributed to its increased degree of dissociation, 

reduced viscosity in the electrolyte solutions, and lower size and bulkiness of the anion. 

Furthermore, many results indicate a beneficial impact of the FSI--anion towards the electrode-

electrolyte interface of LMBs owing to its chemical nature: The reactive fluorine group facilitates the 

formation of a robust SEI film at the Li electrode (cf. chapters 1.2.1.2 and 1.2.1.3), mainly composed 

of inorganic species (e.g., LiF, Li3N, Li2S). SEIs formed under contribution of LiFSI have proven to 

be more mechanically and electrochemically stable as well as highly permeable for Li+ compared to 

SEIs formed in presence of LiTFSI. The latter mainly consist of degradation products originated by 

the solvent. Both LiTFSI and LiFSI dissolved in a PEO matrix (PEO-LiX, X = TFSI- or FSI-) show σ 

values in the range of 10-7-10-6 S cm-1 at RT and LTNs between 0.14 and 0.18 at 80 °C.[22,25,141,143–
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147,34,65,90,94,102,110,132,133] Based on the favorable properties of LiFSI in comparison to LiTFSI, LiFSI in 

combination with an ester-based polymer host (cf. chapter 1.3.6.1 and 0) was used to enhance the 

cycling stability of Li cells in this work. 

Lithium borates LiBOB and LiDFOB: Borates are another class of salts with modified structures of 

the anion in the basic compound lithium tetrafluoroborate (LiBF4). Two examples are 

lithium bis(oxalate) borate (LiBOB) and lithium difluoro(oxalate) borate (LiDFOB), which are 

shown in Figure 1.14. LiBF4 was expected to be a safer alternative to LiPF6 due to their high thermal 

stability. Moreover, they are cost-effective and show favorable SEI-forming behavior. But LiBF4 

suffers from a small dissociation constant and high viscosity in common solvents, translating to a 

rather low σ (5.5·10-3 S cm-1 in EC/DMC). To enhance the dissociation, substituents with a better 

delocalized charge and/or and asymmetric structure were developed. LiBOB (Figure 1.14a) with a 

decomposition temperature of 302 °C has been initially proposed for high-temperature LIBs and 

especially for the use in SPEs. Mixed with liquid organic electrolytes it shows σ values amounting to 

7.5·10-3 S cm-1 in EC/DMC, whereas in PEO values of only 10-5 S cm-1 are reached at RT, attributed 

to the strong amorphization effect of the BOB--anion on the semi-crystalline PEO matrix. With 

LTNs ranging from 0.25 to 0.3 at 70 °C, these values are higher than for common PEO-LiX systems 

with more mobile anions. Depending on the matrix material, electrolytes based on LiBOB are 

electrochemically stable up to 5 V vs. Li/Li+. Also, the fluorine-free structure makes it a chemically 

more sustainable solution. However, LiBOB forms a rather thick SEI, suffering from a higher 

internal cell resistance compared to LiPF6. 
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Figure 1.14: Chemical structures of the lithium borate salts (a) LiBOB and (b) LiDFOB.[142] 

Another candidate, LiDFOB (Figure 1.14b), was first reported by Zhang in 2006 and comprises an 

asymmetrical anion with the combined chemical structures of LIBOB and LiBF4. It has a high 

temperature stability (240 °C), a higher solubility in organic solvents, and forms a less resistive SEI 

compared to LiBOB. With higher σ in both liquid organic electrolytes (8.4·10-3 S cm-1 in 

EC/PC/DMC) and SPEs such as PEO (3.2·10-5 S cm-1) at RT compared to LiBOB, LiDFOB allows for 

high rate performance and capacity retention in LFP-based LIBs.[93,141,142,148,149] Both LiBOB and 

LiDFOB were also used in this work to study in detail the electrochemical properties of PEO-based 

bottlebrush polymers in terms of σ, conductivity mechanism, charge transfer and interphase 

behavior in different cell geometries (cf. chapter 1.3.6.1 and 5). Further boron-containing Li salts 

such as lithium tetracyanoborate (LiB(CN)4), tris(pentafluorophenyl) borane (TPFPB) or 
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lithium [1,2-benzenediolato(2-)-O,O´oxalato] borate (LiBDOB) can be found in the 

literature.[93,142,150,151] 

Next to the two discussed imide and borate structures, also new Li salt structures based on P, Al, 

heterocyclic anions, and polymerized materials are currently under heavy research.[93,110,141] 

1.3.4 Electrolyte additives 

Additional electrolyte additives such as solvents (i.e., small molecules) or Li compounds in both 

liquid organic electrolytes and SPEs are often necessary in small amounts to form stable and robust 

interphases upon cycling in the form of a synergistic combination. A clear differentiation must be 

made between additives for the anode and for the cathode, being reduced or oxidized at the 

electrode, respectively. In addition to the formation of a passivation-film for cathode protection, 

they can serve as overcharging protection agents, wetting agents, and/or flame retardants. Another 

possibility is the addition of the required target species rather than an in situ formation via 

electrochemical reaction. Focusing on the Li anode, the SEI features a key role in the performance 

of a LMB (cf. chapter 1.2.1.3). Generally speaking, many recent studies focus on artificially creating 

the compounds found in a well-balanced organic-inorganic SEI, depending on the many different 

anode types. Besides Li-salts like LiBOB, LiDFOB or others, a certain type of fluorine-containing 

compounds such as fluoroethylene carbonate (FEC) can in situ generate LiF, alcoholic molecules and 

vinylene carbonate (VCA) on the interface. VCA is then polymerized forming poly(VCA) (PVCA in 

Figure 1.20) which builds up a mechanically stable and ion-conducting film. Furthermore, it was 

shown that the addition of LiF, Li2S and Li3N to PEO-based SPEs, hybrid electrolytes as well as liquid 

organic electrolytes resulted in a drastically improved cycling performance in terms of lower internal 

cell resistance, higher specific capacity, rate capability, σ and LTN in Li-LFP as well as Li-S 

batteries.[65,66,154–156,67,69–72,102,152,153] 

1.3.5 Liquid and gel electrolytes 

1.3.5.1 Liquid organic electrolytes 

Only a few classes of aprotic organic compounds are applicable as liquid organic electrolytes in Li 

batteries due to their polarity and electrochemical stability. This group comprises esters, sulfones 

and sulfoxides, nitriles, phosphorus and silicon-based solvents, ethers, and carbonates. Common 

commercially available liquid organic electrolytes are a mixture of Li salts dissolved in organic 

carbonates, such as PC, DMC or DEC and mixtures of DMC or DEC with EC (cf. Figure 1.12). Up 

to now, no single solvent was available perfectly combining a sufficiently high polarity (for good salt 

dissociation) and low viscosity (enabling fast ion transport). Therefore, solvents of either relatively 

high dielectric constant (e.g., EC) and low viscosity (e.g., DMC) need to be mixed. These non-

aqueous solvent mixtures typically deliver σ-values in the range of 5-10·10-3 S cm-1 at RT, depending 
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on the Li salt (cf. chapter 1.3.3) and support cell operation in the range between −30 to 60 °C. 

Electrolytes based on ternary mixtures of EC, DEC and DMC showed increased σ and improved 

surface film characteristics compared to the binary analogues. Carbonates, especially the EC 

component can form a crucial SEI layer on various anode materials but suffer from a rather low 

oxidative stability. This limits the application to common intercalation-type cathode chemistries (cf. 

chapter 1.2). These liquid carbonate electrolytes are furthermore prone to inherent safety issues 

mostly related to their physical and chemical properties. Their liquid nature, low T stability 

combined with high flammability and toxicity make them susceptible to leakage and inflammation 

during overcharge or abusive operation. Liquid organic electrolytes are also not really compatible 

with conversion electrodes, such as Li metal due to the lack of mechanical integrity, continuous 

electrolyte consumption by reductive decomposition, severe dendrite growth, and the formation of 

dead Li (cf. chapters 1.2.1.2 and 1.4.4.4). 

Due to the non-existent mechanical stability, it is required that these electrolytes are soaked into 

nonactive porous separators (or membranes) preventing the physical contact of the electrodes to 

avoid electrical shorting. This highly optimized LIB system allows for a fast ion transport through 

the electrochemical cell, and it is successfully applied not only in electronic gadgets, but also in e-

vehicles. Ideal separators are characterized by a high porosity (> 40%), small pore size (< 1 µm), 

dimensional stability (< 5% at 90 °C) and thermal stability (> 130°C). Furthermore, a high tensile 

strength (> 9.8·107 N m-2) and modulus of elasticity, (electro)chemical stability (in the cut-off voltage 

range), wettability and electrolyte absorption, as well as a low thickness (< 25 µm) and pore size 

distribution are beneficial. Commonly used separators are based on polyolefins such as polyethylene 

(PE) and polypropylene (PP) owing to their low cost, large-scale availability, chemical inertness, and 

relatively high mechanical stability. However, high energy and power electromobility application 

demands for generally reconsidering the application of separators. To increase the energy density 

and the output of the cell, electrodes and the electrolyte need to become thinner and at the same 

time mechanically stable and elastic to a sufficient degree. Superior temperature stability is crucial 

to guarantee safe heat transport in large cell stacks. Wettability and compatibility between electrode 

surface and electrolyte are important to allow for homogenous and fast electrochemical processes. 

Besides various modifications of polyolefin separators such as coatings with inorganic particles 

fixated with an organic binder etc., high performance polymers as nanofiber nonwovens or tracked-

etched membranes are attractive alternatives. To name one example, ultrathin nanoporous PI 

membranes were applied in this work not only to fulfil the aforementioned requirements but also to 

suppress Li dendrite growth in the built LMBs successfully (cf. chapters 1.2.1.3 and 1.4.4.4). 

Typically, LIBs in cylindrical housing are built by various sheets of separators soaked with flammable 

electrolyte between the electrodes. These sandwiched sheets are then rolled up in the shape of a 

cylindrical pipe. A metal casing functions as both negative battery terminal as well as housing, which 
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is necessary to prevent solvent leakage by diffusion. The housing metal increases the cell weight and 

therefore lowers the specific energy. In general, safety risks of LIBs can be caused by overcharging, 

overheating, mechanical impact or external short circuits along with an uncontrolled thermal 

runaway. Many of these hazards can be reduced and lighter cell housings (e.g., polymer materials) 

could be realized using flexible, electrically, and thermally safe SPEs (cf. chapter 1.3.6.1). The major 

drawbacks preventing commercial application of polymers as electrolytes are significantly decreased 

σ and power density especially at RT.[6,26,90,102,156–159] 

1.3.5.2 Gel polymer electrolytes 

For practical applications, a compromise between liquid organic electrolytes and SPEs exists in the 

form of gel polymer electrolytes (GPEs), which are formed by incorporating liquid organic 

electrolytes into solid polymer matrices (cf. chapter 1.3.6.1). This type of electrolyte is characterized 

by a higher σ of about 10-3 S cm-1 at RT, coming at the price of poor mechanical properties compared 

to pure SPEs. The performance of GPEs may be improved by the addition of cross-linking agents. 

According to the VTF theory the σ of an SPE will increase with its increasing free volume, for 

example by addition of solvents. 

The most common GPEs are based on PEO, PAN, poly(methyl methacrylate) (PMMA) and PVDF 

or blends and copolymers (cf. chapter 1.3.6.1) thereof. The typically prepared PEO-LiX mixtures for 

SPEs suffer from poor σ at RT (10-8 S cm-1 ≤ σ ≤ 10-4 S cm-1) due to high crystallinity of the polymer 

and low salt solubility in the amorphous phase. The addition of plasticizers results in a reduction of 

the crystalline content, an increasing chain segmental mobility as well as improved ion dissociation. 

PAN-based gel electrolytes PAN-PC-EC-LiClO4 show a behavior comparable to liquid PC-EC-

LiClO4. Although the liquids are macroscopically immobilized, they still behave as liquid molecules 

on the microscopic scale. The polar cyano group participates in the solvation of Li+ through dipole 

interactions.[160–162] 

Bohnke and coworkers proposed that 20 wt% of PMMA in a solution of LiClO4 in PC act as 

“stiffener” and fast ion transport can be measured (2.3·10-3 S cm-1 at RT) within the PC phase.[163] 

PVDF is the most intensively studied gel-forming material for electrolytes since 1981. Tsuchida et 

al. found that viscosity rather than the polarity of the plasticizer is the limiting parameter for ion 

mobility. Addition of PVDF to a solution of LiTFSI in PC gives a polymer gel with an σ of 

1.74·10-3 S cm-1 at 30 °C and a stable oxidative potential up to 4.3 V vs. Li/Li+. Unfortunately, PVDF-

based SPEs suffer from poor mechanical properties and a high degree of crystallinity. A low-

crystalline copolymer of vinylidene fluoride and hexafluoropropylene (P(VDF-co-HFP, cf. Figure 

1.20) could circumvent these disadvantages with high polarity and mechanical integrity and was 

created to process free-standing films without crosslinking. A GPE consisting of P(VDF-co-HFP) 

gelled by a solution of LiTFSI in NMP showed good capacity retention (70% of 155 mAh g-1) and 
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excellent coulombic efficiency (99%) after 500 cycles at 0.5C and 70 °C in Li-LFP batteries.[102,110,161,164] 

Moreover, polycarbonates such as poly(propylene carbonate) (PPC) blended with P(VDF-co-HFP) 

were applied as GPEs in Li-LFMP batteries to obtain cells with a specific capacity of 155 mAh g-1 at 

0.2C and RT with as well as a capacity retention of 90% after 100 cycles.[165] 

More recently, increasing environmental awareness raised the demand for bio-based materials 

drastically. Therefore, cellulose and lignin as natural abundant macromolecules with attractive 

properties are used as GPEs in combination with other polymers infiltrated with liquid organic 

electrolytes.[164,166] 

In summary, GPEs basically share the disadvantages of liquid organic electrolytes. Additionally, due 

to the so-called “syneresis effect”, the electrolyte’s viscosity increases under concomitant 

deterioration of the ionic mobility. Thereby, the solvent diffuses to the electrolyte membrane surface 

leading to concentration gradients and, therefore, to a lack in liquid organic electrolyte.[161] 

1.3.5.3 Ionic liquids 

To combine an ionically conductive medium (2·10-2 S cm-1 at RT) with both, low viscosity and low 

volatility, ionic liquids (IL) and their polymerized counterparts poly(ionic liquids) (PILs, 1.3.6.1) are 

in the focus for the application as electrolytes in LIBs. In 1914, Paul Walden reported the first ionic 

liquid with ethylammonium nitrate showing a melting transition at ca. 13-14 °C. ILs are defined as 

substances composed of cations and anions with a melting point below 100 °C. Compared to solid 

salts, these ionic structures have a weak tendency towards coordinating oppositely charged ions. 

Moreover, ILs are thermally stable, non-flammable and easily soluble, and show exceptional 

electrochemical stability as well as negligible vapor pressure. Due to melting points often far below 

0°C, these salts are called “room temperature ionic liquids”, which makes them interesting for 

replacing classic solvents in LIB electrolytes. Common cations and anions of ILs can be ordered by 

their hydrophilicity. By far the most common IL cations are imidazolium, pyridinium, 

alkylammonium, tetraalkylphosphonium and pyrrolidonium with different substituents of varying 

length at the N atoms (e.g., alkyl and aromatic groups, and ethers). The anion may comprise many 

inorganic and organic species similar to the Li salts, such as PF6
-, TFSI- or halides. Properties like 

plasticizing ability are strongly influenced by the anion and can be tailored towards the desired 

application. Halides as counter ions result in salts with melting points close to 100°C, excluding them 

from the group of ILs by definition. Upon the addition of a Li salt, σ of an IL system decreases from 

0.1-2·10-2 S cm-1 in pure IL-based electrolytes to less than 0.1·10-2 S cm-1 due to a higher viscosity 

within the mixture. On top, most of the systems suffer from strong ion aggregation, resulting in the 

lowest diffusion for Li+ among all ions and very low LTNs. To make up for this, low molecular weight 

diluents or zwitterionic additives can cause a reduced ion association between Li+ and the IL 

anions.[26,102,110,133,141,167–170] 
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ILs are successfully applied as electrolyte additives for both liquid organic electrolytes and SPEs. 

With carbonaceous anodes, pure ILs cannot be used as the cations co-intercalate during LIB cycling. 

But adding a certain amount (20-50%) to the liquid organic electrolytes, the electrolytes can be 

turned to flame retardants without significant performance losses. A variety of ILs have been added 

to PEO-based SPEs to increase σ and to widen the electrochemical stability window.[110,133,165] Atik et 

al. demonstrated the benefit of oligo(ethylene oxide) (OEO) substituents compared alkyl moieties in 

a pyrrolidinium-based IL which was dissolved in a PEO-LiTFSI SPE. The cation’s solvating 

properties allow faster Li+ transport via accelerating and new conduction pathways and enables a 

superior long-term performance in Li-LFP cells.[58] 

1.3.6 Solid electrolytes 

Solid electrolytes, either polymer-based (SPEs, cf. chapter 1.3.6.1), solid inorganic electrolytes or 

hybrids (cf. chapter 1.3.6.2), are potential material classes to overcome the limits of liquid organic 

electrolytes and allow for safe operation of next generation Li metal batteries. Through proficient 

material development and engineering supported by fundamental studies, the problems of current 

battery technology can be addressed and opposing properties can be optimally balanced out by 

synergistic interaction of the components. Depending on the materials, their architecture and 

geometric dimensions, solid electrolytes can additionally function as separators and offer further 

beneficial advantages: the low permeability restricts diffusion of electrode components or redox 

byproducts (e.g., metal leaching, sulfur dissolution). Bulk polarization and internal cell resistance 

are minimized due to high σ, LTN and interfacial compatibility. The cell chemistry and anion 

immobility allow for higher current densities as well as faster charging. Stable, reliable, and safe 

cycling at elevated temperatures is possible with high energy-density Li anodes. The mechanical 

integrity and surface chemistry of solid electrolytes may help to prevent dendrite formation at Li 

anodes. Furthermore, the broad electrochemical stability window makes them also suitable for high-

voltage cathodes (cf. chapter 1.2.2.1). With the implementation of direct bipolar stacking of ASSLMB 

cells (i.e., serial connection of cells in ASSLMBs, which is not possible in LIBs) and an ultrathin cell 

architecture, further advantages like a higher output voltage, energy density, less packaging and 

reduced cost are accessible. The opportunity to create fully flexible batteries opens new doors in 

terms of improved integration, modularity, and the design of wearable devices. Especially SPEs offer 

good processibility, high flexibility, superior adhesion to electrodes and can compensate volume 

changes of electrodes better than solid inorganic electrolytes.[9,12,74,122,171] 

1.3.6.1 Solid polymer electrolytes 

Polyacrylates (PAs) and polymethacrylates (PMAs) (poly(meth)acrylates, cf. Scheme 1.2) 

polymerized by free radical polymerization (FRP) in solution are the platform polymers for SPEs 

mainly due to their variable ester functionality. This chain-growth polymerization is predominantly 
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used in this thesis due to its practicability, easy upscaling, cost effectiveness, and transferability to 

desired polymer architecture. PAs and PMAs enjoy wide commercial application as coatings, 

adhesives, textile, paper, cosmetics, electronics, lubricants, fuel additives, and oil-field or 

construction chemicals. The molecular structure of the pendant group (R’) governs the polymer 

properties to a large extent: Physico-chemical properties such as solubility, hydrophilicity, polarity, 

thermal transitions, mechanical properties, chemical reactivity, and physical interaction with other 

compounds can easily be tailored by variation of R’. Furthermore, processing and production 

processes can be adapted, and bio-based precursors can be used in the synthesis in the direction of 

sustainable green-chemistry approaches. Besides FRP, ring-opening metathesis polymerization 

(ROMP) being a coordinative living polymerization reaction was used in chapter 4 to prepare 

norbornene (Nb)-based polymers.[172–174] 

The monomer design and synthesis comprise a combination of a polymerizable double bond and an 

ion-conducting pendant R’ moiety. Here, the platform molecule is either an acrylate (R = H) or 

methacrylate (R = CH3), while the pendant group is based on ethers or esters (R’, cf. Figure 1.18 and 

Figure 1.20) as displayed in Scheme 1.1. The monomers are synthesized by a convenient ester 

formation (nucleophilic acyl substitution, SN) between (meth)acryloyl chloride (RC3H2OCl) and R’-

bearing alcohol (R’OH) in a condensation reaction. The reaction consumes an equivalent of organic 

base (here: pyridine, C5H5N) serving two purposes: nucleophilic activation of the acyl chloride in the 

initiating step and absorption of the generated protons to buffer the reaction solution. 

Cl

O
+ N

O

N
R'OH

O

OR'
H

N HN+

R = H, CH3
R' = ion-conducting moiety

R R
R

O

OR'
R

Cl ClCl

 
Scheme 1.1: Acylation of alcohols via nucleophilic acyl substitution (SN) mechanism performed in the presence of an 

organic base (here: pyridine) to yield a functional monomer with ion conducting groups. Adapted from literature.[175] 

In the first step, the nitrogen’s electron pair of pyridine performs a nucleophilic attack at the 

electropositive carbonyl carbon of the acyl chloride under removal of the chloride and formation of 

an acylpyridinium ion (step 2). The latter is highly reactive towards nucleophilic substitution by 

alcohols. After formation of the tetrahedral intermediate (step 3) and the subsequent intramolecular 

migration of the proton onto the nitrogen, the pyridinium ion leaves the molecule leaving the ester 

product (RC3H2OOR’, step 4) and pyridinium chloride as by-product. 

As an alternative synthesis route for monomers, direct esterification starting from carboxylic acids 

and alcohols gives high yields and can be performed under mild reaction conditions in the presence 

of N,N’-dicyclohexylcarbodiimide (DCC) as condensing (coupling) agent and 4-(N,N’-

dimethylamino)pyridine (DMAP) as acylation catalyst via Steglich esterification.[175–177] 
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In the consequent FRP of the functionalized monomer, in the first step (start) a radical (species with 

a lone electron) is generated. For example, the radical can be created during the thermal 

decomposition of an initiator (here: 2,2′-azobis(2-methylpropionitrile), AIBN). Consequently, it 

adds to the C,C-double bond (vinyl group) of a monomer under homolytic bond cleavage, forming 

an active chain with the radical now located on the added monomer. Thereby, the double bond (π-

bond) is transferred into two single electrons (radicals), one of which builds a new single-bond 

between initiator and added monomer while the second one remains as new radical species. If this 

process can be repeated any number of times, it can be considered chain growth (or propagation). 

The reaction then continues until a termination mechanism occurs: either two radicals recombine 

and prevent further addition of monomer, e.g., by formation a covalent single-bond (combination). 

Alternatively, the two reacting radicals can be deactivated by disproportionation. If the radical of an 

active chain end (macroradical) is transferred to any other molecule which then starts chain growth 

by adding further monomer, we called it transfer reaction. For the detailed mechanism including 

reaction kinetics, thermodynamics and reaction conditions the reader is referred to the literature.[178–

181] 
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Scheme 1.2: Free radical polymerization of the functional monomer to form a polymer. Adapted from literature.[178] 

The final polymers formed by free radical chain-growth polymerization show a broad dispersity in 

chain lengths due to their formation kinetics (statistical initiation sequence, propagation, 

termination, and transfer) based on the reaction conditions (e.g., T, reaction medium). In other 

words, they vastly differ in the number of monomers units per polymer chain, expressed as the degree 

of polymerization N: 

𝑁𝑁 =
𝑀𝑀
𝑀𝑀0

. (1.23) 

with M as the molecular weight of the whole macromolecule and M0 as the molecular weight of a 

single monomer. 

A multitude of polymer properties systematically changes with N. Only an averaged depiction of the 

molecular weight distribution with a certain degree of polymolecularity (or dispersity Đ) is typically 

accessible by experimental characterization (e.g., by chromatographic or mass spectroscopic 

methods). The averaged molecular weight as well as the dispersity of its distribution both have great 
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influence on the physical and material-related properties of the macromolecules. The dispersity 

(width) of a molecular weight distribution can be characterized by the ratio of two (arithmetic) mean 

values, commonly using the ratio of mass average (M values weighted by mass fraction, 𝑀𝑀�w) to 

number average (M weighted by number of appearance, 𝑀𝑀�n): 

Ɖ =
𝑀𝑀�w

𝑀𝑀�n
. (1.24) 

Molecularly uniform polymers (monodisperse) by definition have Đ = 1, where for polymers 

obtained from FRP typically have 1.5 ≤ Đ ≤ 2. Applying more controlled and so-called living 

polymerization techniques such as controlled radical polymerization (CRP) or living anionic 

polymerization much narrower dispersities (Đ ≈ 1.1) can be achieved, and moreover, more complex, 

and defined polymer architectures can be synthesized. These techniques are usually sensitive 

towards impurities and, require more elaborate reaction conditions (e.g., T < 0 °C) as well as 

comparably expensive technology, which is why they are technically only used for special functional 

polymers.[178–181] 

Copolymers with diverse polymer architectures are classified according to the build-in order 

(sequence) of the different monomers, using both process-related and structure-related terms. 

Copolymers in which only different monomers are designated with no specification of any 

architecture are referred to as poly(A-co-B). Alternating copolymers (poly(A-alt-B)) are 

characterized by regularly alternating sequence of monomer building blocks. In gradient copolymers 

(poly(A-grad-B)), exists a composition gradient along the chain: while one end of the chain is richer 

in A-, the other richer in B-molecules.[178–181] In block copolymers (poly(A)-block-poly(B), BCPs), the 

comonomers in the polymer backbone are arranged into successive blocks of identical monomers. 

Depending on the number of blocks, it is denoted as di-, tri- or multiblock copolymers. Different 

from polymer blends, in which two individual polymers are physically mixed together, in block 

copolymers different types of polymers are covalently linked to each other. This results in both better 

mechanical stability as well as the formation of hierarchical structures. Using this concept, 

independent control over mechanical and electrical properties can be achieved in nanostructured 

polymer electrolytes in the form of soft conducting channels embedded within a hard electrically 

insulating matrix. The typically observed microphase separation of AB di- or ABA triblock 

copolymers, leads to the formation of either disordered or regular nano-scaled structures. BCPs 

differ from other types of copolymers by having the typical properties of their homopolymers rather 

than averages of these properties. Depending on the block length (N), their incompatibility (Flory-

Huggins-parameter χ) as well as the volume fraction of one block fA, a variety of thermodynamically 

stable morphologies are possible, as demonstrated in Figure 1.15.[182–185] 
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Figure 1.15: Morphologies of BCPs as a function of volume fraction of block A in the copolymer: Spheres arranged in a 

body-centered cube (S), hexagonally packed cylinders (C), double gyroid (G) and lamellae (L). Corresponding phase 

diagram derived by plotting the product χN (χ: interaction parameter between block A and B) against the volume fraction 

fA of block A. Adapted from literature.[182] 

Polymers with a pendant side chain of monomer B attached to a main chain of monomer A (linear 

polymer backbone) are referred to as graft copolymers (poly(A)-graft-poly(B)). However, in comb 

polymers the side chains are already linked to the monomers prior to polymerization (cf. Figure 

1.16). The graft copolymer is essentially the equivalent to a star polymer (cf. Figure 1.17) but with 

only a few graft chains. The terms comb polymer and brush polymer (sometimes also bottlebrush 

polymer) are used to describe a graft copolymer with a high density of side chains. Compared to 

comb polymers, brush polymers are characterized by a significantly higher grafting density. The 

architectures of graft copolymers may vary from densely to loosely grafted, from flexible to rather 

stiff side chains, and from homopolymers, mixed homopolymers to copolymers in terms of the 

chemical composition. While all of these variations have influence on the materials’ properties, the 

grafting density probably shows the greatest effect on conformation and behavior. The steric 

repulsion between the side chains increases backbone stiffness, suppresses entanglement with 

neighboring macromolecules, promotes order and confines the side chains to a cylindrical volume. 

Compared to the corresponding linear counterparts with similar molecular composition and weight, 

brush polymers show a wormlike extended chain conformation, compact molecular dimension and 

significantly hindered chain packing leading to different morphologies. Moreover, chain end effects 

are notable due to their compact and confined densely grafted multibranched structure. Owing to 

the unique architecture, brush polymer side chains are less crystalline and more flexible compared 

to linear polymers as there is no center-of-mass motion for long polymer chains. This is particularly 

advantageous in the application as ion transport medium in Li batteries. In this way, also BCP 

architectures can be integrated to form brush block copolymers (BBCPs). The advantages and 

Volume 
fraction f

Sphere (S) Cylinder (C) Gyroid (G) Lamellae (L)

fA: 15-21 % 21-35 % 35-40 % 40-50 %

S SCC L

G

disordered



1 Introduction 

 
57 

possibilities of this polymer class became the inspiring starting point of the polymer architectures as 

matrix materials for SPEs in this work. 

According to Figure 1.16 there are primarily three synthesis strategies towards graft copolymers: 

‘‘Grafting through’’ is referred to a polymerization of macromonomers, which is applied here. 

Macromonomers are monomers with a higher M (e.g., polymers with a polymerizable group). 

‘‘Grafting onto’’ (addition of side chains to a backbone, e.g., mono-telechelics), and ‘‘grafting from’’ 

(polymerization of side chains from a macroinitiator backbone) are also possible. In this regard, 

telechelics are oligomers or polymers with functional, defined end groups. Different strategies try to 

take control different structural parameters, including chemical composition, grafting density and 

degree of polymerization of both side chains as well as backbone. Each strategy has distinct 

advantages regarding molecular design, but also limitations from the synthetic perspective. 

Therefore, in many cases a combination of methods leads to the best result. 

 
Figure 1.16: Three strategies for preparing molecular brushes: grafting through, grafting onto, and grafting from. Adapted 

from literature.[186] 

Depending on the degree of polymerization (N) of both the backbone and the side chain, graft 

copolymers can exhibit various macroscopic topologies and transform from star-like to brush-like 

polymers as illustrated in Figure 1.17.[174,186–192] 

 
Figure 1.17: Dependence of topology on the backbone length. Adapted from literature.[193] 
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SPEs should offer high segmental mobility at RT for Li+ transport. The benchmark σ for practical 

applications amounts to ∼10-3 S cm-1 at RT. This relates to the segmental relaxation of 

τσ ∼ τs ≈ 10-10 s for segment-coupled σ (cf. chapter 1.3.1 and Figure 1.9). This figure is proposed for 

low-LTN electrolytes – hence, for anion-immobilized SPEs with LTN close to 1 roughly one order 

of magnitude less σ can be considered sufficient (10-4 S cm-1 at RT). Despite its low Tg (∼-60 °C), 

segmental relaxation in PEO at RT lies in the range 10-7-10-6 s, which is far below the required rate. 

Partly, this can be explained by its high crystallinity (∼70-80%, Tm ≈ 65 °C). For linear PEO blended 

with LiTFSI, σ reaches a plateau value at molecular weights above M = 10 kg mol-1, irrespective of 

the end group with a maximum at an ether oxygen-to-Li molar ratio of O:Li ≈ 12-20 (≙ 35-25 wt%). 

For salt concentrations < 50 wt%, these mixtures are denoted salt-in-polymer electrolytes (SIPE). 

Moreover, the low LTN of PEO is a major disadvantage with respect to Li+ transport. Alkali metal 

salts dissolved in PEO were the first Li+-conducting polymer systems reported in 1973.[194] In 1978, 

Armand proposed the application of PEO-based SPEs for LIBs and it remained the “gold standard” 

for the next four decades. The cation and anion sizes as well as the ratio of ether oxygens to cations 

determine the structure of ion–polyether complexes. In PEO-based electrolytes with common Li 

salts, the helical wrapping of the polymer backbone around Li+ is possible because the ether oxygens 

are separated by exactly two carbon atoms. The system’s Tg typically increases due to this strong 

solvation while its crystallinity decreases upon salt addition. The Li+-cations coordinate to the 

polymer chains reducing their segmental motions. Moreover, the anions also interfere with the 

crystalline domains. Consequently, transient crosslinks between the chains lead to ion bridges, 

which restrict chain motions and therefore reduce the overall conductivity (cf. chapter 1.3.1). 

Furthermore, with increasing salt concentration, the formation of aggregates (e.g., triple ions) lowers 

the Li+-mobility.[22,96,116–118,195–197] 

Depending on the Li salt and the measurement conditions, PEO-based SPEs have a moderate anodic 

stability of ∼4-5 V vs. Li/Li+. Decreasing molecular weight worsens the electrochemical as well as the 

thermal stability (> 350 °C). It was demonstrated that the thermal history of SPEs during preparation 

and cell fabrication has an impact on the phase behavior and therefore on the electrochemical 

performance.[96,198,199] 

A small number of reports claim crystalline PEO-salt complexes have higher σ than amorphous 

mixtures. However, the majority of concepts still focus on the suppression of PEO crystallinity, 

increase the amorphous phase and lower the Tg for ion transport. It is always a trade-off between 

segmental dynamics and mechanical stability in the case of SPEs used without separator. By tailoring 

the polymer architecture or combining it with additional polymer SPE matrix, parameters like σ, 

LTN, electrochemical, interfacial, and mechanical stability can be improved and balanced 

accordingly, as summarized in Figure 1.18.[110] It shows the common polymer architectures for the 

application in SPEs based on flexible PEO/PEG with LiTFSI. One strategy are polymer blends, 



1 Introduction 

 
59 

created by simply mixing the soft ion-conducting polymer (PEG) with a rigid polymer matrix. In 

one example, 45 wt% of a nanostructured, star shaped PMMA was mixed with linear PEG to achieve 

an σ of ∼10-4 S cm-1 at RT (Tg,PEO ≈ -65 °C) combined with a good mechanical strength of 

∼105 N m-2.[200] 

It is reported that a highly ordered (e.g., cylindrical) morphology is beneficial for ion transport, 

which can be achieved by microphase separation in BCPs.[201] PS can be used to increase the 

mechanical stability in AB diblock copolymers due to its high Tg (∼100 °C). SPEs composed of 

covalently linked PS-block-PEO show an σ linearly coupled to M of the polymer. This is caused by 

differences in the microstructure geometries of the blocks and by physical differences between PEO 

channels of the copolymer and bulk PEO. The σ decreases non-monotonically, while it increases 

again above 10 kg mol−1 until reaching saturation at ca. 100 kg mol−1. The maximum σ (∼10-4 S cm-1 

at 80 °C) of symmetric copolymers (Tg,PEO,SPE ≈ -40 °C, Tg,PS,SPE = 25 to 100 °C) is obtained at O:Li 

ratios close to 10.[64,198,199,202–205]  

The BCP concept can also be extended to ABA triblocks to tailor the SPE properties, for example by 

having the PEO/PEG block in between two functional rigid or flexible ion-insulating or -conducting 

outer blocks. For PP-block-PEO-block-PP with semi-crystalline PP, the maximum σ of ∼10-4 S cm-1 

at 80 °C was found at ∼20 kg mol−1 following a non-monotonic relation with M.[206] 

Next to the block architecture, alternating (graft) copolymers can be an alternative. Itoh et al. 

attached vinyl ethers to PEG groups and combined it with vinylene carbonate (VCA, cf. Figure 1.20) 

in a copolymer. The highest σ of 10-4 S cm-1 at 30 °C was achieved by a side-chain PEG with N of 

23.5, which also shows the lowest Tg,SPE (-44 °C) in their comparison at O:Li = 16.[207] 

By attaching oligomeric ethylene glycol (OEG) side chains to a polymer backbone of constant length, 

it is possible to gain exact control over the volume fraction of the ion-conducting phase including 

polymerization degrees of main and side chains.[199] SPEs based on PMMA-graft-OEG were reported 

as early as in 1989 by Morita et al.[208] and reached an σ of ∼10-4 S cm-1  at RT roughly two orders of 

magnitude higher than linear PEO SPEs, mostly owing to the removed crystallinity.[110,209] 

In graft or brush block copolymers, the σ is enhanced while the mechanical stability is diminished 

when the ion-conducting block is attached to a soft, rubbery block rather than a hard, glassy 

block.[204] For the microphase separated (PMMA-graft-OEG)-block-(PMMA-graft-PDMS) 

(Tg,PEO ≈ -66 °C, Tg,PDMS ≈ -136 °C) with a poly(dimethylsiloxane) (PDMS)-grafted second block, σ of 

∼10-5 S cm-1  at RT is noticeably higher compared to, for example a BBCP utilizing PEG and PS side 

chains (Tg,PEO ≈ -61 °C, Tg,PS ≈ 86 °C).[210,211] 

Bates et al.[212] synthesized ABA BBCPs via ROMP of functionalized Nb macromonomers with 

cylindrical morphology. The resulting polymers offer a good mechanical stability (∼105 N m-2 at RT) 

with their PS reinforced outer blocks (B) as well as a PEG inner block (A). These SPEs show a 
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decreasing σ (∼10-5 S cm-1 at RT, O:Li = 10) with increasing PNb backbone length. Interestingly, a 

higher Tg is observed for the reference PEG-based homo-brush (-38 °C) compared to the BBCP 

(-45 °C) SPE, which might indicate a higher degree of disorder. 

By now, all discussed polymer systems were in the group of thermoplastics. However, thermosets or 

elastomers as matrix materials offer the possibility of (in-situ) producing flexible, low-M polymers, 

which are mechanically free-standing over a wide T range by targeted chemical and physical 

crosslinking and without compromising the desired properties. This also allows for a reduced 

crystallinity. For further information, the reader is referred to the literature.[110] 

  
Figure 1.18: Overview of the commonly used polymer architectures in SPEs comprising a flexible PEO-containing ion-

conducting moiety as well as a rigid or flexible ion-insulating or -conducting moiety like poly(styrene) (PS), PMA, 

poly(norbornene) (PNb), PE or PP, and poly(methylsiloxane) (PMS) with different side groups R: Homopolymers and 

blends, AB diblock copolymers, ABA triblock terpolymers, (graft) copolymers, and BBCPs. 

Polyelectrolytes as a special type of SPEs carry over 80% of ionizable groups in their polymer 

repeating units. Thereby, the anion of the Li salt can be immobilized covalently to the polymer 

backbone, forming a polyanion. On the time scale of cationic motion, the anions become essentially 

immobilized, substantially increasing the LTN (cf. chapter 1.3.2). This type of electrolytes is referred 

to as single-ion conductors (SICs). Removing the ionic gradients due to anion mobility can strongly 

suppress Li dendrite growth. Hence, battery lifetime and safety can be significantly improved. A 

different concept relies on the incorporation of cationic species (not Li+) into the polymer structure 

(polycations), to immobilize the anions of the Li salt by ionic trapping. This can be considered as an 

extension of the anion receptor concept (cf. chapters 1.3.3 and 1.3.6.2). PILs with tethered cationic 

or anionic centers in the repeating units, mostly show Tgs well below ionic glasses. While this can 

preserve the unique properties of ILs, their associated σ-values are significantly lower (≤ 10-5 S cm-1 

at RT) due to limited mobility. Additional cross-linking of PILs confines anion mobility depending 

on the cross-linking density. 
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In Figure 1.19, different macromolecular architectures of polyelectrolytes are presented with 

examples, comprising polymer blends of polycations and polyanions with additional Li salt. The 

plain polyanion in example (a) with only Li+ as counterion shows an increasing Tg with decreasing 

M, resulting in an σ of ∼10-6 S cm-1 at RT. With ∼10-5 S cm-1 at RT (Tg = -40 °C), the polycation is 

much higher conducting combined with TFSI- counterions.[213,214] 

 
Figure 1.19: Different structural concepts of polyelectrolytes: (a) ionic polymer blends, e.g., poly(3-methyl-1,2,3-

triazolium) and poly(propylene oxide) functionalized with lithium(trifluoromethyl sulfonylimide)[213,214], (b) polycations, 

e.g., poly((2-(acryloyloxy)ethyl)-N,N′-dimethyl-N-methoxy ethylammonium TFSI)[215], (c) polyanions, e.g.,  lithium 

poly(4-styrenesulfonyl(trifluoromethylsulfonyl)imide)[216], (d) copolymers from cationic and anionic monomers, and (e) 

zwitterionic-type polymers, e.g., poly(acrylamide) and imidazolium.[217] 

Furthermore, polycationic species with small counterions like in (b)[168] can be realized. Based on 

quaternated nitrogen polymerized acrylate, the σ (∼10-8 S cm-1 at RT) at a given T follows the Tg-

trend (∼13 °C). Thereby, the material is characterized by significantly faster τσ than τs, thus meaning 

strong decoupling (i.e., more efficient ion conduction) and high fragility. Therefore, high σ-values 

are therefore possible by balancing fragility and Tg. 

Commonly applied polyanionic species with Li+ counterions (c) have high Tgs and are therefore 

blended or copolymerized with flexible, low-Tg ion-conducting polymers enhancing their segmental 

mobility. One example is based on lithium poly(4-

styrenesulfonyl(trifluoromethylsulfonyl)imide)[216] (Tg = 152°C), reaching an σ of ∼10-7 S cm-1 at 

41 °C as PEO blend. This can be extended for copolymers, including poly(A)-block-poly(B-co-C)-

block-poly(A) triblock copolymers[218] comprising the polyanion from example (c) as Li+ source (B), 

poly((diethylene glycol)methyl ether methacrylate) (C) as ion-conductor, and PS (A) blocks as 

mechanical stiffener. With a Tg of 74°C for the BC block, this SIC-SPE shows an σ of ∼10-6 S cm-1 at 

RT, accompanied by a favorable microphase separation. Ahmed et al[219] demonstrated both a high 

σ (∼10-4 S cm-1 at RT) and LTN (0.91) at a low Tg (-30 °C) for a 

poly(ethylene-co-acrylic lithium (fluoro sulfonyl)imide) SIC-SPE, based on weak ion-interactions 

and a flexible backbone. Besides the high specific capacity (~160 mAh g-1, 0.1C), these electrolytes 
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showed a stable cycling over 500 cycles at rt in Li-LFP cells. 

The polymer architectures which can be realized are in no way limited to the herein presented 

selection. Further copolymer species obtained, for example, from cationic and anionic 

monomers[168,220] (d), and zwitterionic-type polymers[217] (e) based on poly(acrylamide)[122] and 

imidazolium, are possible.[89,169] 

The choice of matrix polymer substantially influences electrochemical, mechanical and stability 

properties in SPEs. Therefore, alternative polymer architectures and chemistries are more and more 

taken into consideration on the path towards increased electrolyte performance. Some of these 

“Beyond PEO” materials show weaker interactions with Li+, allowing for significantly enhanced 

LTNs (> 0.5) and electrochemical stability (> 4.5 V vs. Li/Li+) compared to PEO-based SPEs. 

Inspired by linear and cyclic carbonates commonly used as liquid organic electrolytes in LIBs, their 

polymerized analogues (i.e., polycarbonates) are a well-studied and promising material class for the 

application in SPEs. An overview of the most widely used alternative host polymers for SPEs based 

on a (a) main-chain approach or (b) side-chain approach is depicted in Figure 1.20. As the 

coordination takes place preferentially via the carbonyl oxygen, the weakened binding leads to faster 

Li+ transport but also to more associated ion pairs, decreasing the overall σ. The combination of both 

effects results in a lower number of dissociated Li+, which are, however, migrating faster compared 

to ether-based SPEs. To overcome the poor σ of polycarbonates and enhance free volume as well as 

the decoupling index, several approaches focus on Li salt concentration above 50 wt% to obtain so-

called polymer-in-salt electrolytes (PISE).[96,221–223] Tominaga et al.[224,225] found a maximum σ of 

∼10-4 S cm-1 at 40 °C for ∼80 wt% of LiFSI in poly(ethylene carbonate) (PEC, cf. Figure 1.20) 

accompanied by a decreasing Tg by ca. 60 °C upon salt addition, to ca. -40 °C in the SPE. This 

plasticizing effect due to the LiFSI salt addition is completely contrary to the observation in PEO-

based SPEs. The respective LTN was measured at 0.54. Some reports claimed that the polymer in 

these amorphous, often rubbery materials plasticizes the salt crystals towards liquid-like behavior. 

The proposed conduction mechanism is based on percolating ion hopping between different salt 

clusters, which is only possible in continuous networks. However, these results must be viewed 

critically since Commarieu[226] and others[227,228] attributed the high performance of polycarbonate-

based SPEs to the presence of EC (i.e., as a result of polymer decomposition) and remaining solvent 

(i.e., as a result of insufficient removal of the solvent during preparation). Similar observations were 

made with ester- and nitrile-based SPEs consisting of poly(butyl acrylate) (PBA), PAN and 

PBA-co-PAN copolymers mixed with different Li salts.[229,230] 
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Figure 1.20: Overview of the most widely used alternative “Beyond PEO” host polymers for the application in SPEs based 

on a (a) main chain approach or (b) side chain approach in analogy to PEO-based materials (cf. Figure 1.18). The ion-

conducting moiety R’ can contain linear/cyclic carbonates (e.g., poly(ethylene carbonate) – PEC and poly(vinylene 

carbonate) – PVCA)[96], esters (e.g., polycaprolactone – PCl and poly(ethylene adipate) – PEA)[96,231], ketones (e.g., 

poly(3,3-dimethylpentane-2,4-dione – PK)[232], nitriles (e.g., polyacrylonitrile – PAN)[96], amines (e.g., poly(N-

methylethylenimine) – PMEI)[96], alcohols (e.g., poly(vinyl alcohol) – PVOH)[96], fluorocarbon groups (e.g., 

poly(vinylidene fluoride-co-hexafluoropropylene) – P(VDF-co-HFP))[96] and/or phosphine oxides or sulfides (e.g., 

copoplymer of 1,4-bis(bromomethyl)-2,3,5,6-teramethylbenzene and benzylbis(hydroxymethyl)phosphine 

sulfide – PPhoS)[233,234]. 

Staying in the SIPE regime, linear aliphatic polyesters as low-Tg materials have shown excellent 

temperature stability similar to PEO, while Li+-coordination via the carbonyl groups, leads to similar 

σ-values and high LTNs as in polycarbonates. Main-chain polyesters are typically synthesized by 

polycondensation of diacid and diol derivatives or ring-opening polymerization of cyclic esters. 

Comparable to PEO, these polymers suffer from crystallization and the Tg increases upon salt 

addition detrimental to σ. Maximum σ is typically reached at 10-30 wt% salt content. Despite a 

higher Tg of poly(ethylene adipate) (∼-25 °C, PEA in Figure 1.20) compared to polycaprolactone (∼-

47 °C, PCl in Figure 1.20) in SPEs comprising 10 wt% LiClO4, the RT σ (∼10-5 S cm-1) is ca. one order 

of magnitude higher attributed to the amorphous character of the adipate.[96,221,222,231,235–237] 

To overcome crystallization and take advantage of the superior properties compared to PEO, this 
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thesis also focuses on side-chain polyesters in chapter 7, which could be considered a research gap 

by now. 

As discussed earlier, it is challenging to achieve sufficiently high segmental relaxation at RT in dry 

SPEs and simultaneously sufficiently mechanical strength if σ is coupled to the polymer segmental 

mobility. Higher-Tg SPEs often show more decoupled σ due to an increase in the probability of ion 

hopping processes.[122] This concept was followed by Babu et al.[233,234] with an intrinsically disordered 

framework obtained by polycondensation of an ion-conducting 

bis(hydroxymethyl) phosphine sulfide moiety comprising a steric benzyl pendant group and a bulky 

tetramethyl-substituted benzene (PPhos in Figure 1.20), showing a Tg of ∼144 °C. The Tg was further 

increased upon addition of LiTFSI and a maximum RT σ of > 10-4 S cm-1 was observed at 40 wt% 

(∼205 °C). At high M, the σ was seemingly uncorrelated to polymer segmental motion. Owing to 

the brittleness of the SPEs, pellets rather than uniformly cast films were prepared for 

characterization, strongly resembling the behavior of solid inorganic electrolytes. A “perpetual 

interconnected vacant space” microstructure as a result of impeded chain packing is supposed to 

provide conducting pathways for Li+. These structures are unstable for shorter polymer chains at 

higher T due to a substantial chain rearrangement. This explains the inverse proportionality of σ and 

T as well as the overall lower σ. Although the transport mechanism of this material class needs to be 

examined in detail, it demonstrates a perspective to achieve high σ at moderate T with a high degree 

of decoupling in a rigid, high-Tg polymer structure. 

Besides the discussed materials, also polymers containing amines, alcohols, PVDF, P(VDF-co-HFP), 

polyketones[232] and other functional groups[96,238,239] were investigated in “Beyond PEO” SPEs (cf. 

Figure 1.20). A further, maybe even more promising method of designing solid electrolytes lies in 

the design of nanocomposite electrolytes. 

1.3.6.2 Nanocomposite electrolytes 

In solid polymer nanocomposite electrolytes (SPNEs), soft polymers with high flexibility, adhesion 

and segmental motion in which a Li salt is dissolved, is synergistically combined with mechanically 

stable and interfacially active organic or inorganic nanomaterials (cf. Figure 1.9). These 

nanomaterials (often termed nanofillers) can be classified into (rigid) organic-polymeric, inorganic 

non-conductive as well as intrinsically Li+-conductive materials. The electrochemical performance, 

as well as the interfacial and mechanical properties of SPNEs depend on their composition, 

microstructure, and size of the fillers. Compared to NPs, nanofibers, nanowires or nanosheets with 

high aspect ratios more easily generate a percolating network to enhance the ion-transport. This can 

be further enhanced by a continuous 3D porous inorganic-electrolyte percolation network, where 

an SPE solution is infused into the inorganic host with subsequent evaporation of the solvent.[74,171,240–

242] 
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Polymeric nanomaterials: Polymeric composites may for example consist of fluorophilic PVDF 

nanofibers to enhance the salt dissociation and the contact with the electrodes as well as to reinforce 

the ion-conductive matrix. Following this approach, a PEO-based SPE brush (LiFSI, O:Li = 20) 

infiltrated into an electrospun PVDF nanofiber nonwoven (∼50 µm thickness) demonstrated a 

superior σ (∼10-4 S cm-1) and stability against Li metal (< 250 mV over 400 cycles at 0.1 mA cm-2) at 

30 °C compared to linear PEO SPEs while maintaining high mechanial strength (∼108 N m-2).[243] 

The confinement of SPEs in nanochannels of a nanoporous membrane is an effective way to enhance 

the Li+ transport and the overall robustness. Wan et al.[73] used an ultrathin nanoporous PI 

membrane (∼8 µm thickness, ∼11% porosity) provided with vertically aligned nanochannels and 

infiltrated with a linear PEO SPE (LiTFSI, O:Li = 10), which showed not only a higher σ 

(∼10-4 S cm-1) and modulus (∼107 N m-2), but also a superior specific capacity in Li-LFP cells 

(∼105 mAh g-1at 0.5C) at 30 °C in contrast to the plain SPE. 

Inorganic non-conductive nanomaterials: Similar to organic-polymeric composites, inorganic 

(nanocrystalline) non-conductive nanofillers do not intrinsically conduct Li+ but have substantial 

specific surface area and activity, and directly affect the SPNE material in terms of mechanical, 

(electro)chemical and thermal stability. In this group, mainly oxides (e.g., Al2O3, SiO2, TiO2, ZnOx 

and ZrO2), MOFs and clay minerals (e.g., montmorillonite, halloysite and palygorskite) are found. 

The presence of a certain amount of inorganic nanofillers (“ceramic-in-polymer”, < 50 wt%) in a 

SPE is found to improve its mechanical stability and enhance σ (cf. Eq. (1.14)) by mainly two 

different mechanisms. The crystallization of the polymers is suppressed both physically and 

kinetically, while the latter is attributed to Lewis acid–base-type interactions between the filler 

surface and polymer chains (e.g., ether oxygens of PEO). These interactions between the 

nanoparticle boundaries and the Li salt anions enhance chain segmental motion, increases μ, 

promote salt dissociation and thus, increase the number of charge carriers n. This effect also leads 

to higher LTNs, as the mobility of the anions is reduced significantly. Additionally, Li+ is transferred 

across the surface of the filler particles as the activation energy for cation transport is reduced due 

to the surface charges at the interface. Inhibition of lithium dendrite growth and an increase of the 

interfacial compatibility between electrolyte and electrodes is achieved by the active surface, 

mechanical stiffness, and homogenous distribution of the NPs on the electrode surface. 

Not only the chemical composition (σfree < σAl2O3 < σTiO2) and the size of the nanofillers 

(σ10 µm ≪ σ10 nm), but also the surface chemistry has an impact on the electrochemical performance of 

the SPE. The stronger acidic the surface, the higher the resulting σ due to the formation of hydrogen 

bonds and an increased salt dissociation by surface protons (σbasic < σfree < σneutral < σacidic). With 

increasing NP content, σ first increases to peak at ∼10 wt% owing to the formation of ion-transport 

percolation pathways within the interfacial layers. Above a critical concentration, σ decreases most 

likely as a result of destructed percolation pathways by agglomerated NPs. The peak σ mainly 
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depends on the σ-values of the interfacial layers and the NPs, whereas σ of the interfacial layers 

depends on σ of the SPE and interactions between the inorganic and polymer components. However, 

these observations are discussed controversially, as other studies revealed no significant impact of 

these parameters on σ of linear PEO-based SPNEs.[23,122,145,240,241,244–248] 

By introducing 10 wt% of Al2O3 (hydrophilic, 5 nm) into a PEO-LiFSI (O/Li = 20) SPE, the Tg,SPNE 

(-40 °C) increases while σ (∼10-6 S cm-1 at RT) and the LTN (0.13) remains almost constant 

compared to the filler-free counterpart. However, in Li-symmetrical cells, the interfacial resistance 

drastically decreased (∼25 Ω cm-2), and a stable cycling became possible for over 1000 h. Moreover, 

in Li-LFP cells a high capacity retention over 50 cycles (initial: ~160 mAh g-1, 0.1C, 70 °C) could be 

observed, whereas the neat SPE showed continuous capacity fading.[145] 

Inorganic Li+-conducting nanomaterials: Even higher efficiency as well as energy and power density 

is promised by superionic inorganic nanofillers such as oxide-based solid inorganic electrolytes 

including garnet-type conductors (e.g., Li7La3Zr2O12, LLZO, σ ≈ 10-6 S cm-1 at RT or 

Li6.4La3Zr1.4Ta0.6O12, LLZTO, σ ≈ 10-4 S cm-1 at RT), sodium superionic conductor (NASICON)-type 

(Li1+xAlxTi2−x(PO4)3, LATP, σ ≈ 10-4 S cm-1 at RT or Li1+xAlxGe2−x(PO4)3, LAGP, σ ≈ 10-4 S cm-1 at RT), 

perovskite-type (e.g., Li3xLa(2/3)−xTiO3, LLTO, σ ≈ 10-4 S cm-1 at RT), and anti-perovskite (e.g., 

Li3OCl0.5Br0.5, σ ≈ 10-3 S cm-1 at RT) conductors. Oxides are characterized by a high mechanical 

strength (> 1010 N m-2) and brittle morphology with poor interfacial contact and high grain-

boundary resistance. Sulfide-based solid inorganic electrolytes like a thio-lithium superionic 

conductor (thio-LISICON)-type (e.g., Li10GeP2S12, LGPS, σ ≈ 10-2 S cm-1 at RT), amorphous sulfides 

(e.g., Li2S−MxSy with M = Al, Si, P, etc., σ ≈ 10-3 S cm-1 at RT) or argyrodites (e.g., Li6PS5X (X = Cl, 

Br, I), σ ≈ 10-3 S cm-1 at RT) are more ductile and can be regarded as “soft materials” (∼109 N m-2) 

with an improved ability to compensate for volume changes. Furthermore, these materials are 

sensitive to moisture and air. Alternatives are Li-nitrides (e.g., Li3N, σ ≈ 10-3 S cm-1 at RT), Li-

hydrides (e.g., Li2NH, σ ≈ 10-4-10-3 S cm-1 at RT), or Li-halides (e.g., Li2CdCl4, σ ≈ 10-6 S cm-1 at RT), 

whereas the last two are also moisture and air sensitive. In general, the order of chemical stability in 

solid inorganic electrolytes can be stated as NASICON > polymer > garnet and perovskite > sulfide. 

Current research projects aim for creating an electrical passivation layer of the solid inorganic 

electrolyte based on decomposition on the anode, in close analogy to SEI formation. However, severe 

dendrite growth accompanied by a poor cathode compatibility is often observed in LMBs using pure 

solid inorganic electrolytes, due to the formation of a high-resistive interfacial layer. Their 

electrochemical stability is calculated theoretically and is ordered as follows: garnet and anti-

perovskite (∼0-3 V vs. Li/Li+) > LATP and LLTO (∼1.7-4.3 V vs. Li/Li+) > LAGP (∼2.7-

4.3 V vs. Li/Li+) > LGPS (∼1.7-2.3 V vs. Li/Li+) and Li3N (∼0-0.5 V vs. Li/Li+) and argyrodite (∼1.5-

2.5 V vs. Li/Li+). Due to their physical appearance and complex preparation methods, solid 

inorganic electrolyte layers are usually thicker than SPEs, which in turn results in cells with reduced 
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energy density.[23,74,121,122,171,240–242,249] 

Next to the already presented and not fully understood mechanisms of ion-transport in SPNEs, a 

further theoretical concept may provide deeper insights. By exceeding the percolation threshold, as 

it is the case for “polymer-in-ceramic” (> 50 wt%) SPNEs, an alternative Li+ diffusion path goes 

through the inorganic particles, governed by σ of the latter. If the concentration of NPs is too high 

(e.g., > 90 wt% LLZTO in a PEO-LiTFSI (O/Li = 8) electrolyte), the SPE becomes very brittle, 

difficult to process can be damaged easily. and are difficult to process. With the Tm and the 

crystallinity gradually decreasing from 0 to 80 wt%, σ (∼10-5 S cm-1 at RT) for 80 wt% is lower than 

those of pristine electrolytes. This is attributed to a high interfacial resistance (i.e., high energy 

barrier) at the boundaries. However, the highest σ (∼10-4 S cm-1 at RT) is measured at ca. 10 wt% 

nanofillers due to the increased free volume, which is the case for SPNEs using inorganic non-

conductive fillers. At this filler concentration, the interfacial resistance (∼100 Ω) in Li-symmetrical 

cells is drastically decreased and the anodic stability (∼5 V vs. Li/Li+) is increased. Li-LFP cells 

demonstrate high capacity retention over 100 cycles (initial: ~150 mAh g-1, 0.2C, 55 °C), whereas the 

pristine SPE were characterized by a continuous capacity fading.[23] 

Ideally, the highest σ is expected for inorganic-rich SPNEs with bulk, mono-crystalline inorganic 

nanomaterials. These materials have lithium percolation pathways through the highly conducting 

ceramic phase with no grain boundaries throughout the migration path. Therefore, the performance 

of SPNEs can be further improved substituting spherical particles by 3D continuous porous 

inorganic-electrolyte percolation networks. Based on LLZO nanofibers (138 nm diameter), Fu 

prepared a network via electrospinning from the precursor salts in a polymer matrix. After 

calcinating, the ∼50 µm thick nonwoven was infiltrated with a PEO-LiTFSI SPE to obtain the final 

SPNE. Besides a high σ (2.5·10-4 S cm-1 at RT) and electrochemical stability (∼6 V vs. Li/Li+), the 

SPNEs demonstrated excellent cycling stability in Li-symmetrical cells maintaining a low 

overpotential (∼0.4 V vs. Li/Li+ at 0.5 mAh cm-2 and RT) for over 1000 h.[250] 

The multiple resistive interface between inorganic and organic phases with high energy barriers 

plays a decisive role in determining the transport properties of Li+. Several studies proved that Li+ 

exchange can take place at the soft-hard interface, indicating the importance of the compatibility 

and interaction between both phases. This could be achieved by a covalent coupling of inorganic 

nanomaterial and polymer matrix, which is referred to as the “nanohybrid” approach. Combined 

with a decreased electrostatic interaction of small cations (e.g., εpolymer ≈ 10−20) and ion dynamics 

decoupled from segmental relaxation it seems to be the most promising way to increase σ in dry 

SPEs.[122,241] For example, polymers in nanochannel-architecture with a high local concentration of 

ions to reduce the energy barrier for small cation transport are a promising approach towards Tg-

decoupled Li+-conductors. This consideration was implemented and realized by Yang et al.[251], 

exceeding the “1 mS cm-1-threshold” for RT-σ (1.5·10-3 S cm-1) by expanding molecular channels by 
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the fixed coordination of Cu2+ with 1D cellulose nanofibrils. This material allows for rapid, 

decoupled Li+ transport along the polymer chains via reversible coordination to the abundant polar 

functional groups. Moreover, these electrolytes feature a high LTN (0.78) and a broad 

electrochemical stability window (∼0-4.5 V vs. Li/Li+). Besides their application in the electrolyte, 

the nanofibrils were also used as binder in LFP cathodes to obtain a high specific capacity (initial: 

~160 mAh g-1, 0.1C, RT) and 94% capacity retention after 200 cycles in Li-LFP cells. 

Following the introduction of the general lithium metal battery setup including all relevant 

components and characteristics, a detailed overview regarding the cell setups and the 

electrochemical characterization methods applied in the present thesis is presented. 

1.4 Electrochemical characterization methods 

1.4.1 Electrochemical impedance spectroscopy 

After the introduction of the concept of electrical impedance by Oliver Heaviside in the 1880s[252], 

the work of Randles[253] and Ershler[254], Gerischer[255], Vetter[256], Grahame[257] and Epelboin[258] 

established the impedance measurement as a modern characterization technique for electrochemical 

reactions and processes.[259] The electrochemical impedance spectroscopy (EIS) is a very powerful 

method for the non-destructive analysis of complex electrical material properties including resistive 

and capacitive charge transfer and dynamic processes in the bulk or interfacial regions of ionic, semi 

or mixed electronic-ionic conductors as well as insulators (dielectrics).[260] EIS was applied to various 

(photo)electrochemical systems such as sensors[261,262], fuel cells[263–265], solar cells[266,267], batteries[268], 

semiconductors[269], organic electronic devices[270,271], membranes[272], coatings[273,274]as well as for 

material characterization[260,275–277]. This method is particularly convenient for the in situ 

determination of battery characteristics comprising redox reactions at the electrodes and at 

interfaces, the formation of interphases and the charge transport in the bulk, including σ and 

diffusion of species.[268,278–283] The electrochemical impedance (e.g., of a battery) can be described as 

the system’s response to a sinusoidal external excitation signal at a constant operating point. The 

response signal is typically sinusoidal with the same frequency (ω = 2πf), but a different amplitude 

Â and phase shift φ compared to the excitation. There exist two possible measuring principles for 

impedance from an electrotechnical point of view. The application of a sinusoidal current to the 

system while measuring amplitude and phase shift of the voltage response is called galvanostatic EIS. 

If a sinusoidal voltage is applied, the amplitude and phase shift of the current response can be 

measured in potentiostatic mode. 

In the case of an ideal resistor Ohm’s law defines the electrical resistance R as the ratio between input 

voltage U and output current I: 
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𝑅𝑅 =
𝑈𝑈
𝐼𝐼

. (1.25) 

R is independent of AC frequency in terms of both amplitude as well as phase shift. However, the 

basic concept of EIS is based on the fundamental fact that elements with frequency-dependent AC-

resistance (impedance) comprising capacitive resistors (capacitors) and inductive resistors 

(electromagnetic coils) are present in electrochemical processes. For the example of an ideal 

capacitor, excited by an AC voltage of single sinusoidal frequency f (1 s-1 = 1 Hz) 

𝑈𝑈(𝑡𝑡) = 𝑈𝑈� sin( 2π𝑓𝑓𝑡𝑡 + 𝜑𝜑𝑈𝑈) = 𝑈𝑈� sin( 𝜔𝜔𝑡𝑡 + 𝜑𝜑𝑈𝑈), (1.26) 

with small amplitude (typically 25 mV, lying below the thermal voltage to obtain a linear 

response[260]), the current response 

𝐼𝐼(𝑡𝑡) = 𝐶𝐶
d𝑈𝑈
d𝑡𝑡

= 𝐶𝐶𝑈𝑈�𝜔𝜔 cos( 𝜔𝜔𝑡𝑡 + 𝜑𝜑𝑈𝑈) = 𝐶𝐶𝑈𝑈�𝜔𝜔 cos( 𝜔𝜔𝑡𝑡 + 𝜑𝜑𝑈𝑈 +
π
2

) = 𝐼𝐼 sin( 𝜔𝜔𝑡𝑡 + 𝜑𝜑𝐼𝐼) (1.27) 

is also sinusoidal with the same frequency, but shifted in phase Δφ = φU - φI (Figure 1.21).[252] 

 
Figure 1.21: Applied sinusoidal single-frequency voltage U and corresponding sinusoidal current response I with phase 

shift Δφ = π/2 during an EIS measurement for an ideal capacitor. 

The current therefore is ahead of the voltage by π/2 (𝜑𝜑𝐼𝐼 = -90°) in the case of a capacitor. The 

amplitudes of U and I are connected by the impedance (complex resistance) relation: 

𝑈𝑈�

𝐼𝐼
=

1
𝜔𝜔𝐶𝐶

, (1.28) 

being the definition of complex resistance (impedance) of capacitors with the capacitance C (in farad 

F). To allow for a more simple mathematical treatment, the AC calculation of circuits can be Fourier 

transformed into a complex-conjugated way using the Euler´s relationship exp( 𝑗𝑗𝜑𝜑) = 𝑐𝑐𝑐𝑐𝑐𝑐( 𝜑𝜑) +

𝑗𝑗 𝑐𝑐𝑖𝑖𝑛𝑛( 𝜑𝜑) with 𝑗𝑗 = √−1:  

𝑈𝑈(𝑡𝑡) = 𝑈𝑈� sin( 𝜔𝜔𝑡𝑡 + 𝜑𝜑𝑈𝑈) → 𝑈𝑈(𝑡𝑡) = 𝑈𝑈� exp( 𝑗𝑗(𝜔𝜔𝑡𝑡 + 𝜑𝜑𝑈𝑈)) (1.29) 

𝐼𝐼(𝑡𝑡) = 𝐼𝐼 sin( 𝜔𝜔𝑡𝑡 + 𝜑𝜑𝐼𝐼) → 𝐼𝐼(𝑡𝑡) = 𝐼𝐼 exp( 𝑗𝑗(𝜔𝜔𝑡𝑡 + 𝜑𝜑𝐼𝐼)). (1.30) 

The impedance is only properly defined for systems fulfilling the conditions of linearity, causality, 

stationarity, time invariance and stability. The impedance (AC or apparent resistance) can be written 

applied sinusoidal signal UU, I

t

sinusoidal response signal I

Δᵠ
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as proportionality factor Z(ω) between voltage U and current I, in ohm (Ω) as a function of the radial 

frequency ω (rad s -1): 

𝑍𝑍(𝜔𝜔) =
𝑈𝑈�

𝐼𝐼
exp( 𝑗𝑗Δ𝜑𝜑) = �̂�𝑍(cos Δ𝜑𝜑 + 𝑗𝑗 sin Δ𝜑𝜑) = 𝑍𝑍′(𝜔𝜔) + 𝑗𝑗 𝑍𝑍′′(𝜔𝜔). (1.31) 

Therefore, we can discriminate between real (𝑍𝑍′ = �̂�𝑍 cos( 𝜑𝜑)) and imaginary part (𝑍𝑍′′ = �̂�𝑍 sin( 𝜑𝜑)) 

of the impedance.  

For the evaluation of the results obtained by EIS, a detailed physicoeletrical model involving all 

processes is often not available. Therefore, electrical equivalent circuits (EC) are used to represent 

and fit measured impedance data. Thereby, elements comprising ohmic resistors, capacitors, 

inductors, distributed elements such as diffusive Warburg or constant-phase elements (CPE), surface 

and relaxation elements can be used to explain and reconstruct the measured data to obtain the 

optimum fits. These elements can be combined in the electric circuit following the rules of parallel 

and series connection. In analogy to the rules applying for ohmic resistances, the total impedance 

equals the sum of the individual impedances for a serial connection. In the parallel case, the 

reciprocal of the total impedance is equal to the sum of the reciprocals of the individual impedances. 

Thereby, circuit elements only represent idealized reality as the underlying processes extend over a 

finite region rather than being localized. Therefore, the impedance spectrum can be indicative of the 

physical structure and chemical composition of an analyte. Very generalized, processes containing 

conductive pathways, such as bulk σ or the chemical charge-transfer at an electrode correspond to 

the real part of an impedance. Similarly, polarization processes such as space charge regions, specific 

adsorption or crystallization processes at electrodes can be related to the capacitive (imaginary) part 

of an impedance. The parallel connection of an ohmic resistor and a capacitor is denoted RC element 

describing a resistive-capacitive behavior. RC-elements are characterized by a specific “time 

constant” τ (τ = RC, in V
A

∙ As
V

= s), being the “relaxation time” of the underlying thermally or 

(electro)chemically activated process. In an AC impedance measurement, the process is measured 

at the corresponding frequency inversely proportional to the time constant [ω = τ-1 = (RC)-1]. The 

individual transfer functions of the complex resistances for a resistor ZR, capacitor ZC, inductor ZL 

and RC element ZRC are defined as:[252,260]  

𝑍𝑍𝑅𝑅(𝜔𝜔) = 𝑈𝑈�
𝐼𝐼

= 𝑅𝑅,      𝑍𝑍𝑐𝑐(𝜔𝜔) = 𝑈𝑈�
𝐼𝐼

= 1
𝑗𝑗𝑗𝑗𝑗𝑗

,      𝑍𝑍𝐿𝐿(𝜔𝜔) = 𝑈𝑈�
𝐼𝐼

= 𝑗𝑗𝜔𝜔𝑗𝑗,      𝑍𝑍𝑅𝑅𝑗𝑗(𝜔𝜔) = 𝑈𝑈�
𝐼𝐼

= 𝑅𝑅
1+𝑗𝑗𝑗𝑗𝜏𝜏𝑅𝑅𝑅𝑅

 (1.32) 

In the case of an inductor, voltage is ahead of the current by π/2 (𝜑𝜑𝐼𝐼 = +90°). 

Due to the complexity of the measured data (two independent data sets for Z and 𝜑𝜑 vs. 𝜔𝜔) it is 

convenient to inspect, interpret and reconstruct the data of impedance spectra in a graphical way. 

One way of presenting the impedance data is the so-called Bode plot, in which the magnitude Z and 

the phase angle 𝜑𝜑 are plotted versus frequency in two separate diagrams. 
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In a so-called complex plane plot (or Nyquist plot, Figure 1.22a), the impedance is illustrated in the 

form of a vector diagram with the real part Z′ (��̂�𝑍� cos( 𝜑𝜑)) on the x-axis and the imaginary part Z′′ 

(��̂�𝑍� sin( 𝜑𝜑)) on the y-axis. As the values for Z′′ are mostly negative in electrochemical systems 

(negative 𝜑𝜑 for capacitive behavior), -Z′′ is usually plotted in the positive y-direction. The data are 

collected at evenly distributed excitation frequencies typically ranging from MHz to µHz, depending 

on the observed system. The frequency values of the data points are often not stated in Nyquist 

diagrams as it is not displayed directly. Applying the model of an RC element (green region in Figure 

1.22a), the following boundary considerations can be made: when ω approximates zero 

(ω → 0), ZRC,bulk converges to R with purely (linear) resistive behavior (φ = 0). R becomes 

independent of the frequency due to the slow change in the excitation voltage (resistive behavior). 

In other words, the change in voltage is slow enough for the current to follow perfectly in phase. For 

ω → ∞, ZRC,bulk approximates zero (φ = -90°), where only the shift of electrons (from and to the 

capacitor) causes the (alternating) current (capacitive behavior). The voltage change is too fast for 

the current, therefore the current is perfectly out of phase (-90°) with respect to the voltage. For both 

limiting cases, -Z′′ shows a local minimum, which depend on the frequency according to the 

Kramers–Kronig (Hilbert integral transform) relations.[260,284] At the characteristic frequency, the 

imaginary part reaches its maximum in the Nyquist diagram.[252,260] 

 
Figure 1.22: (a) Idealized impedance spectrum as Nyquist plot of an exemplary symmetrical stainless steel electrodes 

(StSt|SPE|StSt) cell. (b) Equivalent circuit based on a RC element in series with a capacitor representing an SPE in the cell 

configuration StSt|SPE|StSt. (c) Normalized distribution function g(τk) of relaxation times of the impedance spectrum of 

a poly(MA)m-graft-PEGME1k/LiTFSI SPE measured in StSt|SPE|StSt cells at RT. Two electrochemical processes can be 

distinguished: (1) the bulk σ of the SPE and (2) non-ideal capacitive behavior of the blocking electrodes. The color code 

designates the region of the occurring processes (green: processes in the bulk and gray: processes at the electrodes) in the 

respective plots and models (a-c). Adapted from literature.[174,278] 

According to Kramers[285] and Kronig[286], the imaginary part can be calculated from the real part of 

an impedance spectrum and vice versa. Generally, an EIS measurement can be considered valid if 

this Kramers-Kronig test yields residuals for both real and imaginary part of less than 1% over the 

entire measured frequency range.  
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For low-resistance cells, high excitation frequencies (f > 1 kHz, sub-millisecond range in the time 

domain), often come along with a positive imaginary part due to predominant inductive behavior. 

This behavior is significantly caused by both the inductance of the measuring device (i.e., mostly 

cables, wiring etc.) and by the geometry of the cell itself. However, the inductive branch at higher 

frequencies do not contain information about electrochemical-physical processes. 

In the adjacent region towards slightly lower frequencies, resistive mechanisms become apparent 

expressed by an ohmic x-axis offset of the real-part impedance. These comprise ionic conduction in 

the electrolyte, the electrical resistance of the active material, the current sink, contacts, and 

protective elements. Compared to systems with liquid organic electrolytes, the bulk impedance of 

solid electrolytes contains a capacitive contribution, for which an RC element is the correct 

equivalent circuit element instead of a single resistor R. Therefore, the bulk σ of solid electrolytes is 

characterized by a semicircle. 

Dynamic, electrochemical-physical processes including SEI-related resistance and charge transfer 

can be found in the resistive-capacitive range (1 Hz < f < 1 kHz). Due to the often closely related 

time constants, it can be difficult to determine the total number of processes in Nyquist plots. 

Low frequencies (f < 1 Hz), typically contain information about the particle transport in the active 

material and the electrolyte (e.g., diffusion). Diffusion is characterized by a straight line with 

constant slope in the Nyquist plot. With further decreasing frequency to the microhertz range, the 

straight line converges more and more to a vertical line, reflecting the transition to purely capacitive 

behavior.[260,281,287,288] 

For the understanding and interpretation of impedance spectra, a priori knowledge is necessary for 

the choice of a suitable equivalent circuit model. Figure 1.22b shows an equivalent circuit based on 

an RC element in series with a capacitor, which corresponds to a cell with an SPE between two 

blocking stainless steel electrodes and was used to generate the theoretical impedance spectrum in 

Figure 1.22a. While the resistance Rbulk and the capacitance Cbulk are parallelly connected (RC element 

represented by a semicircle/arc in the Nyquist plot (Figure 1.22a), green region), a capacitance 

Celectrode is wired in series (straight line in the Nyquist plot (Figure 1.22a), gray region). Rbulk and Cbulk 

are attributed to the ohmic resistance and capacitance of the bulk material, respectively. Celectrode 

models the double-layer capacitance of the blocking electrodes, which is related to the Helmholtz 

double layer (space charge layer) capacitance on the electrode surface, while the electrode itself is an 

infinitesimally high resistance (insulator) in this specific case of stainless steel blocking electrodes. 

However, non-blocking electrodes (e.g., Li metal) allow for charge-transfer, thus have a discrete 

charge-transfer resistance, and must therefore be modelled by an RC element.[123,252,260] 

The impedance of the above discussed system (RC element in series with a capacitor, Figure 1.22) is 

calculated according to the laws for electric circuits: 
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𝑍𝑍 = 𝑍𝑍RC,bulk + 𝑍𝑍C,electrode = � 𝑍𝑍C,bulk𝑍𝑍R,bulk
𝑍𝑍C,bulk+𝑍𝑍R,bulk

� + 𝑍𝑍C,electrode. (1.33) 

With Eq. (1.31) and Eq. (1.32) ZRC,bulk can be written as: 

𝑍𝑍RC,bulk = 1
𝑅𝑅bulk

−1 +𝑗𝑗𝑗𝑗𝑗𝑗bulk
= 𝑅𝑅bulk

1+𝑗𝑗𝑗𝑗𝑅𝑅bulk𝑗𝑗bulk
= 𝑅𝑅bulk

1+(𝑗𝑗𝑅𝑅bulk𝑗𝑗bulk)2 − 𝑗𝑗 𝑗𝑗𝑅𝑅bulk
2 𝑗𝑗bulk

1+(𝑗𝑗𝑅𝑅bulk𝑗𝑗bulk)2. (1.34) 

Insertion of Eq. (1.34) into Eq. (1.33) leads to the total impedance Z:  

𝑍𝑍 = 𝑅𝑅bulk
1+(𝑗𝑗𝑅𝑅bulk𝑗𝑗bulk)2 − 𝑗𝑗 � 𝑗𝑗𝑅𝑅bulk

2 𝑗𝑗bulk
1+(𝑗𝑗𝑅𝑅bulk𝑗𝑗bulk)2 + 1

𝑗𝑗𝑗𝑗electrode
�. (1.35) 

As the capacitance of the blocking electrodes is much higher than the bulk values (Celectrode ≫ Cbulk), 

only a small contribution to the complex impedance (or electrode polarization) is caused by Celectrode. 

At low frequencies, both capacitors (dynamic elements) are increasingly non-conducting (i.e., high 

resistances), so all ohmic resistances appear together as the real part, and all capacitances together 

as the imaginary part. The ohmic part reaches a maximum value at some point and no longer 

increases. The imaginary part, however, increases to infinity as the capacitors become non-

conductors. This effect ideally appears as a straight line perpendicular to the abscissa in the Nyquist 

plot (Figure 1.22a, gray region), which differs in reality due to inhomogeneities of, diffusion effects 

at and within the electrodes. With increasing frequency, the capacitors become conductors (wires), 

and disappear. First Celectrode disappears, having a larger time constant, later Cbulk, and finally only Rbulk 

and the ohmic offset R0 (resistive contribution of the cables, wiring etc.) remains. 

In contrast to the complexity of real electrochemical systems involving electrochemical reactions 

and processes in the bulk and at interfaces, most ordinary circuit elements are considered as 

quantities with ideal and constant properties. The electrical response of heterogeneous cells 

comprises different charge carrier species, as well as chemistry and microstructure of the electrolyte 

and the electrodes. This often results in a distribution of relaxation times of the underlying processes, 

which therefore typically appear as overlapping events in a Nyquist plot.[260,278] In the case of newly 

synthesized materials, e.g. SPEs, the time constants are mostly unknown. Discrete fitting of the raw 

EIS data would require major assumptions regarding type and count of the involved processes. 

Moreover, a good quality of the reconstructed spectrum is not indicative for an EC resembling the true 

underlying physical processes. Especially if quite flexible and adaptive multi-parameter elements such 

as ZARCs (CPE in parallel with a resistor) are implemented in the EC, various impedance spectra 

may be fitted perfectly accurate, mostly independent, and not relying on additional elements. All 

these aspects make reliable discrimination of multiple polarization contributions to a cell in terms 

of characteristic time constant as well as impedance value a challenging task.[148,289] 
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1.4.1.1 Distribution of relaxation times 

The distribution of relaxation times (DRT) analysis is a powerful mathematical method without a 

priori assumptions and can be used for the detailed interpretation of electrical processes in 

electrochemical systems, for which impedance measurements exist. This method was first applied 

for fuel cells[290–292], and later for batteries[287,293–296]. In general, DRT is based on an infinite number 

of RC elements (τ = RC) in series with a single ohmic resistor R0 (ohmic offset). The RC elements 

have characteristic relaxation times evenly distributed over the measured frequency scale and are 

fitted to reproduce the measured spectrum most precisely. This results in a resistance-weighted 

distribution function h(τ) of occurring relaxation times, where the integral of an individual peak 

directly amounts to the impedance of the corresponding process. Taking into account Eq. (1.34), the 

frequency-dependent impedance Z(jω) can be written as:[148,268,289,295,297,298] 

𝑍𝑍(𝑗𝑗𝜔𝜔) = 𝑅𝑅0 + �
ℎ(𝜏𝜏)

1 + 𝑗𝑗𝜔𝜔𝜏𝜏

∞

0
 d𝜏𝜏 = 𝑅𝑅0 + 𝑅𝑅pol �

𝑔𝑔(𝜏𝜏)
1 + 𝑗𝑗𝜔𝜔𝜏𝜏

∞

0
 d𝜏𝜏. (1.36) 

h(τ) is typically normalized to g(τ), where h(τ) = Rpol g(τ) and  

� 𝑔𝑔(𝜏𝜏)
∞

0
 d𝜏𝜏 = 1. (1.37) 

To visualize the overall polarization resistance Rpol and to allow for comparison of systems with 

impedances in different orders of magnitude, g(τ) is a measure of the relative contribution to the 

overall polarization (intensities of the peaks are relative to one another). 

Since g(τ) is computed numerically, the integral of Eq. (1.36) must be discretized to a finite sum: 

𝑍𝑍(𝑗𝑗𝜔𝜔) = 𝑅𝑅0 + 𝑅𝑅pol �
𝑔𝑔(𝜏𝜏𝑘𝑘)

1 + 𝑗𝑗𝜔𝜔𝜏𝜏𝑘𝑘

𝑛𝑛

𝑘𝑘=1

, (1.38) 

which is considered a normalized resistance distribution function [g1…gk…gnτ] based on a large 

number of n RC elements with characteristic time constants (τk = RkCk,  k = 1…nτ). This allows for 

the identification of the polarization contribution of each RC element in context of the overall 

polarization. The number of time constants is mathematically irrelevant and typically set to a 

multiple of the frequency data points in the impedance measurement to obtain smooth and reliable 

results (mf: nτ = cmf, c ∈ {1, 2, 3}). A large amount of time constants nτ compared to the expected 

number of processes in the investigated system is beneficial since real systems will never have a 

limited bandwidth. Usually, the range of time constants [τmin ≤ τk ≤ τmax] correlates to the range of 

measured frequencies [τmin = (2πfmax)-1 and τmax = (2πfmin)-1].[268,289,299] 

An EC showing the concept of DRT is displayed in Figure 1.23a, and the respective normalized 

distribution function g(τk) is plotted in Figure 1.23b. The processes 1…n appear as distinct, sharp 

peaks (Dirac impulse functions) with their characteristic time constants τ1…τn. However, real 
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processes show peaks broadened around the main relaxation time due to inhomogeneity of the 

processes, particle sizes and surfaces. This smearing behavior can be modeled by ZARC elements in 

ECs. Moreover, the nature and shape of the peaks is influenced by the regularization process to 

suppress or minimize side-peaks.[287,293,295,297]  

 
Figure 1.23: (a) EC based on the distribution of relaxation times (DRT) extended by an ohmic resistor R0 and (b) 

corresponding normalized distribution function g(τk) showing the processes 1…n as distinct peaks (Dirac impulse 

functions) with characteristic time constants τ1…τn. Adapted from literature.[287,297,300]  

Figure 1.22c shows the normalized distribution function g(τk) of the impedance spectrum of a 

poly(MA)m-graft-PEGME1k/LiTFSI SPE measured in StSt|SPE|StSt cells at RT. Two electrochemical 

processes can be identified, (1) the bulk σ (green region) at lower, and (2) the non-ideal capacitive 

behavior of the blocking electrodes (gray region) at a higher characteristic time constant. 

The DRT method can only reproduce resistive-capacitive impedance contributions as can be seen 

from Eq. (1.38). Therefore, neither inductive (ω → ∞), nor purely capacitive (ω → 0) contributions 

(e.g., influenced by diffusive or blocking-electrode behavior), can be considered. These constraints 

can be expressed mathematically regarding the complex impedance: 

lim
𝑗𝑗→0

Im( 𝑍𝑍(𝑗𝑗𝜔𝜔)) = lim
𝑗𝑗→∞

Im( 𝑍𝑍(𝑗𝑗𝜔𝜔)) = 0 (1.39) 

Im( 𝑍𝑍(𝑗𝑗𝜔𝜔)) ≤ 0    ∀𝜔𝜔. (1.40) 

The calculation of g(τ) is a mathematically ill-posed problem as there are usually more time 

constants nτ than measured data points mf (n > m). There is no unique solution to the optimization 

problem min{||Ax - b||2}, a linear system of equations consisting of a matrix Ai,k (normalized RC 

elements with a time constant τk assessed at ωi) and a vector b (m generated impedance values) to 

obtain the distribution function. Among others[297,300], one approach contains a numerical 

regularization introduced by Tikhonov[301,302]. This optimization function is extended by a 

regularization term min{||Ax - b||2 + ||λx||2}, including the regularization parameter λ, and 

x = [g1…gk…gnτ]T being the discrete values of g(τ). The term λx can be extended by a regularization 

process n
(τn)
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matrix M to Mλx, where M represents a multiple of the n × n identity matrix I. Since negative 

contributions to the impedance are physically impossible, the restriction 

xk = g(τk) ≥ 0     ∀ k, 0 < k ≤ n holds true. For the solution either complex values, real or imaginary 

parts alone[285,286], or (ideally) both real and imaginary parts, can be applied using a non-negative least 

squares (NNLS) solver. The equation for the optimization problem must be transcribed as the 

optimization algorithm which is applied in the used tool1 can only fed by matrix-vector systems. 

𝑨𝑨Reg = � 𝑨𝑨
𝜆𝜆 ⋅ 𝐈𝐈 ∈ 𝑅𝑅𝑛𝑛×𝑛𝑛�……………𝒃𝒃Reg = � 𝒃𝒃

0 ∈ 𝑅𝑅𝑛𝑛�. (1.41) 

After calculation of h(τk), the data are normalized to g(τk).[289,303–305] 

To perform a DRT analysis, all non-resistive-capacitive elements must be pre-processed in the first 

step. First, the frequency-independent R0 must be subtracted from the impedance. Furthermore, 

inductive and capacitive contributions connected in series need to be removed. Therefore, either the 

fit-and-reduce method or the cut-and-shift approach can be applied. For the former, a suitable EC 

circuit in series is fitted to the measured data and subsequently subtracted from the impedance 

spectrum to meet the constraints in Eq.(1.39) and (1.40). This process requires a priori knowledge 

from the operator as imprecise fits create peaks without any physical background. The second 

approach is based on removing any unwanted sample points [Im(Z) > 0] by cutting off the spectrum 

and has proven much more feasible. However, inductive behavior at the high frequency end can 

become significant and distort the distribution function for small time constants, even if Eq. (1.40) 

is fulfilled. Prior to any data processing, the validity of the measured spectrum is verified by a 

Kramers-Kronig test, which is considered passed at a residual smaller than 1%.[148,289] 

Besides qualitative analysis comprising number and origin of occurring processes or ageing effects 

differences between different samples, quantitative evaluation requires post-processing of the 

reconstructed data. The polarization of each peak can be quantified by fitting a sum of non-

normalized Gaussian probability density functions to the numerical distribution. For a smooth and 

reliable reconstruction of the measured impedance by DRT analysis, a most adequate choice of 

process parameters is crucial (e.g., λ and m). Therefore, the details and optimizations of DRT are is 

extensively studied in literature, but will not be discussed further in this context.[268,289] 

Extended DRT: Considering major drawbacks of the standard DRT analysis discussed above, it is a 

legitimate idea to include elements for ohmic (positive offset of real part impedances), inductive 

(diverging towards positive imaginary impedance at high frequencies) as well as capacitive 

(diverging behavior at low frequencies) effects within the extended DRT (eDRT) model. The 

elimination of pre-processing impedance data simplifies the DRT workflow and calculation, the 

constraints in Eq. (1.39) and (1.40) become obsolete, and there is no loss of information since always 

 
1 www.ec-idea.uni-bayreuth.de 

https://www.ees.uni-bayreuth.de/en/ec-idea/
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the full impedance spectrum is considered. Only minimal a priori assumptions are required, 

assigning inductive behavior to high and capacitive behavior to very low frequencies. Furthermore, 

the diffusive DRT peak (causing steep increase in Im(Z(jω) for regular DRT), is reproduced by the 

capacitive element and allows for a more detailed quantification of the diffusive processes. Eq. (1.42) 

displays the overall impedance function of DRT from Eq. (1.38) extended by the transfer functions 

of an inductance L and a capacitance C: 

𝑍𝑍(𝑗𝑗𝜔𝜔) = 𝑅𝑅0 + 𝑗𝑗𝜔𝜔𝑗𝑗 +
1

𝑗𝑗𝜔𝜔𝐶𝐶
+ 𝑅𝑅pol �

𝑔𝑔(𝜏𝜏𝑘𝑘)
1 + 𝑗𝑗𝜔𝜔𝜏𝜏𝑘𝑘

.
𝑛𝑛

𝑘𝑘=1

 (1.42) 

The lumped parameters of R0, L and C are included in the equation system extending Eq. (1.41) by 

three columns: 

𝑨𝑨Reg = �

𝑗𝑗𝜔𝜔1 1 1/(𝑗𝑗𝜔𝜔1)
𝑨𝑨 ∈ ℝ𝑚𝑚×𝑛𝑛 ⋮ ⋮ ⋮

𝑗𝑗𝜔𝜔𝑚𝑚 1 1/(𝑗𝑗𝜔𝜔𝑚𝑚)
𝜆𝜆 ⋅ 𝑰𝑰 ∈ ℝ𝑛𝑛×𝑛𝑛 𝟎𝟎 ∈ ℝ𝑛𝑛×3

�, (1.43) 

with an extended variable vector and therefore unchanged DRT calculation including Tikhonov 

regularization: 

𝒙𝒙 = [𝑔𝑔1 … 𝑔𝑔𝑛𝑛𝑗𝑗𝑅𝑅𝐶𝐶]T. (1.44) 

Generalized DRT: If the measured impedance of a system shows a more complex structure 

consisting of more than one superimposed resistive-inductive elements (converging to semi-circles 

with positive imaginary part), the model can be enhanced even further: introducing a series of RL 

elements (resistance in parallel with an inductance) for fitting in analogy to RC elements, the concept 

is referred to as generalized DRT (gDRT).[268,289] 

Within the scope of this work, the software tool ec-idea was used for reconstruction and 

interpretation of the impedance data. The algorithm2 is embedded in a Matlab Runtime 

Environment. Fitting parameters: the number of time constants nτ is set to the 3 to 5-fold amount of 

measured data points, the upper time constant limit is extended by 1 decade, the lower time constant 

limit by 1 to 3 decades, and the regularization parameter λ is set to 0.1 to 0.2 depending on the 

applied DRT version. 

1.4.2 Ionic conductivity using EIS 

The material parameters derived from an EIS spectrum can be split into two main categories: The 

first one includes electrode-bulk interface parameters, e.g., adsorption-reaction rate constants or 

capacitance of the interface region. The second group comprises material-related parameters such 

as dielectric constants, mobility of charges and σ (cf. chapter 1.3.1).[260] Especially this second group 

 
2 www.ec-idea.uni-bayreuth.de 
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of parameters has tremendous influence on the battery performance as it contributes to the overall 

resistance of a cell in terms of the overpotential required to overcome the energy barrier of the 

specific process.[306] 

1.4.2.1 Cell setup and EIS measurement 

The overall σ of an SPEs is accessible by EIS in potentiostatic mode (PEIS) (cf. chapter 8.2.1). For an 

isolated determination of the plain σ, two blocking-type electrodes are used. Stainless steel 

StSt|SPE|StSt symmetrical CR2032 coin cells in two-electrode configuration are assembled and 

hermetically sealed. For the investigation of electrochemical systems, the selection of type of test cell 

set up is essential. In many cases, the reactions taking part on the working electrode (WE, positive 

electrode or cathode) are of specific interest. The measurement is typically coupled with a second 

electrode of known potential (reference electrode, RE), as the potential of a single electrode cannot 

be measured directly but must rather be specified in relation to a reference. This could be either 

realized in a two-electrode configuration with the WE of interest as well as a combined counter (CE, 

negative electrode, or anode) and reference (RE) electrode. In this type of setup, always the full cell 

voltage (potential between anode and cathode) can be controlled and monitored. Alternatively, a 

three-electrode configuration utilizes separate, independent electrodes for CE and RE in combination 

with the WE. A separate RE allows for monitoring the individual electrode potentials independently, 

while electrochemical reactions take place between WE and CE. This provides access to extensive 

mechanistic studies even in complex full cell setups (e.g., failure, aging, and interphase formation). 

Suitable REs (e.g., Li4Ti5O12) are characterized by highly reproducible and reliable potentials and a 

non-polarized surface, which is often only partly realized in real cells. Prior to the application as RE, 

lithium titanium oxide (LTO) is usually charged to a SOC of about 50% to ensure reliable and highly 

reproducible electrode potential over the entire range. However, LTO-based REs are experimentally 

more difficult to handle, making the application of metallic Li (Li/Li+) as RE more convenient. In 

the case of Li metal in two-electrode configuration, current-potential (polarization) curves at steady-

state conditions show a drastic drift in potential under an infinitesimally low current during volt-

amperometric measurements (horizontal region in an I-E plot). Therefore, Li cannot be considered 

an ideal non-polarizable electrode. Moreover, it shows no thermodynamic equilibrium and can thus 

be termed pseudo-reference electrode. In symmetrical cell setups, the overpotentials observed at 

each electrode are assumed identical, making the cell a bipolar device. WE and CE can be considered 

identical as both show an OCV of ≈ 0 V.[33,59,307–314] In this work, throughout rely on a two-electrode 

setup to record and study all relevant parameters, including the compatibility of Li metal with diverse 

SPE systems as well as their respective performance in LMBs. Figure 1.24 shows the cell assembly 

for a blocking electrode setup: 
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Figure 1.24: Cross section of the symmetrical StSt|SPE|StSt blocking electrode cell setup for determining σ of an SPE. 

Dimensions are not scaled correctly. 

The term “blocking electrode” refers to a blank metal surface without faradaic reactions, i.e., an ideal 

capacitor. Hence, no additional resistive interfacial layer is formed, which would impede the 

determination of the bulk resistance. Next to stainless steel, also other metal electrodes with 

sufficient dimensional stability to allow for the exact determination of the electrolyte thickness can 

be used, e.g., nickel or platinum.[57,123,148,174] 

1.4.2.2 Determination of the ionic conductivity 

The examined system reproducing a simple SPE layer, consist of an RC element in series with a 

capacitance as discussed above (Figure 1.25). The impedance Z can be calculated according to 

Eq.(1.33). For the contribution of only the RC element ZRC,bulk, the expression in Eq. (1.35) holds 

true. All inductive impedance contributions (RC element) approach zero at very high frequencies, 

meaning that the resistive offset R0 can be read from the high frequency end. At low frequencies, the 

denominator in Eq. (1.34) approaches 1, and therefore the impedance becomes completely resistive 

(Rbulk). In between these extreme cases, the RC impedance consists of a real part due to ohmic 

resistance as well as an inductive contribution This leads to the formation of a semicircle in the 

resulting Nyquist plot.[123,252] 

 
Figure 1.25: Nyquist plot of an SPE measured in a symmetrical StSt|SPE|StSt blocking electrode cell setup comprising 

ohmic offset R0 and bulk resistance Rbulk (diameter of the semicircle) for the determination of σ as well as the non-ideal 

capacitive branch of the blocking electrodes. The arrow indicates the direction of increasing frequency f. 

The values for Rbulk and R0 are either extracted by the intercepts of the measured semi-circle (Rbulk ≙ 

diameter of the semicircle) with the x-axis in the Nyquist plot, or they can be calculated from the 

reconstructed DRT spectrum using for example the ec-idea tool. After the experiments, the coin cells 

are disassembled in the argon-filled glovebox to determine the final electrolyte thickness (l), 

necessary for the calculation of σ (Eq. (1.45)). Furthermore, the active area Aactive of the sample at a 
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given temperature T is taken into account. The averaged σ for an electrolyte is calculated from three 

independent measurements.[34,123,252,260,278] 

𝜎𝜎 =
𝑙𝑙

𝑅𝑅bulk𝐴𝐴active
. (1.45) 

1.4.3 Lithium transport number using chronoamperometry and EIS 

In cells with non-blocking electrodes (e.g., Li metal or other Li-containing electrochemical active 

materials) an electrochemical reaction is taking place at the electrode upon transfer of charges across 

the interface. The electrochemical (dis-)charge of a polarized electrode takes place depending on the 

ability to release (negative electrode, anode) or accept (positive electrode, cathode) electrons at a 

certain potential. The impedance contribution of this processes is denoted thereof is represented as 

the charge-transfer resistance Ri and includes mass-transport, adsorption, formation of interphases 

and charge-transfer contributions within the Helmholtz interfacial layer. The charge transfer RC 

element is represented by is reflected as a semicircle (ZRC,i) in the low-frequency region in the Nyquist 

plot, in addition to the bulk σ being the higher-frequency semicircle (ZRC,bulk) (cf. chapter 1.4.1 and 

Figure 1.27a). Due to the depletion or accumulation of charge and matter at the electrodes as a 

consequence of the electrochemical reaction, mass (e.g., Li salt) will be released into or consumed 

from the bulk. This causes a concentration gradient, in which the more abundant continuously 

replenishes the depleting species. As a result, diffusive mass transport occurs in the form of a 

diffusion layer that is accessible by EIS and represented as a complex diffusion impedance element 

(diffusive branch, chemical diffusion coefficients) in the low frequency range of the Nyquist plot (in 

contrast to the capacitive branch in the case of blocking electrodes, cf. chapter 1.4.1).[252,260] 

1.4.3.1 Cell setup and steady-state current method 

Among various other approaches such as the isothermal transient ionic current method or the 

Tubandt method[127,315,324–327,316–323], the LTN (cf. chapter 1.3.2) can be determined using the steady-

state current (SSC) method first introduced by Bruce and Vincent[128,328,329] for solid electrolytes based 

on a combination of EIS and direct current (DC) polarization[330] in a chronoamperometric (CA) step. 

Prerequisites for this technique are the absence of supporting electrolytes (electrolyte containing 

chemical species that are not electroactive), convection and ion-associated species.[320,328] 

For the determination of tLi
+ (cf. chapter 8.2.2), non-blocking symmetrical lithium Li|SPE|Li CR2032 

coin cells in two-electrode configuration are assembled and hermetically sealed as illustrated in 

Figure 1.26: 
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Figure 1.26: Cross section of the symmetrical Li|SPE|Li non-blocking electrode cell setup for determining the LTN or the 

stability against lithium metal of an SPE. Dimensions are not scaled correctly. 

In a first step, PEIS measurements are performed to obtain the initial bulk Rbulk,0 (first, high-

frequency semi-circle) and interfacial resistance Ri,0  (second, low-frequency semi-circle) of the cell 

prior to polarization, when the concentrations of both anions and cations are approximately similar 

and constant on both sides of the electrolyte layer (cf. Figure 1.27a, red line). In the subsequent CA 

step, a (low) DC potential is applied and a current I0 is measured. Thereafter, I0 decreases 

monotonically until a steady-state current Iss is approached after a certain amount of time (cf. Figure 

1.27b). This drop is considered to result from the formation of an ionic concentration gradient 

affecting the motions of both anions and cations in the electrolyte and an additional decrease due to 

the build-up of an SEI to a limiting thickness.[320,328] Before DC polarization, cationic and anionic 

species are equally distributed on either side of the electrolyte layer. Upon applying a constant 

potential, Li+ is forced to accumulate on the negatively polarized side whereas the anions migrate in 

the opposite direction, accumulate at the anode, and thus strongly contribute to the initial current. 

Thus, their charge opposes both the charge balance in the electrolyte and the internal cell voltage in 

general. While the cations migrate and diffuse in the same direction, the anions tend to follow the 

cations and diffuse towards the negative polarized side (the net flux of anions is zero as the Li surfaces 

are “blocking” to the anions). However, due to the electrochemical interaction of Li+ at the Li 

electrodes, part of the current remains more or less constant, resulting in a constant steady-state 

current.[123] The amount of the DC bias has to be chosen cautiously to obtain representative transport 

properties of the electrolytes. If the potential is too low, primarily ion transport in the resistive 

passivation layers of the electrodes rather than in the electrolyte occurs. To compensate the large 

potential loss across the passivation layers, either the DC potential has to be raised or the electrolyte 

thickness has to be adjusted. Moreover, too high DC biases do not provide representative results as 

it lies outside the linear voltage/current regime.[127,331] After the CA step, another impedance 

spectrum is recorded with the steady-state values of Rbulk,ss and Ri,ss to determine the fraction of Li+ 

in the total charge (cf. Figure 1.27c, blue line).[57,148,174] 

Li

Li
SPE
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Figure 1.27: Measurement sequence with exemplary data for the determination of tLi+: (a) EIS measurement prior to DC 

polarization drawn in red. (b) CA step. (c) EIS measurement after DC polarization drawn in blue. R0 corresponds to the 

ohmic offset of the system. 

1.4.3.2 Determination of the lithium transport number 

Taking the measured values into account, tLi
+ (uncorrected version) can be expressed as the ratio of 

steady-state Iss to initial current I0, as only the remaining part Iss corresponds to the current caused 

by Li+: 

𝑡𝑡Li+ =
𝐼𝐼ss

𝐼𝐼0
, (1.46) 

where I0 can be calculated according to Ohm’s law and Eq. (1.45): 

𝐼𝐼0 =
𝜎𝜎𝐴𝐴active

𝑙𝑙
Δ𝑉𝑉. (1.47) 

Iss is obtained by the insertion of Eq. (1.47) in Eq. (1.46) after rearranging: 

𝐼𝐼ss =
𝑡𝑡Li+𝜎𝜎𝐴𝐴active

𝑙𝑙
Δ𝑉𝑉, (1.48) 

whereas in real systems the interfacial resistances before (Ri,0)and after polarization(Ri,ss) have to be 

considered (correction factor). This leads to the initial and steady-state current: 

𝐼𝐼0 =
1

� 𝑙𝑙
𝜎𝜎𝐴𝐴active

� + 𝑅𝑅i,0

Δ𝑉𝑉, 𝐼𝐼ss =
1

� 𝑙𝑙
𝑡𝑡Li+𝜎𝜎𝐴𝐴active

� + 𝑅𝑅i,ss

Δ𝑉𝑉, (1.49) 

Rearranging Eq. (1.49) for the initial current leads to: 

𝜎𝜎𝐴𝐴active

𝑙𝑙
=

𝐼𝐼0

Δ𝑉𝑉 − 𝐼𝐼0𝑅𝑅i,0
, (1.50) 

which can be inserted into Eq. (1.49) for the steady-state current and thus tLi
+ can be calculated as: 

𝑡𝑡Li+ =
𝐼𝐼ss(Δ𝑉𝑉 − 𝐼𝐼0𝑅𝑅i,0)
𝐼𝐼0(Δ𝑉𝑉 − 𝐼𝐼ss𝑅𝑅i,ss)

. (1.51) 

EIS with small voltage polarization and neglectable ion-ion electrostatic interactions is applied to 

determine the resistance of the passivating layer in the initial (Ri,0) and the steady state (Ri,ss).[123,320,328] 
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As the determination of the initial current is prone to significant errors and limited by the time 

resolution of the instrument, I0 can also be estimated according to Ohm’s law:[123,332,333] 

𝐼𝐼0 ≡ 𝐼𝐼Ω =
Δ𝑉𝑉

𝑅𝑅bulk,0 + 𝑅𝑅i,0
. (1.52) 

1.4.4 Stability against lithium metal using galvanostatic cycling without potential 

limitation 

Symmetrical Li cells are an ideal platform for the quantitative evaluation of an electrolyte in contact 

with Li metal electrodes. As both Li electrodes are identical, the processes and electrochemical half-

reactions at the Li electrode can be observed exclusively even in two-electrode configuration.[123] 

Changes in the time-dependent cell voltage profiles (E-t) during galvanostatic cycling can be 

qualitatively and quantitatively related to Li metal anode stability and quality of the SEI. 

Furthermore, the technique provides insight into electrolyte stability and performance as well as the 

reversibility of lithium deposition and dissolution (plating and stripping).[51,58–60,334–337] The varying 

cell polarization during cycling correspond to the cumulated cell resistance under current flow. The 

morphology and electrochemistry at the Li electrodes, but also other parameters such as electrolyte 

composition, dimensional and mechanical properties, current density as well as depth of discharge 

directly influence overpotentials and other resistive contributions in the form of a complex 

interplay.[55,338–340] 

1.4.4.1 Cell setup and constant current measurement 

A controlled constant current (CC) is applied between the WE (Li) and CE + RE (Li) by a current 

source (galvanostat), which is continuously reversed at equal absolute amperage after a defined time. 

In a two-electrode configuration, the cell voltage between the two electrodes is recorded (cf. chapter 

8.2.3). This can be called a cyclic chronopotentiometric or galvanostatic method, since E is 

determined as a function of time during the application of a low, constant current.[33,307] In 

symmetrical Li|SPE|Li cells, lithium is oxidized at one electrode and simultaneously reduced at the 

other electrode depending on the direction of the current (Li plating/stripping, cf. chapter 8.2.3). 

Compared to a battery with two different electrodes, the same degradative processes take place in an 

alternating fashion at both electrodes.[340] 

In this work, CR2032 coin cells were prepared, mounted and connected in a two-electrode 

configuration according to chapter 8.2.2.[57,174] Figure 1.28 displays the three steps of ideal 

galvanostatic cycling with no influence of overpotentials caused by kinetic effects or other 

resistances. (a) shows the cell before cycling in OCV condition, which should amount to Ewe ≈ 0 V 

vs. Li/Li+ for symmetrical cell. In (b), the voltage response during the first charging step (1st half 

cycle) induced by the positive applied current (red dashed line) is recorded (blue line). While lithium 
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is stripping off the electrode, the voltage remains stable as long as current is applied. Thereby, 

simultaneous depletion of Li+ on one and Li+ plating on the opposing electrode without significant 

kinetic hindrances or electrochemical side reactions can be assumed. At the end of the half cycle, the 

current direction is reversed in the third step (c, 2nd half cycle) at the same absolute value. If the 

voltage profiles show a constant step-wise shape without significant spikes or overpotentials during 

cycling, the combination of electrolyte and lithium metal can be considered as stable and 

compatible.[123] 

 

 
Figure 1.28: Galvanostatic cycling of a symmetrical Li cell in two-electrode configuration at a current of 0.2 mA in both 

directions (charging/discharging) with a cycle duration of 2 h (1 h for each half cycle), exemplarily demonstrating ideal 

behavior. (a) OCV of the cell before cycling (Ewe ≈ 0 V vs. Li/Li+). (b) First charging step (1st half cycle) at the applied 

current (red) and corresponding cell voltage (blue) as a function of time (here, overpotential for lithium stripping: 0.06 V). 

(c) First discharging step (2nd half cycle) at reversed current and cell voltage as a function of time (plating 

overpotential = 0.06 V). Adapted from literature.[123] 

1.4.4.2 Cycling under real conditions 

In real cells the temperature during cycling plays a significant role for the voltage profiles. Lower 

temperatures cause higher interfacial resistances due to the reduced charge carrier mobility in the 

interfacial layer and the impeded charge-transfer at the electrode/electrolyte interface. Better contact 

and compatibility between electrode and electrolyte can be achieved in the molten/viscous state of 

the electrolyte in OCV conditions, which can also be monitored via EIS.[340] Li metal electrodes can 

display strong overpotentials due to kinetic hindrances during the Li plating/stripping processes 

depending on the applied current density. A symmetrical Li cell setup in a two-electrode 
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configuration can only be accurately described as half-cell setup for very low current density. At 

higher currents, polarization effects within the lithium metal distort the corresponding voltage 

response. The current load leads to voltage drops with two main contributions: an instantaneous 

“IR-drop” ΔVIR and dynamic overpotentials ΔVpolarization (cf. chapter 1.1.2). ΔVIR is visible at the 

beginning of each step in Figure 1.29b (green region). ΔVpolarization is usually observed as an 

asymptotical voltage increase (“arc”, orange region Figure 1.29b) during each step due to its 

resistive-capacitive nature. The steepness of the curve varies until a steady-state or lithium 

concentration of zero at the plated electrode is reached, which is caused by the formation of ionic 

concentration gradients and strongly influenced by the mobility of Li+.[33,51,58–60,307] 

The chemical composition of the SEI as well as a rough morphology of the Li metal (e.g., edges, 

cracks, and pits) lead to a nonuniform current distribution when an electric field is applied and 

thereby to locally preferred lithium deposition/dissolution. After cracking the surface film (native 

surface film and SEI), the stronger electric field, higher specific surface and interface area as well as 

lower bulk and grain boundary resistance of the “fresh” deposited Li protrusions generate a self-

amplifying effect of heterogeneous lithium deposition.[59,341] This effect leads to a drastic decrease of 

the overpotential within the first few cycles and is furthermore reflected by a significantly lower Ri, 

while Rbulk almost remains constant. This is also expressed in the transformation of the voltage profile 

from an “arcing” shape to an almost flat plateau upon cycling (Figure 1.29a to b).[340,342]  

Poor cycling performance in terms of high overpotentials and an “arcing” shape of the voltage profile 

can also relate to a low σ of the polymer electrolyte and interfacial layer. Below a certain threshold 

temperature depending on the thermal transitions of the electrolyte, the system’s response 

(segmental motion, i.e., ionic transport) lags behind the excitation (applied current).[58,339,342] A linear 

region in the later phase of an (“arcing”) voltage profile indicates constant cell polarization due to 

ionic concentration gradients and thus stable and homogeneous lithium deposition. In the case of 

only very little contribution of ΔVpolarization onto the initial voltage drop ΔVIR (i.e., low degree of cell 

polarization), higher steady-state currents and more homogenous plating can be realized. It was also 

demonstrated that the mechanical stability of the solid electrolyte has only a minor influence on the 

Li cycling behavior in terms of the polarization overpotential.[55,58,339] 

Increased current density applied to a cell is accompanied with an increase in overpotential due to 

higher concentration gradients in the electrolyte and diffusion-limited Li+ transport.[339] Cell failure 

as a result of the drastic increase in overpotential is often attributed to the formation of a highly 

resistive layer. This is caused by the progressing reductive decomposition of the electrolyte system 

on the Li electrode.[59] 
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Figure 1.29: Galvanostatic cycling of a symmetrical Li|SPE|Li sample cell in two-electrode configuration at a current of 0.2 

mA in both directions. One full cycle is displayed. (a) Voltage profile in an early stage of cycling showing peaking behavior. 

(b) Voltage profile in a later stage of cycling showing arcing behavior. Arcs flatten towards the end of each half cycle. The 

two major contributions to the voltage drop are highlighted green (ΔVIR) and orange (ΔVpolarization). Adapted from 

literature.[55,58,338] 

1.4.4.3 Reaction kinetics at electrodes 

If a current load is applied to a cell and the system is taken out of equilibrium, the reaction kinetics 

at each electrode and the respective relationship between applied current and resulting overpotential 

under non-equilibrium conditions are governed by the Butler-Volmer equation (BV equation) 

within a modified current-overpotential relationship:[33,55,343–345] 

𝐼𝐼 = 𝛾𝛾𝑛𝑛𝑘𝑘eff
0 �𝑐𝑐Li exp �

(1 − 𝛽𝛽)𝑛𝑛
𝑅𝑅𝑅𝑅

𝜂𝜂CT� − 𝑐𝑐Li
+ exp �−

𝛽𝛽𝑛𝑛
𝑅𝑅𝑅𝑅

𝜂𝜂CT�� 

γ:    Parameter accounting for the roughness of the electrode surface (ratio between the total surface 
area of the electrode and the 2D projected surface area) 

F:     Faraday constant (C mol-1) 
k0eff: Effective heterogeneous rate constant depending on the morphology of the electrode (m s-1) 
cLi:    Surface concentration of metallic lithium (mol m-3) 
cLi+:  Surface concentration of lithium-ions (mol m-3) 
ηCT:  overpotential of the charge-transfer (V) 
β:     Charge transfer symmetry coefficient (a measure for the symmetry of the energy barrier, here: β = 0.5) 
R:     Universal gas constant (J mol-1 K-1) 
T:     Temperature (K). 

(1.53) 

Including contributions from kinetically slow and fast processes, k0
eff can be written as: 

𝑘𝑘eff
0 = 𝜃𝜃fast𝑘𝑘fast

0 + 𝜃𝜃slow𝑘𝑘slow
0 = 𝜃𝜃fast𝑘𝑘fast

0 + (1 − 𝜃𝜃fast)𝑘𝑘slow
0 , (1.54) 

with the fractions of the electrode surface area with fast and slow kinetics θfast and θslow 

(θfast + θslow = 1), and their corresponding rate constants k0
fast and k0

slow, respectively. The values of 

both γ and θfast are dependent on the time-varying electrode surface morphology, and the 

overpotential ηCT is affected by both the spatially varying rate constant (k0
eff) and the time-varying 

concentration of Li+-ions at the surface (cLi
+). 
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1.4.4.4 Formation of lithium dendrites and dead lithium 

Before cycling of Li-Li cells, the initially planar electrode surface is covered by a native surface film 

and a heterogeneous SEI. When a current is applied, local pits are created at “hot spots” on the 

electrode surface which is stripping off Li+. The interfacial layers are then collapsing into these newly 

formed vacancies. During the subsequent plating step (Scheme 1.3a), Li+ preferentially nucleates at 

these “hot spots”, which are created by uneven current distribution at surface inhomogeneities. The 

nucleation results in a subsurface disturbance, causing localized fracture in the SEI and exposing the 

underlying bulk Li metal. This process promotes formation of mossy dendrites at these spots. Faster 

reaction kinetics of the SEI formation on freshly plated Li compared to the bulk surface, forces the 

subsequent Li+ to deposit preferentially on existing dendrites rather than nucleating new dendrites. 

The predominance of either of the two competing processes – dendrite growth vs. nucleation – is 

dictated by the SEI, which in turn depends on the electrolyte. As soon as a dendrite is formed, the 

exposed Li surface reacts with the electrolyte under the consumption of lithium. When the polarity 

is reversed, Li is then stripped from the already existing mossy dendrite (Scheme 1.3b) due to the 

reduced impedance and faster kinetics at the larger surface area compared to the bulk. After all Li 

deposited within the dendrites is consumed, the transition to kinetically slower dissolution from the 

bulk metal results in an increased cell polarization. A fast-forming concentration profile leads to a 

relatively short gradient across the cell, making the variations in k0
eff the dominant process rather 

than the time-dependent changes in cLi
+. During the initial cycles, the along the electrode/electrolyte 

interphase spatially varying rate constant (k0
eff) dictates the shape of the cell polarization and creates 

a well-defined “peaking” shape of the voltage prole (Figure 1.29a). Thereby, k0
eff is associated with 

transitions between kinetically fast and slow interfacial reactions with no capacitive contribution. 

Upon dissolution of Li, the size of the dendrites decreases, resulting in an increasing impedance. 

Large volumetric changes can cause fracture or mechanical failure, which lead to mechanical 

detachment of the mossy dendrites from the bulk surface and isolate them physically and/or 

electrically. Furthermore, Li at the base of the dendrite can be removed, which electronically 

insulates the rest of the structure while the latter is still attached to the surface via the SEI layer. Both 

detached and insulated lithium fragments are considered inactive or “dead” Li, which results in 

reduced coulombic efficiency as the faradaic current causes parasitic reactions, and a loss in capacity. 

In the subsequent discharging step, Li can more or less only be stripped from the bulk, which creates 

new surface pits (Scheme 1.3c). As the surface layers are fractured during pitting, the surface area 

continues to increase, which leads to kinetically faster reaction pathways and decreasing cell 

polarization. When the polarity is reversed again, the nucleation of Li+ at these pits becoming then 

new mossy dendrites is favored over inactive (“dead”) Li (Scheme 1.3d). Compression of “dead” Li 

to a compact interfacial layer between the bulk and the electrolyte (different from the SEI) by the cell 

stack pressure leads to the formation of a “tortuous” interphase. As this layer accumulates during 
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further cycling of the cell, it lengthens the diffusion path of Li+ to the electrode/electrolyte and thus 

limits mass transport and leads to significant electrode overpotentials (Scheme 1.3e). 

During prolonged cycling, the voltage peaking behavior declines, and the voltage curve continuously 

converges to an arc shape, followed by a plateau (Figure 1.29b). This transformation cannot be fully 

explained by morphology-driven reaction kinetics, rather mass transport effects must be considered. 

Upon formation of coiled pathways for Li+ transport across the interphase layer, regions with varying 

effective diffusion coefficients take shape. The reduced diffusion coefficient in the electrolyte 

compared to that in the “dead” Li layer increases the concentration gradient and therefore raises the 

electrode overpotential, corresponding to an “arc” in the voltage profile. As the dynamic 

concentration gradient reaches a quasi-steady-state equilibrium, the voltage profile approaches a 

plateau. Large differences in Li+ concentration causes mass transport to dominate the shape of the 

cell polarization. A smaller effective diffusion coefficient during accumulation of inactive lithium 

increases the radius of the “arc” curvature, and the hindered diffusion enlarges the time interval as 

well as the overpotentials to reach steady-state conditions. 

Variations in the voltage profile shapes of in different electrolyte systems are indicative of cell 

performance. Systems with poorer performance typically show a steeper slope at an earlier point in 

the half-cycle, accompanied by a higher overpotential. For systems with excellent performance, the 

“peak” is blurred, less intense and occurs later. In general, a shift of the cell polarization maximum 

indicates an improved coulombic efficiency. Moreover, the evolution and transition from “peaking” 

to “arcing” is independent of depth of discharge and current density.[55,59,60,338,346–350] 

 
Scheme 1.3: Formation of dendrites, pits, and “dead” Li on the Li surface during galvanostatic cycling in symmetrical Li 

cells, beginning with (a) the Li plating on mossy dendrites in the 1st half cycle, followed by the stripping from mossy 

dendrites in the 2nd half cycle (b). Reversed current leads to stripping from bulk Li (c). In the 3rd half cycle (d), Li+ nucleates 

on freshly formed mossy dendrites, and in later cycling Li+ needs to diffuse through a “dead” Li layer (e).[338] 

1.4.5 Electrochemical stability using linear sweep voltammetry and cyclic voltammetry 

SPEs need to be electrochemically stable against electrochemical redox reactions within the required 

potential range (electrochemical stability window) to allow for reversible electrochemical reactions 

taking place at the electrodes in Li batteries. The cell chemistry of the electrodes basically defines the 

potential window. Information about potential-dependent interphase reactions such as adsorption 

processes at the electrodes, reductive and oxidative stability and/or Li plating/stripping behavior of 

electrolytes or current collectors, or the reversibility of a redox system (e.g., potential plateaus of an 
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electrode couple) can be obtained by potential sweeping methods by determining the current as a 

function of the varied (sweeped) potential (I-E curves). In the case of linear sweep voltammetry 

(LSV), the potential between WE and CE + RE is increased linearly in one direction (i.e., the applied 

signal is a voltage ramp) with sweeping rates ranging from 0.1 to about 10 mV s-1. An extended 

version of LSV is called cyclic voltammetry (CV), in which the potential between WE and CE is 

periodically reversed to repeatedly scan in forward and backward direction. With the varied 

potential, the concentration of the analyte and the thickness of the diffusion layer change over time. 

Analytes with a reversible, characteristic charge transfer reaction show at least two current peaks in 

the I-E-plot, while irreversible processes are characterized by a single peak. The current is 

predominantly limited by the charge transfer reaction (continuity control), size of the electrode, and 

concentration of the redox-active species. The reversibility of an electrochemical reaction can be 

examined comparing the shape (qualitative) and the integral (quantitative) of the current profiles in 

anodic and cathodic direction. Moreover, repeated cycling provides a measure for the 

reproducibility of the processes. Increasing the sweeping rate reduces the influence of the reaction 

rate on the current. However, peaks from intermediate reactions can thereby merge with the main 

peaks. Furthermore, the amplitude of the main peaks can also change as a result of increased current. 

As overpotentials increase with higher currents, the amount of charge that can be transferred is 

limited.[33,351–353] 

1.4.5.1 Cell setup and LSV measurement 

The electrochemical stability of the SPEs is determined by LSV between Ei and EL vs. Li/Li+ with a 

constant scan rate of dE/dt. Asymmetrical Li|SPE|StSt CR2032 coin cells (Figure 1.30a, cf. chapter 

8.2.4) in two-electrode configuration are assembled and hermetically sealed. StSt serves as the WE, 

whereas Li acts as the CE and RE.[57] 

 
Figure 1.30: Cross section of the asymmetrical Li|SPE|StSt non-blocking electrode cell setup to determine the 

electrochemical stability (e.g., anodic/oxidative stability) of an SPE. Dimensions are not scaled correctly. 

Figure 1.31b exemplarily shows the I-E curve of a typical SPE for the evaluation of its anodic stability. 

The latter describes the maximum voltage at which a battery can be cycled without irreversible 

decomposition or side reactions of the electrolyte due to oxidative decomposition of the electrolyte 

at the cathode. The anodic region (E > OCV) contains information about the electrolyte’s stability 

against oxidation and strictly depends on the applied electrodes. The onset of decomposition is 

followed by a steep increase in the measured current upon increasing voltage. The anodic breakdown 

Li
SPE
StSt
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potential is defined as the x-intercept of the intersection of both the tangent for the around-zero 

current in the stable voltage-window and the tangent during the steep current increase (Figure 

1.31b). Irreversible oxidative decomposition of the electrolyte on the cathode is considered for an 

arbitrarily set threshold faradaic current of I = 100 µA cm-2. Various parameters such as reaction 

volume, sweeping rate, temperature, and the material of the current collector may influence the 

onset potential. Two-electrode configuration and high sweeping rates may result in an 

overestimation, whereas high temperatures can lead to lower onset values. The cathodic region 

(E < OCV) allows for determining the reductive stability of the electrolyte. For potentials less than 

1.5 V vs. Li/Li+, peaks are generally associated with SEI formation due to reductive decomposition 

of the electrolyte and additives. [33,123,349,354–357] 

 
Figure 1.31: (a) Linear potential sweep between Ei and EL vs. Li/Li+ with a constant scan rate of dE/dt. (b) Resulting linear 

sweep voltammogram of a typical SPE. The anodic breakdown potential can be defined as intercept of the tangents of both 

zero-current regime and steep current increase regime. Dashed horizontal line: threshold value for the oxidative stability 

at I = 100 µA cm-2.[33,123,211] 

1.4.5.2 Cell setup and CV measurement 

CV studies are conducted in asymmetrical Li|SPE|Cu (Figure 1.32a) and Li|SPE|LFP (Figure 1.32b) 

non-blocking electrode CR2032 coin cells in two-electrode configuration with a periodically 

sweeping potential between E1 and E2 vs. RE at a scan rate of dE/dt (Figure 1.33a and cf. chapter 

8.2.4). Cu and LFP serve as WE, whereas Li acts as combined CE and RE.[57,174] 

 
Figure 1.32: Cross section of the asymmetrical Li|SPE|Cu (a) and Li|SPE|LFP (b) non-blocking electrode cell setup to 

determine the electrochemical stability (e.g., anodic and cathodic stability, and/or Li plating/stripping behavior) of an SPE 

or current collector, or the reversibility of a redox system. Dimensions are not scaled correctly. 

Figure 1.33b+c depicts the I-E curves of the CV measurements applying two different cell setups, 

while Figure 1.33a shows the applied potential. In plot (b), a SPE is measured in an asymmetrical 

Li|SPE|Cu cell starting at OCV (Ewe ≈ 2.9 V vs. Li/Li+). The highly reversible peak in the cathodic 

region between -0.2 and 0.02 V vs. Li/Li+ can be assigned to Li plating/stripping onto/off the copper 
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WE. At a cathodic voltage < 0 V vs. Li/Li+ Li+ close to Cu is reduced to elemental Li, which is then 

plated on top of the electrode. By reversing the potential (> 0 V vs Li/Li+), plated Li is oxidized and 

the formed Li+ is stripped off the Cu electrode. The existence of this peak proves a sufficient transfer 

of Li+ through the SPE and charge transfer with the applied cathode material. Much smaller 

reversible anodic and cathodic peaks in the more anodic region are attributed to redox processes 

involving electrode surface species and electrolyte decomposition. For the Li|SPE|LFP cell 

(Ewe ≈ 3.3 V vs. Li/Li+) in plot (c), two reversible peaks are visible, significantly displaced against each 

other. The current density increases rapidly during the anodic scan at the reversible potential 

attributed to the electrochemical oxidation of the Fe2+-species during Li+ de-intercalation (charging) 

from the olivine structure forming iron phosphate. The depletion of reactants beyond this reversible 

potential causes a concentration gradient extending into the electrolyte. Consequently, the diffusion 

transport at the electrode decreases and so does the current, forming a peak with a well-defined 

maximum. After reversing the potential, a corresponding cathodic peak indicates the reversible 

cathodic reaction of iron phosphate. Fe3+-species are formed during re-intercalation (discharging) 

of Li+ to re-obtain the original compound LFP.[30,57,174,351] 

 
Figure 1.33: (a) Cyclic potential sweep between E1 and E2 vs. RE (EWE = Ei = 0 V vs. OCV and final scan towards Ef = 0 V 

vs. OCV) at a scan rate of dE/dt. (b) and (c): Resulting cyclic voltammograms of an SPE measured in asymmetrical 

Li|SPE|Cu (b) and Li|SPE|LFP (c) cells. The OCV theoretically amounts to 3.4 V in (b) and 3.81 in (c).[123,351,358,359] 

1.4.6 Charge/discharge cycling of Li metal cells using galvanostatic cycling with 

potential limitation 

The main difference between primary (e.g., alkaline Zn/MnO2) and secondary batteries 

(accumulators) lies in their rechargeability. Li accumulators are typically rechargeable for a high 

count of cycles maintaining high energy efficiency. Galvanostatic cycling is an important experiment 

in battery research to evaluate the cycling performance of cells with varying charge/discharge rate 

(C-rate), temperature, potential window and other parameters. The amount of charge stored in an 

electrode during continuous cycling can be determined by this method. Material properties for 

reversible ion storage including electrode potentials and reversible as well as irreversible capacities 

are accessible. Furthermore, the practicality of new electrolytes and additives can be screened, 

preferably performed in commercial cell containers to ensure high reproducibility. Especially for Li 

metal cells with a large excess of active Li as anode, declining cell performance (e.g., capacity fading) 
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can be related to intrinsic material and/or cathode degradation (i.e., changes in crystal structure, 

contact loss, particle cracking, binder failure, or increased cell resistance due to interphase formation 

on both electrodes).[307,351] 

The electrochemical reaction is accompanied by charge transfer at each of the two electrodes. During 

deposition and dissolution, the lithium enters and leaves the electrode, respectively, and is in an 

ionized Li+ state in the electrolyte. In electrochemical equilibrium, the electrode reactions take place 

continuously. In the out-of-equilibrium state, the reaction kinetics follow the Butler-Volmer 

equation (1.53). The potential between the electrodes is recorded in dependence of an applied 

current within a user-set upper limit. The latter is referred to as cut-off potential depending on the 

material’s redox peak range to avoid side reactions.  

If a battery is used as a galvanic cell, the anode is considered as the negative (N), whereas the cathode 

is defined as the positive electrode (P) in two-electrode configuration. It can be termed as full-cell 

setup, where the cell voltage (difference between the electrode potentials) is measured and used to 

control the cut-off conditions during operation. Additionally, in a three-electrode configuration, the 

electrode potentials (in V vs. RE) of N and P can be monitored independently from each other using 

a separate RE (cf. chapter 1.4.2). In contrast, in half-cell setups the potential of the examined electrode 

(WE) is controlled and monitored, either in two- or three-electrode configuration. Li metal 

combined with a redox-active cathode material capable of storing Li+ in two-electrode configuration, 

is typically both, CE and RE. Additionally, Li is intrinsically an almost unlimited source of Li+ 

(unbalanced capacity ratio of N/P: N oversized compared to P). Therefore, cells comprising Li metal 

electrodes can either be in half-cell or full-cell setup. However, a moderate current load leads to a 

voltage drop at the electrode due to kinetic hindrances during Li dissolution/deposition (c.f. chapter 

1.4.4), distorting the measured cell voltage, and potentially leading to misinterpretation of the 

performance in full-cells. Consequently, monitoring of the exact electrode potential (here: WE 

potential Ewe) in half-cells under OCV conditions (“zero current” measurement conditions) is only 

possible with a suitable RE. It is possible to monitor the WE potential at very low current densities, 

where polarization effects can be neglected. Due to the ambiguity of the difference regarding full- 

and half-cell setup when Li is used as electrode material, it is more convenient to describe this setup 

as Li metal cell, comprising a Li anode (N) and a cathode (e.g., intercalating, or alloying type 

electrode P).[33,59,307–314] 

1.4.6.1 Cell setup and constant current measurement 

Galvanostatic cycling is carried out in asymmetrical Li|SPE|LFP cells in two-electrode configuration. 

The cells are prepared, mounted and connected according to chapter 8.2.5.[57] The cell configuration 

is schematically shown in Figure 1.32b. 

CT was calculated in dependence of the amount of active material (LFP) as follows:[26] 



1 Introduction 

 
93 

𝐶𝐶T = 𝑛𝑛𝑛𝑛 = 𝑛𝑛LFP𝑁𝑁𝑒𝑒𝑛𝑛 = �
𝑚𝑚LFP

𝑀𝑀LFP
� 𝑁𝑁𝑒𝑒𝑛𝑛. (1.55) 

n describes the moles (mol) of electrons produced from the discharging process, Ne represents the 

number of electrons transferred by intercalated ions, F is the Faraday constant, mLFP and MLFP are 

the respective mass and molecular weight of the active material (LFP). 

The charge/discharge behavior for one cycle with constant current (CC) measurement as a function 

of time is exemplarily shown for a Li|SPE|LFP cell between the cut-off potentials of 2.5 and 4.2 V vs. 

Li/Li+ in two-electrode configuration at 1C (Figure 1.34a). A CC is applied to the cell (red curve) 

until the cut-off potential is reached (t ≈ 0.8 h). During that time, the voltage (blue curve) increases 

due to the change of the OCV as the SOC is increased inside the cell. Deviation from the OCV is 

caused by overpotentials (cf. chapter 1.1.2 and Eq. (1.8)). As a direct consequence of the occurring 

overpotentials, the cell voltage is overestimated, and the cut-off potential is exceeded despite the 

actual SOC only amounts to 80% of CT after the CC step (Figure 1.34b). The performance of batteries 

generally decreases with increasing C-rate, as the diffusion of Li+ within the materials is not 

sufficient. The dynamic overpotentials increase and shift the electrode potentials. Therefore, the cut-

off potential is exceeded before the stored Li+ can be fully extracted from the cathode. Moreover, an 

imbalance in N and P, parasitic reactions in the cell as well as other physico-chemical parameters 

lower the capacity. At this point, the active material of P should be completely delithiated. 

Depending on the used active materials and/or for practical reasons, a complete extraction of Li+ 

from the structure could cause damage due to structural instabilities and should be avoided.[26,33] 

1.4.6.2 Strategies to minimize overpotentials 

The level of overpotentials can be influenced and minimized governing the following parameters:  

☐ Higher electrolyte transport (σ and tLi
+) and compression of the cell components results in 

reduced ohmic and concentration polarization 

☐ Sufficient electrochemical stability of the electrolyte avoids parasitic reactions with the 

electrode materials and therefore the formation of highly resistive interphases 

☐ High electrode porosity and surface area (small particles) minimize activation polarization 

☐ Compatibility of current collector with electrode and electrolyte can avoid 

corrosion.[27,30,307,351] 
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Figure 1.34: Galvanostatic cycling of a Li|SPE|LFP cell between the cut-off potentials of 2.5 and 4.2 V vs. Li/Li+ in two-

electrode configuration at 1C and 70 °C. (a) One single charge/discharge cycle with CC measurement as a function of time 

with overpotentials η and IR-drop. (b) Time-dependent capacity during charge/discharge. At t = 0 h, the active material 

(LFP) of the WE (cathode, positive electrode P) is fully lithiated (discharged). At the end of the charging step (t ≈ 0.8 h), 

the cell reaches 80% of the theoretical capacity (20% lithiated LFP). At t ≈ 1.6 h, the cell is again discharged. (c) 

Charge/discharge profiles in dependence on the capacity with corresponding overpotentials and operation voltage. 

Adapted from literature.[26,27,30] 

1.4.6.3 Charging methods of LIBs 

Besides Li metal anodes, intercalating anodes (e.g., graphite) are usually charged by a combination 

of CC and constant voltage (CV) to maintain safe operating voltage limits and to avoid Li plating on 

the anode. As the (de-)intercalation of Li+ is a multistage phase transition in a potential range 

between 0.05 and 0.3 V vs. Li/Li+, the overpotential must not be the value of the last transition step 

which would result in the formation of metallic Li on the surface and deterioration of the SEI. This 

would consequently reduce cycling efficiency and allow for the formation of Li dendrites. By 

applying the CCCV method, the battery is only charged to a pre-defined upper limit via CC, taking 

into account the overpotentials. Therefore, a second CV (potentiostatic) step is applied to maintain 

a constant voltage, where the current decreases almost exponentially. The CV cut-off point is either 
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set to a certain time interval of the CV-step or to current dropping to a threshold value, indicating 

full SOC of the battery. This technique can be implemented easily and is helpful to decrease 

polarization at the Li metal electrode for a more exact measurement of single electrode potentials. 

However, at the wrong conditions also plating of metallic Li can take place or the charging time 

might be extended unnecessarily. To obtain the optimum trade-off between fast charging time and 

mostly reduced possible damage to the cell, further charging strategies like CPCV (constant power-

constant voltage), MCCCV (multistage CCCV), boost-charging and pulse-charging must be 

considered. For the discharge, a simple CC mode is applied to maintain a constant power for the 

consumer, by simply changing the sign of the current. Theoretically, the active material of P can be 

lithiated to 100% if combined with a Li metal anode.[45,360] 

1.4.6.4 Presentation of battery cycling data 

To determine the specific capacity, rate capability, and cycling stability at different C-rates and 

temperatures, the discharge capacity is extracted from the voltage profiles in Figure 1.34c. It can be 

plotted, normalized to the specific mass of active material (mAh g-1) or to the active surface area of 

the electrode (mAh cm-2) (cf. 1.1), as a function of cycle number with constant (Figure 1.35b) or 

varying C-rates (Figure 1.35a).[27,30,307,351] 

 
Figure 1.35: (a) Rate capability test of a battery cell at different C-rates ranging from 0.2C to 2C (5 cycles for each C-rate) 

at a constant T showing an idealized rate capability (100% capacity retention) but a decreasing discharge capacity with 

increasing C-rate (higher overpotentials, cf. chapters 1.4.4.2 and 1.4.4.3) . (b) Idealized long-term cycling stability test of a 

battery cell at 1C (100% capacity retention) and a constant T with 100% coulombic efficiency (cf. chapter 1.1.3). 
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 Objective of the Thesis 

Due to a high specific capacity, the lowest reduction potential of all elements and a low specific 

density, the lithium metal anode in secondary batteries experienced a revival for several years in the 

hope to satisfy the ever-increasing demand for batteries with increased energy and power density. 

To successfully overcome the limits and drawbacks of liquid electrolytes such as lacking 

compatibility with lithium metal (Li), electrochemical stability and inherent safety issues, Li can be 

combined with solid electrolytes which act as functional separators in all-solid-state lithium metal 

batteries (ASSLMBs). Regardless of the cathode chemistry, solid polymer electrolytes (SPEs) based 

on ion-conducting polymers are a promising material class due to their high safety, flexibility and 

reliability, good electrochemical performance, interfacial compatibility and processibility as well as 

relatively low cost. Up to now, their major drawback lies in insufficient ionic conductivity (σ) and 

lithium transport number (LTN) for application at ambient temperature or below as well as a rather 

low mechanical integrity. 

Poly(ethylene oxide) (PEO, M > 20 kg mol-1) and poly(ethylene glycol) (PEG, M < 20 kg mol-1), 

provided with ion-conducting ether-oxygens, is widely considered the “gold standard” matrix 

material for SPEs over the past four decades at T > 60 °C. Despite its low Tg, PEO is highly crystalline 

with a melting point around 50-60 °C, and the Li+-ion (Li+) transport is significantly limited below 

60 °C. By modifying the polymer architecture, the polymer crystallinity can be suppressed, and the 

minimum application temperature can be lowered. This can be addressed for example by switching 

from linear to graft copolymer architecture in bottlebrush polymers, where the ion-conducting PEG 

side chains are spatially fixed with one chain-end to a functional backbone. Polyacrylates (PAs) and 

polymethacrylates (PMAs) are perfectly suited for this purpose, as the monomer precursors can be 

conveniently functionalized with a wide range of pendant groups during the esterification. By 

attaching one side chain end to a polymer backbone, the constrained geometry, decrease of degree 

of motion and the steric repulsion between the densely grafted side chains significantly hinder chain 

packing and, consequently, crystallization. To understand the influences of the polymer architecture 

on the electro- and physico-chemical properties of the final SPEs, bottlebrush polymers with varying 

PEG side chain lengths and chemical nature as well as lengths of the backbone are synthesized and 

characterized. SPEs are prepared by blending with lithium bis(trifluoromethane)sulfonimide 

(LiTFSI) and then analyzed electrochemically utilizing the Distribution of Relaxation Times (DRT) 

method. In a next step, these results are compared to SPEs based on linear PEG polymers. 

In addition to the polymer component, the lithium salt has a major effect on the SPE properties. 

Besides LiTFSI, lithium borate salts gained high interest owing to their favorable interfacial, 

electrochemical and thermal properties, cost-effectiveness, and sustainability. Therefore, 

bottlebrush SPEs based on lithium bis(oxalate) borate (LiBOB) and 
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lithium difluoro(oxalate) borate (LiDFOB) are prepared and characterized by electro- and physico-

chemical methods. The extended Distribution of Relaxation Times (eDRT) method is implemented 

for the analysis and interpretation of the bulk and interface behavior and to provide information 

about conductivity mechanisms, interphase-formation as well as charge transfer processes in linear 

and bottlebrush SPE systems. 

Another strategy to tune the SPE properties is the introduction of inorganic nanomaterials to 

synergistically combine the two materials in solid polymer nanocomposite electrolytes (SPNEs). 

With a substantial specific surface area and activity as well as mechanical, (electro)chemical and 

thermal stability, these nanomaterials directly affect the final SPNE in terms of improved mechanical 

strength, lithium transport, interfacial properties, and suppressed polymer crystallinity. For this 

purpose, TiO2 nanoparticles (NPs) are selected, which do not intrinsically contribute to σ in order 

to not influence the σ performance of the pristine polymer. A systematic study of homogenously 

distributed TiO2 NPs in bottlebrush and linear PEO-based SPNEs blended with LiTFSI is performed 

to learn about the influence of the polymer architecture on the mentioned properties with additional 

help of eDRT. A further step is the application of the prepared SPNEs in ASSLMBs (Li metal anode 

and LiFePO4 cathode) using a cathode-supported electrolyte approach with regard to the application 

at ambient temperature. 

As the fundamental structure–dynamic relations and electrochemical behavior of SPEs are strongly 

influenced by the choice of polymer, host polymers different from PEO are taken into consideration 

to realize more sufficient electrolyte properties. These “Beyond PEO” materials generally show 

weaker interactions with Li+, allowing for significantly enhanced LTNs and electrochemical stability 

compared to PEO-based SPEs. Among various alternatives, aliphatic polyesters as low-Tg materials 

have proven excellent temperature stability similar to PEO. Due to the weaker Li+-coordination 

provided by the carbonyl groups, these SPEs reach similar σ-values but higher LTNs compared to 

PEO. Based on these promising results and to gain an understanding of the structure-property 

relationships of novel polyester systems, a series of polymethacrylates and polyacrylates carrying 

diester side chain moieties with varying alkyl spacer lengths are designed, synthesized, and evaluated 

as SPEs with different amounts of LiTFSI and LiFSI. Reference materials such as polycaprolactone 

(PCl) as a linear polyester and poly(butyl acrylate) (PBA) as a simple analogue (without any diester 

side chain) based on a PA backbone are characterized comparatively to study the effect of the graft 

architecture and diester groups on the SPE properties, respectively. Combined with an ultrathin 

nanoporous polyimide (PI) membrane and TiO2 NPs, these SPNEs are additionally investigated in-

depth by eDRT to identify and to understand the diverse cell processes. For the evaluation in a real 

battery environment, ASSLMBs with Li metal anode and an optimized LiFePO4 cathode are 

fabricated and cycled at 70 °C and 40 °C. 
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 Overview of the Thesis 

This thesis focuses on the design and characterization of flexible, ion-conducting polymers based on 

the structural backbone PA (R = H) and PMA (R = CH3) (cf. Figure 3.1, mid) for the application in 

ASSLMBs. Solid electrolytes, especially polymer-based systems, are considered key materials for the 

successful implementation of high energy and power density conversion electrodes to pave the way 

to next generation Li batteries. Herein, four consecutive chapters are presented in the form of 

manuscripts which concentrate on the basic building blocks of SPEs (polymer architectures, Li salts 

and additives) and their comprehensive characterization at cell level. All of these chapters are 

published in peer-reviewed journals. The work is divided into two major parts in terms of the 

polymer chemistry used and the polymer architecture, PEG-based bottlebrush polymers being 

studied in the first part. The influence of the polymer architecture on the properties of PEG-based 

SPEs was investigated by a systematic structural variation. Five new bottlebrush polymers were 

synthesized to address fundamental questions regarding the parameters that influence ion-transport 

as well as the electrochemical and physico-chemical properties of LiTFSI-based SPEs using different 

cell geometries. The results for the bottlebrush architecture were compared with the corresponding 

linear polymer systems and the occurring processes in the cell were determined by DRT (Chapter 

4). Nevertheless, there remained several unresolved questions regarding these bottlebrushes 

compared to linear PEG in terms of interfacial and bulk processes in both blocking stainless steel 

(bulk properties) and non-blocking Li electrode (interfacial properties) setups. Besides the polymer 

component, a detailed comparative analysis using borate anion species in the Li+-conducting salt 

gave answers to the scientific questions regarding the role of the Li salt anion in this context. The 

electrochemical measurement data obtained from electrochemical impedance spectroscopy (EIS) 

were finally interpreted via eDRT with regard to the effect of the anion (Chapter 5). To further study 

the mechanical and interfacial properties towards the application in ASSLMBs at ambient 

temperature, the bottlebrush materials were mixed with TiO2 NPs to obtain homogeneously 

distributed SPNEs, which were analyzed in different cell setups. Using a cathode-supported 

electrolyte approach, the SPNEs were also tested in a real battery environment (Chapter 6). The 

second part of the thesis focuses on functional ester rather than ether groups to serve as ion-

conducting moiety in “Beyond PEO” SPEs. By structural variation of the alkyl spacer in the side 

chain, diester groups and the nature of backbone chemistry between PMA and PA, seven new graft 

copolymers were synthesized, holistically characterized, analyzed, and successively optimized in 

SPEs as well as SPNEs in combination with an ultrathin PI-membrane. The results were compared 

to two reference SPE systems based on alkylpolyesters and linear polyesters. The best performing 

SPNE system was selected for the evaluation in ASSLMBs with an optimized cathode fine-tuned to 

the electrolyte (Chapter 7). 
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Figure 3.1: Overview of the thesis including the four chapters: Synthesis and Comparative Studies of Solvent-Free Brush 

Polymer Electrolytes for Lithium Batteries (chapter 4), Investigating solid polymer and ceramic electrolytes for lithium-

ion batteries by means of an extended Distribution of Relaxation Times analysis (chapter 5), Solid polymer nanocomposite 

electrolytes with improved interface properties towards lithium metal battery application at room temperature (chapter 

6), and Solid polymer electrolytes from polyesters with diester sidechains for lithium metal batteries (chapter 7).[57,148,174,361] 

Chapter 4: Synthesis and Comparative Studies of Solvent-Free Brush Polymer Electrolytes for 

Lithium Batteries 

Since the first application of alkali metal salts dissolved in linear PEO for the application as SPEs, 

there has been a large number of scientific interest about this class of materials in various polymer 

architectures applied in Li batteries. However, up to now there existed a lack of fundamental studies 

correlating molecular architectures with their direct impact on electrochemical performance, in 

comparison to the respective linear systems. This study was intended to contribute to closing this 

gap. Five new bottlebrush polymers with two different backbones were synthesized in a grafting 
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through approach using free radical polymerization (FRP) as well as ring-opening metathesis 

polymerization (ROMP). Prior to the polymerization the macromonomers were prepared by an 

esterification reaction via nucleophilic acyl substitution (SN). The bottlebrush polymers contain PEG 

side chains of different lengths (1 kg mol-1, 1k and 2 kg mol-1, 2k) and two different backbones, PMA 

and poly(norbornene) (PNb) (cf. Figure 3.2 bottom, right). Additionally, the repeating unit of the 

PNb backbone was varied between 10, 20 and 40, while the side chain was kept constant at 2k. The 

molecular architecture directly affects the physico-chemical properties of the polymer as well as the 

electrochemical properties of the final SPE. In contrast to a linear architecture, the brush-like 

counterpart allows for the synthesis of very high molecular weight PEG-polymers while keeping the 

PEG chain length as small as required. SPEs obtained by mixing the polymers with different amounts 

of LiTFSI (Figure 3.2 top, right) generally show a decrease in Tg and crystallinity upon salt addition. 

With increasing salt content two opposing effects could be observed: With increasing Tg, the 

crystallinity of the system decreases and disappears for O/Li < 12. It was found that σ scales with the 

systems’ Tg as a generic rule. Among different low-Tg materials, the optimum SPE with the highest 

σ combines low Tg with low crystallinity. σ-values in the range of 10−5 to 10−3 S cm−1 for the 

bottlebrush SPEs were obtained between 25 °C and 80 °C, similar to the measured linear reference 

systems. The crystallinity of PEG can be suppressed in both types of backbones without any 

considerable loss in σ. 

 
Figure 3.2: Molecular structure of the bottlebrush polymers poly(MA)m-graft-PEGMEn and poly(Nb)m-graft-PEGMEn with 

varying PEG side chain lengths (n) as well as chemical nature (PMA and PNb) and lengths of the backbone (m) (bottom, 

right) applied in SPEs (top, right) for ASSLMBs (top, left) (Copyright 2019 American Chemical Society). 

EIS data supported by DRT analysis allowed for the identification of the occurring processes in the 

cell. It was shown that the time constants of the bulk processes corresponding to the σ process is 
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caused by one single mechanism. Furthermore, with increasing temperature the process is shifted 

toward lower time constants while the time constants of the capacitive behavior of the blocking 

electrodes remains almost constant. The relative contribution of σ to the overall polarization rises 

significantly with decreasing temperature owing to an increasing resistance. The observed LTNs 

(∼0.1-0.24) and the electrochemical stability (< 4 V vs Li/Li+) of the bottlebrush SPEs are 

comparable to linear PEG SPEs. 

Chapter 5: Investigating solid polymer and ceramic electrolytes for lithium-ion batteries by means 

of an extended Distribution of Relaxation Times analysis 

Here we studied five different SPEs based on three different polymer architectures (linear PEO, 

methacrylate-based bottlebrushes, and poly(glycidyl propargyl ether) (PGPE)-based graft 

copolymers) and one ceramic electrolyte (LLZO, Li5.6Al0.3La3Zr1.5Ta0.5O12) and compared their 

behavior in symmetrical blocking electrode as well as asymmetrical non-blocking electrode cell 

geometries, respectively. The SPEs were also measured in symmetrical Li cells (non-blocking 

electrode cell setup, cf. Figure 3.3, left) to investigate the interfacial processes. A further parameter 

to adjust the properties of electrolytes lies in the conducting salt component, as discussed in the 

introduction. To study the role of the Li salt anion, its contribution to the interfacial resistance, and 

the number of parallelly existing ion conduction mechanisms in such electrolyte systems, 

bottlebrush (poly(MA)m-graft-PEGME1k) SPEs containing borate salts (LiBOB or LiDFOB) were 

prepared. As reference SPE, PEO-LiTFSI was analyzed electrochemically by EIS (cf. Figure 3.3, 

right). The measurement data was successfully interpreted and significant differences between the 

materials were uncovered by eDRT (cf. Figure 3.3, mid). 

 
Figure 3.3: Assignment of the electrochemical processes in a symmetrical Li cell with an SPE (left), measured with 

electrochemical impedance spectroscopy (right), and analyzed by eDRT to obtain the relaxation time distribution of the 

impedance spectrum (mid) (Copyright 2020 Elsevier). 

In blocking and non-blocking electrode cell setup, all electrolytes showed one major, resistive-

capacitive bulk conductivity mechanism in analogy to chapter 4 (cf. Figure 3.3, green region) except 

for the P[GPE-(EG387-ran-LiTFSI13)]100 SPE, which probably shows a second. The temperature-
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dependent σ-values were evaluated between 25 and 80 °C and are in the range of 10-5 to 10-4 S cm-1 

for the bottlebrush- as well as the PEO-SPEs, and 10-7 to 10-4 S cm-1 for the PGPE-based systems. 

Here, the blend SPE P(GPE-EG3)100/LiTFSI reached ca. 1–1.5 orders of magnitude higher overall σ-

values compared to the single-ion conducting SPE P[GPE-(EG387-ran-LiTFSI13)]100 over the whole T 

range. Compared to the SPEs, LLZO shows a lower overall σ (10-8 to 10-6 S cm-1), but usually has a 

high LTN ≈ 1. eDRT analysis revealed a significant dependence of the cell processes on pre-

treatment of LLZO as the lattice stress resulting from the processing method can be released. 

Without pre-treatment and after oxygen-annealing at 400 °C, the charge transfer contribution could 

not be quantified, but it is assumed to be around 10% of the bulk resistance. After annealing in 

nitrogen, the conductivity- and charge transfer mechanism could be separated with the charge 

transfer resistance amounting to ca. 10% of the ionic resistance, independent of T. The borate-

containing bottlebrush SPEs showed slightly increasing interface resistances over time during 

cycling in symmetrical Li cells at constant T, higher than the respective bulk resistances. The latter 

remained almost constant during the measurement, indicating no substantial deterioration of the 

bulk material. However, both bulk and interfacial resistance of the LiBOB-containing SPE were less 

compared to LiDFOB. By applying eDRT, both processes could be separately identified, interpreted, 

and quantified allowing for a detailed insight into the cell processes. The time-dependent formation 

of an interphase layer with increasing impedance contribution (i.e., SEI on the Li metal surface) in 

the SPEs was detected (cf. Figure 3.3, blue region) and distinguished from the slower charge transfer 

process (from the SEI into the Li metal, cf. Figure 3.3, red region). With increasing cycle number for 

the LiDFOB-containing SPE, a certain slow-down of the Li+ transfer can be determined, which can 

be attributed to less beneficial SEI as for LiBOB, where the charge transfer rate even accelerated with 

time. The largest resistance contribution with the slowest relaxation time was originated by the 

diffusion of Li+ in the electrolyte (cf. Figure 3.3, gray region). However, this process remained 

constant over cycling, which also applies for P(GPE-EG3)100/LiTFSI, where a similar behavior was 

observed. The interfacial resistance is drastically larger than the bulk resistance with a slight increase 

in the charge transfer contribution during cycling. Simultaneously, the other interfacial resistance 

contribution increased attributed to SEI formation. In the case of P[GPE-(EG387-ran-LiTFSI13)]100, 

bulk as well as interfacial resistances both significantly increase during the cycling with a notable 

deformation of the impedance spectra indicating overlapping processes. Two additional peaks 

(compared to the other SPEs) appeared in the eDRT plot, which also drastically increased during the 

measurement and therefore indicate a connection to additionally forming interphases (e.g., SEI). In 

contrast to the SPEs, in LLZO no interphase formation was observed, attributed to its 

electrochemical stability against Li metal. The LTNs measured for the borate-containing bottlebrush 

systems and P(GPE-EG3)100/LiTFSI are comparable to those observed in PEO-based LiTFSI systems 

and are independent of the investigated polymer architecture. However, for the P[GPE-(EG387-ran-
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LiTFSI13)]100 SPE tLi
+ amounts to 0.5, which is a significant increase compared to the blend SPEs. By 

extending the DRT, improper pre-processing, leading to a loss of information can be overcome, 

resulting in precisely reconstructed impedance data. eDRT strongly improves both the 

reproducibility of analyses and the comparability between different specimens and can therefore be 

considered a powerful method for in-depth investigation of impedance data. 

Chapter 6: Solid polymer nanocomposite electrolytes with improved interface properties towards 

lithium metal battery application at room temperature 

The design of SPEs with low crystallinity and high mechanical strength which can be operated at 

ambient temperature is highly challenging. Though most of amorphous PEO-based copolymer SPEs 

show good σ-values, their poor mechanical stability induces problems during cell fabrication as well 

as during long-term cycling at high cycling rates (C-rates). Solid polymer nanocomposite 

electrolytes (SPNEs) based on the previously investigated materials were prepared to benefit from 

synergistic nanocomposite effects in terms of mechanically and electrochemically improved 

electrolyte properties for ASSLMBs, especially at lower temperatures. To understand the influence 

of the brush architecture on the electrochemical, interfacial, and mechanical properties of PEO-

based bottlebrush SPNEs, SPNEs containing linear PEO and LiTFSI were also fabricated and tested 

as a reference system. An additional nanoparticle (NP)-free reference was used in all measurements 

to evaluate the nanocomposite influence on the electrolyte systems. The homogeneously distributed 

TiO2 NPs in the SPE matrix (poly(MA)m-graft-PEGME2k-LiTFSI) are illustrated in Figure 3.4 on the 

right-hand side. Among the tested NP concentrations ranging from 5 to 15 wt%, the sample with 

10 wt% shows the highest σ (3·10–5 S cm–1 at 25 °C ) over the entire temperature range for the 

bottlebrush SPNEs. This correlates directly with the measured Tgs and is slightly higher than the 

reference system. Contrarily, the gap towards the linear reference systems is comparably low above 

50 °C, while below this temperature the crystallinity drop maximizes the difference. Many other 

electrolyte parameters such as mechanical (∼103 N m-2) or electrochemical stability (> 5 V vs Li/Li+) 

of the SPNEs are significantly higher compared to their NP-free analogues. The behavior of the 

bottlebrush SPNEs at the anode interface was investigated in symmetrical Li cells, demonstrating a 

similar LTN (∼0.22), but significantly increased compatibility with Li metal. The latter is represented 

by drastically decreased interfacial resistances compared to the reference, measured in eDRT-

supported EIS analysis during stable galvanostatic cycling. These findings provide evidence of a 

stable SEI layer formation involving SPNEs, which is further supported by ex-situ X-ray 

photoelectron spectroscopy (XPS) analysis of the Li surface after cycling. 
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Figure 3.4: Sketch of a ASSLMB (mid) showing the composition of the SPNE with the poly(MA)m-graft-PEGME2k 

bottlebrush polymer, LiTFSI and TiO2 NPs (right) as well as the SEM cross section of the cathode-supported electrolyte 

(left). (Copyright 2021 Elsevier). 

Regarding the application of the SPNEs in a real battery environment, their behavior was 

comparatively studied in ASSLMBs at 30 °C and 70 °C (cf. Figure 3.4, mid). The cathode-supported 

electrolyte approach (Figure 3.4, left) was selected to reinforce the interfacial adhesion and enhance 

the wettability of the solid electrolyte on the cathode during the redox process, which was proven by 

scanning electron microscopy (SEM) analysis. The cathode-supported approach promotes the 

reduction of the interfacial resistance and improves the Li+ kinetics at increased C-rates. Thus, the 

nanocomposite-based bottlebrush (97 mAh g-1at 0.2C) systems performed efficiently at as low as 

30 °C, at which the linear PEO systems (33 mAh g-1at 0.2C) suffered from crystallization. When the 

current rate was increased to 2C at 70 °C, the cell with the bottlebrush SPNE maintained a high 

discharge capacity of 60 mAh g-1 even after the 400th cycle with enhanced stability compared to the 

linear counterpart (47 mAh g-1). 

Chapter 7: Solid polymer electrolytes from polyesters with diester sidechains for lithium metal 

batteries 

Compared to the widely studied PEO-based electrolytes, there exist some promising alternatives 

summarized under the concept of "Beyond PEO". Linear polyesters have proven suitable with regard 

to several criteria. However, they suffer from their crystalline nature when applied as SPEs. In 

analogy to PEO, it should be possible to prevent crystallization by specific tailoring of the polymer 

architecture. The scientific question in this chapter focused on the general applicability of an 

unexplored class of PMA- and PA-based polymers with pendant side chain diester functionalities 

and their performance compared to other beyond-PEO systems. It was mostly unclear how these 

novel systems should be structurally tuned, which conducting salts and additives (e.g., TiO2 NPs) in 

which specific quantity should be added for satisfactory operation and if the same structure-

property-relationships as for PEO-based analogues hold generally true. In a first approach, a 

convenient SN-esterification allowed for the synthesis of the methacrylate (MA)- and acrylate (A)-

monomers (Figure 3.5, bottom, right), which allowed for polymerization in high purity by FRP. By 
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this means, seven new polymers with varying alkyl spacer lengths between the ester groups in the 

side chain were synthesized. The corresponding structural building blocks and a schematic 

representation of the final SPNE conducting mechanism are shown in Figure 3.5 on the right-hand 

side. 

 
Figure 3.5: Schematic representation of a ASSLMB comprising an SPE (middle layer in the battery, left) supported by an 

ultrathin PI-membrane with nanochannels for ion transport, sandwiched between a LiFePO4 cathode and a Li metal anode. 

The SPNE (right) consists of novel polyester based on either a PMA or PA backbone with side chain diester groups, mixed 

with LiTFSI or LiFSI as well as TiO2 NPs. (Copyright 2022 The Royal Society of Chemistry). 

Exemplarily mixing one of the PMA diester polymers with different amounts of LiTFSI, a screening 

of the optimum salt concentration from 10 to 80 wt% revealed the maximum σ at 25 wt% 

(2.0·10-5 S cm-1 at 40 °C for poly[4-(acryloyloxy)butyl methyl adipate]), which is directly 

corresponding to the lowest Tg of -40 °C at this concentration. These findings are in analogy to those 

obtained by PEO-based SPEs. Fourier-transformed infrared spectroscopy (FT-IR) studies showed 

that for high σ, both uncoordinated as well as Li+-coordinated (or rather Li+-influenced) carbonyl 

units need to be present in roughly equal molar ratio. It was also found that longer spacers as well as 

softer PA backbones in all cases led to a decrease in Tg, accompanied by a correlated increase in σ. 

The linear reference counterpart polycaprolactone (PCl) showed a significantly lower σ at 25 °C 

compared to the best performing SPE in this study due to its high crystallinity. This also applies to 

the second reference system, a polyester with only an alkyl side chain (PBA), due to the drastic 

increase in Tg upon salt addition. From that, a beneficial influence of the diester groups in terms of 

limited Tg-increase after mixing with Li salts could be concluded. In symmetrical Li cells, LTNs 

ranging between 0.5 and 0.7 were measured, which is significantly higher than for PEO-based SPEs 

and strongly confirms the beyond-PEO concept. During cycling, 10 wt% TiO2 NPs were added to 

the SPE containing LFSI instead of LiTFSI and it was used after soaking into an ultrathin PI-

membrane. This resulted in improved electrode-electrolyte contact and allowed for a constantly low 

overpotential. With this combination cell failure caused by lithium dendrite short-circuiting could 

successfully be avoided and stable and reliable long-term lithium plating and stripping was achieved 

for 325 cycles. ASSLMBs were fabricated using the best-performing SPNE with a cathode system, 

specifically adjusted and optimized to the ceramic-in-polymer electrolyte. Thereby, stable battery 
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cycling both at 40 at 70 °C could be realized with an initial capacity of 150 mAh g-1 at 0.2C at 70 °C. 

Furthermore, high capacity retention (92%) for more than 300 cycles at 2C could be achieved. 

Measuring at 40 °C, the cells still delivered over 123 mAh g-1 at 0.1C (96% retention after 50 cycles), 

which is very promising towards ambient temperature applications. This chapter revealed that a 

comprehensive study comprising fine-tuning and optimization of both SPE, and cathode are 

fundamental prerequisites to evaluate the potentials of novel polymer systems in ASSLMBs. 
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Individual Contributions to Joint Publications 

The results of this thesis were obtained in cooperation with other research groups and are published 

in peer-reviewed journals as denoted below. The following section specifies the individual author 

contributions to joint publications. 

 

Chapter 4 

This chapter was published as a full paper in ACS Appl. Energy Mater. 2019, 2, 3373-3388 with the 

title: 

“Synthesis and Comparative Studies of Solvent-Free Brush Polymer Electrolytes for Lithium 

Batteries” 

by Dominic Rosenbach, Nicolas Mödl, Markus Hahn, Jannik Petry, Michael A. Danzer, and 

Mukundan Thelakkat. 

I designed, synthesized, and characterized the methacrylate-based monomers and polymers. 

Furthermore, I prepared and characterized the electrolytes, fabricated the cells, performed the 

electrochemical measurements, interpreted, and visualized the data, outlined, and wrote the 

manuscript. 

Nicolas Mödl designed, synthesized, and characterized the norbornene-based monomers and 

polymers. 

Markus Hahn implemented the DRT-method (ec-idea software tool), analyzed the impedance 

spectra using the software and interpreted the data. He also outlined and wrote the corresponding 

part of the manuscript and was involved in the scientific discussion. 

Jannik Petry synthesized and characterized the 1k methacrylate-based monomers and polymers 

during his research module under my supervision. 

Mukundan Thelakkat managed and supervised the project and both Mukundan Thelakkat and 

Michael A. Danzer corrected the final manuscript. 

 

Chapter 5 

This chapter was published as a full paper in Electrochimica Acta 2020, 344, 136060 with the title: 

“Investigating solid polymer and ceramic electrolytes for lithium-ion batteries by means of an 

extended Distribution of Relaxation Times analysis” 

by Markus Hahn, Dominic Rosenbach, Alexander Krimalowski, Tobias Nazarenus, Ralf Moos, 

Mukundan Thelakkat, Michael A. Danzer. 
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Markus Hahn, Alexander Krimalowski, Tobias Nazarenus, and I contributed equally to this work. 

Markus Hahn, implemented the eDRT-method (ec-idea software tool), analyzed the impedance 

spectra with the software and interpreted the data. He also contributed and wrote the corresponding 

parts of the manuscript and was involved in the scientific discussion. 

I designed, synthesized, and characterized the methacrylate-based monomers and bottlebrush 

polymers. Furthermore, I prepared, and characterized the PEO- and bottlebrush-based polymer 

electrolytes, fabricated the respective cells, performed the respective electrochemical measurements, 

interpreted, and visualized the data, outlined, and wrote the corresponding part of the manuscript 

including the linear PEO section. 

Alexander Krimalowski designed, synthesized, and characterized the glycidyl propargyl ether-based 

polymers. Furthermore, he prepared, and characterized the glycidyl propargyl ether-based polymer 

electrolytes, fabricated the respective cells, performed the respective electrochemical measurements, 

outlined, and wrote the corresponding part of the manuscript. He was involved in the scientific 

discussion. 

Tobias Nazarenus designed, synthesized, and characterized the ceramic electrolytes. Furthermore, 

he fabricated the respective cells, performed the respective electrochemical measurements, 

interpreted, and visualized the data. He outlined and wrote the corresponding part of the manuscript 

and was involved in the scientific discussion. 

Ralf Moos, Mukundan Thelakkat and Michael A. Danzer managed and supervised the project and 

corrected the final manuscript. 

 

Chapter 6 

This chapter was published as a full paper in Electrochimica Acta 2021, 387, 138455 with the title: 

“Solid polymer nanocomposite electrolytes with improved interface properties towards lithium 

metal battery application at room temperature” 

by Harimohan Erabhoina, Dominic Rosenbach, John Mohanraj, Mukundan Thelakkat. 

Harimohan Erabhoina and I contributed equally to this work. 

Harimohan Erabhoina prepared, characterized, and optimized the linear PEO-based polymer 

electrolytes and the cathodes, fabricated the symmetrical Li and battery cells, and performed the 

electrochemical measurements (cyclic voltammetry, linear sweep voltammetry, galvanostatic 

cycling) as well as the SEM analysis. Furthermore, he interpreted and visualized the data, outlined, 

and wrote the corresponding part of the manuscript. He also was involved in the scientific 

discussion. 

I designed, synthesized, and characterized the methacrylate-based monomers and bottlebrush 
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polymers. Furthermore, I prepared, and characterized the bottlebrush polymer electrolytes, 

fabricated the respective cells, performed the respective electrochemical measurements (ionic 

conductivity and lithium transport number) including eDRT analysis, interpreted and visualized the 

data, outlined, and wrote the corresponding part of the manuscript. 

John Mohanraj performed and interpreted the XPS analysis and visualized the data. Furthermore, 

he outlined and wrote the corresponding part of the manuscript and was involved in the scientific 

discussion. 

Reiner Giesa performed and interpreted the rheology measurements. Furthermore, he outlined and 

wrote the corresponding part of the manuscript and was involved in the scientific discussion. 

Markus Hahn provided the ec-idea tool and was involved in the scientific discussion. 

Mukundan Thelakkat managed and supervised the project and corrected the final manuscript. 

 

Chapter 7 

This chapter was published as a full paper in J. Mater. Chem. A 2022, 10, 8932-8947. with the title: 

“Solid polymer electrolytes from polyesters with diester sidechains for lithium metal batteries” 

by Dominic Rosenbach, Alexander Krimalowski, Harimohan Erabhoina and Mukundan Thelakkat. 

Alexander Krimalowski and I contributed equally to this work. 

I designed the monomers and the polymers and characterized the polymers. Furthermore, I 

prepared and characterized the polymer electrolytes including the nanocomposites and the reference 

systems, fabricated the cells including battery cells (together with Harimohan Erabhoina), 

performed the electrochemical measurements including eDRT analysis, interpreted and visualized 

the data and outlined the manuscript (together with Alexander Krimalowski). 

Alexander Krimalowski synthesized the monomers and the polymers, characterized the monomers, 

interpreted, and visualized the data. Furthermore, he performed the FT-IR studies, interpreted, and 

visualized the data. He outlined (together with me) and wrote the manuscript and was involved in 

the scientific discussion. 

Harimohan Erabhoina designed, prepared, characterized, and optimized the cathodes, fabricated 

the battery cells (together with me), and performed the battery measurements. Furthermore, he 

interpreted the data on cycling stability and rate capability tests and was involved in the scientific 

discussion. 
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Abstract 

For next generation lithium batteries, solid polymer electrolytes (SPEs) are essential to meet the 

challenges of higher safety standards, higher specific energy and easy processing. Linear 

polyethylene glycol (PEG) based SPEs are by far the most investigated systems for these 

requirements. However, the weak mechanical properties, high crystallinity and consequently 

moderate ionic conductivity prevent these systems from being used in electrochemical storage 

devices. We address the question of the influence of the polymer architecture on the above properties 

by synthesizing bottlebrush copolymers carrying PEG side chains and comparing their 

electrochemical properties and ionic conductivity with those of the respective linear PEG polymers. 

For obtaining bottlebrush polymers, first methacrylate (PEGMEMA) and norbornene (Nb-PEGME) 

macromonomers carrying PEG side chains were synthesized and polymerized using either free 

radical polymerization or ring-opening metathesis polymerization (ROMP) respectively. We varied 

the lengths of PEG side chains (1 kg mol-1and 2 kg mol-1) and the selection of two different 

backbones results in polymethacrylate poly(MA)m-graft-PEGME1k,2k and polynorbornene 

poly(Nb)m-graft-PEGME2k brushes. All synthesized brush polymers are thermally stable up to 

350 °C, show a decreased crystallinity compared to their linear counterparts. finally, the influence of 

polymer architecture on ionic conductivity, Li-ion transport number and electrochemical stability 

of a series of SPEs obtained thereof by mixing with different amounts of LiTFSI is investigated. The 

implications of changing a linear polymer system to a brush architecture for potential applications 

in batteries was examined with respect to thermal properties of the SPEs carrying different O/Li 

ratios and we found out that the ionic conductivity scales with the Tg of the system as a generic rule. 

Electrochemical impedance spectroscopy data facilitated the correlation of the occurring processes 

in the cell with the distribution of relaxation times (DRT). Ionic conductivities in the range of 10-3 

to 10-4 S cm-1 for the solvent-free SPEs were obtained for a temperature range of 80 to 25°C. 

Furthermore, Li-ion transport numbers and electrochemical stability of the brush polymer SPEs are 

comparable to linear PEG SPEs. 
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4.1 Introduction 

Considering the mechanical instability and inflammable nature of the liquid(gel) electrolyte, there 

is an urgent need for more reliable, mechanically and electrochemically stable solid polymer 

electrolytes (SPEs) with conductivities reaching the threshold of 10-3 S cm-1 at room temperature. 

According to Marcinek and Song et al.[1,2], SPEs are acting as both a separator to avoid electrical 

contact between the electrodes and the ion transport medium.[3] The non-volatility of the electrolyte 

is essential to guarantee the functionality and the safety of the battery. Additionally, Li metal can be 

applied as an anode material as the dendritic growth on the electrode surface can be suppressed. A 

better (electro)chemical stability, improved mechanical properties and high shape flexibility due to 

the all-solid-state arrangement are further advantages, as these systems are able to compensate 

volume changes of electrodes by elastic and plastic deformation.[4] Heavy steel casing would no 

longer be necessary and hence the system’s weight could be lowered.[5] 

Alkali metal salts dissolved in PEG were the first ion-conducting polymer systems reported.[6] Even 

as early as in the seventies, Armand proposed the application of PEG-based SPEs for lithium-ion 

batteries.[7,8] An increase in ionic conductivity of homopolymers based on PEG with low molecular 

weights on mixing with LiXF6, (X = P, As, Sb) is reported.[9,10] At present, one of the reference SPEs 

is based on high molecular weight PEG and its electrochemical properties are reported at 70°C, 

above its melting point. In fact, there is no real reference for SPE for a broad range of temperature 

varying from room temperature to about 80°C. 

By applying copolymers, the formation of hierarchical structures is possible. Independent control 

over mechanical and electrical properties can be achieved by nanostructured polymer electrolytes 

with soft conducting channels embedded within a hard electrically insulating matrix.[11] SPEs 

composed of polystyrene-b-poly(ethylene glycol) (PS-b-PEG) mixed with LiTFSI show a molecular-

weight dependence of the conductivity. This is caused by differences in the microstructure 

geometries of the blocks and by physical differences between PEG channels of the copolymer and 

bulk PEG.[12] ABA triblock copolymers are another block copolymer architecture to tailor SPE 

properties.[13] The nanostructured materials consist of an ion conducting PEG middle block and two 

insulating, mechanically stable outer blocks (e.g. PS, PMMA, PP).[14] Besides arranging the different 

types of monomers in blocks, also alternating copolymers can be used.[15] Itoh et al.[16] combined 

vinyl ethers with methoxy oligo(ethyleneoxy)ethyl groups and vinylene carbonate into a copolymer. 

In addition to linear copolymers of PEG, graft copolymers are obtained by attaching the ion-

conducting polymer to a polymer backbone. Their architectures vary from densely or loosely grafted, 

flexible or stiff side chains grafted to the backbone. Each of these has influence on the materials´ 

properties, but the grafting density has the strongest effect on conformation and thermal properties 

of the resulting graft polymers. The steric repulsion between the side chains enhances backbone 

stiffness, suppresses entanglement with neighboring macromolecules. Different strategies of 
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synthesis such as ‘‘grafting through’’, ‘‘grafting onto’’ and ‘‘grafting from’’ control different structural 

parameters, including chemical composition, grafting density, degree of polymerization of both side 

chains and backbone. Each strategy has distinct advantages regarding the molecular design, and 

limitations from the synthetic perspective. Therefore, often a combination of methods has to be 

employed.[17] Depending on the degree of polymerization of both the backbone and the side chain, 

graft copolymers can exhibit various macroscopic topologies and transform from star-like to brush-

like polymers.[18] 

Thus by attaching oligomeric ethylene glycol (EG) side chains to a polymer backbone of constant 

length, it is possible to get independent control over the volume fraction of the ion-conducting phase 

and the molecular weight of the PEG chains within that phase.[11] Additionally, in graft block 

copolymers the ionic conductivity is enhanced when the ion conducting block is attached to a soft, 

rubbery block rather than a hard, glassy block.[19] Side chains can be grafted covalently or ionically 

to polymer backbones. Other systems are based on brush polymers like PS-b-(PS-g-PEG)[20,21], 

amphiphilic POEGMA[22,23], poly(lithium methacrylate-co-oligo(oxyethylene)methacrylate)[24], as 

well as other bottlebrush block copolymers.[25] Using an imide functionalized polynorbornene 

backbone, Shibuja et al.[26] recently published the synthesis of norbornene-based bottlebrush 

polymers, and brush-arm star polymers and the preparation as well as characterization of SPEs 

reaching 6.1·10-5 S cm-1 at 50 °C for the latter. It is to be noted that depending on the backbone length 

and nature, the PEG content in most of these graft copolymers is very high, in the range of 94 to 

97%. Here the advantages of suppressed crystallization of PEG side chains in a bottle-brush 

architecture as well as achieving very high molecular weights in the range of 100 000 g mol-1 keeping 

the individual PEG lengths small are attractive features for SPEs.  

In this paper, we present fundamental comparative studies of linear and graft PEG systems of 

different nature and different molecular weights in order to have reference data on PEG systems as 

SPEs for a wide temperature range. We investigated both the pristine polymers as well as different 

compositions of SPEs thereof, obtained by adding different amounts of LITFSI. We show the 

correlation between glass transition temperature, melting enthalpy and ionic conductivity as a 

function of O/Li ratio for both linear and graft polymers. To realize these tasks, we synthesized five 

new brush polymers with two different backbones, polymethacrylate and polynorbornene. The 

former was synthesized using free radical polymerization and the latter polymers using ring-opening 

metathesis polymerization (ROMP). In the case of polynorbornene-PEG brushes, we also varied the 

backbone length to understand the influence of it. Additionally, these brush polymers contain two 

different lengths of PEG side chains (23 and 45 repeating units). The influence of polymer 

architecture and molecular weight on ionic conductivity, Li-ion transport number and 

electrochemical stability of SPEs obtained thereof was investigated in detail and correlations are 

given. Thus, this paper provides fundamental knowledge about factors which influence the 
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properties of solvent-free PEG containing polymeric SPEs within a temperature range of 25 to 80 °C 

for the first time, all measured, studied and correlated under similar conditions of cell preparation 

and characterization. In the ever-expanding field of SPEs for different battery types, these data are 

urgently needed for the scientific community. 

Another important point is the analysis of the impedance measurements in order to extract the 

different resistances involved in such a complex system. Usually, the impedance spectra are fitted by 

using an equivalent circuit model of arbitrary nature obtained by considering the probable processes 

involved. Here we present an alternative method of analysis of the occurring processes in the cell 

using the Distribution of Relaxation Times (DRT). DRT offers a model-free, universal 

characterization of electrochemical systems. In particular, no equivalent circuit or other a-priori 

knowledge is needed for the interpretation of the frequency-domain complex impedance of a system. 

4.2 Experimental section 

4.2.1 Materials 

All commercially purchased chemicals were used as received, unless otherwise stated. 

Poly(ethylene glycol) dimethyl ether (1000 g mol-1 and 2000 g mol-1), 

poly(ethylene glycol) monomethyl ether (2000 g mol-1), triethylamine (≥ 99.5%), 

bis(trifluoromethylsulfonyl)amine lithium salt (99.95%, trace metal basis), benzene (99,7%), ethyl 

vinylether (0,1% KOH as stabilizer, 99%), Grubbs catalyst 3rd generation (dichloro[1,3-bis(2,4,6-

trimethylphenyl)-2-imidazolidinyliden](benzyliden)-bis(3 bromopyridine)ruthenium(II)) and 

lithium ribbon (99.9%, trace metal basis, 0.38 mm) were purchased from Sigma Aldrich. 

Poly(ethylene glycol) monomethyl ether (1000 g mol-1) and 5-norbornene-2-carboxylic acid (endo-

, exo-mixture, 98%) was purchased from TCI. Methylene chloride (99.8%, extra dry over molecular 

sieve) and toluene (99.8%, extra dry over molecular sieves) were purchased from Acros Organics. 

Diethyl ether (99.9%) and methanol (100.0%) were purchased from VWR Chemicals. 

Poly(ethylene glycol) monomethyl ether (2000 g mol-1), 4 dimethylaminopyridine (DMAP) and 

N,N' dicyclohexylcarbodiimide (DCC) were purchased from Fluka. 1,4-Dioxane (analytical grade) 

was purchased from Fisher Scientific. Magnesium sulfate (99%, anhydrous) was purchased from 

Grüssing. Sodium chloride (≥ 99.5%) was purchased from Bernd Kraft. Deuterated chloroform 

(99.8%) was purchased from Deutero. Copper foil (99.99+%, 0.25 mm) was purchased from 

ChemPur. CR2032 coin cell cases (20d x 3.2t mm) with gaskets, wave spring and stainless steel 

spacer for battery research were purchased from MTI corporation/PI KEM. Dialysis membrane 

(Spectra/Por® 6, Pre-wetted RC tubing, MWCO: 15 kD) was purchased from Carl Roth. 

Methacryloyl chloride (97%, stab., Alfa Aesar) was purified by vacuum distillation. 

2,2'-Azobis(isobutyronitrile) (Sigma Aldrich) was purified by recrystallization from methanol before 

use. n-Hexane and THF were distilled at ambient pressure. 
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4.2.2 Synthesis of poly(ethylene glycol) monomethyl ether methacrylate 

(PEGMEMA1k,2k) 1a,b 

After securation of a micro-distillation apparatus consisting of condenser and two 100 ml-Schlenk 

flasks, methacryloyl chloride was put in a 100 ml-Schlenk flask in an argon counterflow. The 

100 ml-Schlenk flask was submerged in an oil bath, whereas the other 100 ml-Schlenk flask was 

cooled by an ice bath. The mixture was distilled at 31 °C at 72 mbar (40 °C oil bath temperature) 

resulting in a colorless liquid. Poly(ethylene glycol) monomethyl ether (PEGME, 1a: 39.5 g, 3.95·10-

2 mol; 1b: 57 g, 2.85·10-2 mol; 1 eq) (dried 1 d in HV at room temperature, r.t.) was put in a securated 

500 ml-Schlenk flask equipped with a septum. dry methylene chloride (DCM, 1a: 140 ml, 1b: 

200 ml) as well as dry triethylamine (1a: 33 ml, 0.237 mol; 1b: 24 ml, 0.171 mol; 6 eq) were added by 

syringe in an argon counterflow. After cooling the mixture to 0 °C, distilled methacryloyl chloride 

(1a: 19.3 ml, 0.197 mol; 1b: 14 ml, 0.143 mol; 5 eq) was added dropwise by syringe during 

continuous stirring. The yellow, turbid solution was stirred for 24 h at r.t. After transferring in a 

separating funnel, the solution was washed with brine four times and dried over magnesium sulfate. 

PEGMEMA was precipitated in a tenfold excess of diethyl ether four times as well as n-hexane two 

times and collected by vacuum filtration. The white solid was freeze-dried in benzene for 24 h.  

1a: Yield: 45% (18.9 g, 0.018 mol), white solid. 1H NMR (300 MHz, CHCl3-d1): δ (ppm) = 6.12 (dd, 

J = 1.6, 1.0 Hz, 1H), 5.57 (m, J = 1.6, 1H), 4.35 – 4.24 (m, 2H), 3.71 – 3.57 (m, 95H), 3.37 (s, 3H), 1.94 

(dd, J = 1.5, 1.0 Hz, 3H). SEC (eluent: THF/0.25 wt% TBAB, standard: PEG): Mn = 950 g mol-1, 

Mw = 1000 g mol-1, Mp = 1050 g mol-1, Đ = 1.06.  

1b: Yield: 82% (48.24 g, 0.0233 mol), white solid. 1H NMR (300 MHz, CHCl3-d1): δ (ppm) = 6.12 

(dq, J = 1.9, 1.0 Hz, 1H), 5.61-5.52 (m, 1H), 4.29 (t, 2H), 3.63 (t, 196H), 3.37 (s, 3H), 1.94 (dd, J = 1.6, 

1.0 Hz, 3H). SEC (eluent: THF/0.25 wt% TBAB, standard: PEG): Mn = 1570 g mol-1, 

Mw = 1700 g mol-1, Mp = 1780 g mol-1, Đ = 1.08. FT-IR: ν (cm-1) = 2883, 1717, 1637, 1466, 1100, 946, 

841. 

4.2.3 Synthesis of norbornene poly(ethylene glycol) monomethyl ether (Nb-PEGME2k) 

2 

Poly(ethylene glycol) monomethyl ether (30.1 g, 1.50·10-2 mol, 1 eq) (dried 1 d in HV at 70 °C) was 

put in a securated 500 ml-Schlenk flask equipped with a septum. 230 ml dry DCM and DCC (7.43 g, 

3.60·10-2 mol, 2.4 eq) were added in an argon counterflow. After dissolving the substances, 5-

norbornene-2-carboxylic acid (3.7 ml, 1.50·10-2 mol, 2 eq) was added by syringe during continuous 

stirring and the mixture was cooled by an ice bath for 30 min. DMAP (0.183 g, 1.50·10-3 mol, 0.1 eq) 

added and the solution was stirred for 24 h at r.t. The reaction mixture was filtered and washed with 

100 ml methylene chloride. Nb-PEGME2k was precipitated in a tenfold excess of diethyl ether three 

times as well as n-hexane and collected by vacuum filtration. The white solid was dried in HV for 
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24 h. Yield: 90% (28.7 g, 0.0135 mol), white solid. 1H NMR (300 MHz, CHCl3-d1): δ (ppm) = 6.18 

(dd, 0.59H, Hb, endo), 6.10 (m, 0.85H, Ha,exo, Hb,exo), 5.91 (dd, 0.58H, Ha,endo), 4.32–4.10 (m, 2H, Hk), 

3.91–3.37 (m, 182H, Hm), 3.36 (s, 3H, Hn), 3.20 (m, 0.55H, Hd,endo), 3.03 (m, 0.40H, Hd,exo), 2.96 (dt, 

0,57H, Hg,endo), 2.89 (m, 1H, Hc), 2.24 (dt, 0.39H, Hg,exo), 1.94-1.85 (m, 1H, He,exo, Hf,endo), 

1.51 (d, 0.41H, Hh,exo), 1.44–1.30 (m, 2H, He,endo, Hf,exo, Hi), 1.26 (d, 0.61H, Hh,endo). SEC (eluent: 

THF/0.25 wt% TBAB, standard: PEG): Mn = 1900 g mol-1, Mw = 1980 g mol-1, Mp = 2000 g mol-1, 

Đ = 1.04.  

4.2.4 Free radical polymerization of polymethacrylate-graft-poly(ethylene glycol) 

monomethyl ether poly(MA)m-graft-PEGME1k,2k 3a,b brush polymers 

PEGMEMA (3a: 6.666 g, 6.2·10 -3 mol; 3b: 6.819 g, 3.3·10-3 mol; 1 eq) was put in a Schlenk tube 

equipped with a septum and a magnetic stirring bar. 1,4-Dioxane (3a: 17.5 ml; 3b: 13.3 ml) was 

added by syringe resulting in a slightly yellow solution. After adding of an AIBN solution (3a: 

0.103 ml, 10 g l-1 in dioxane; 3b: 0.541 ml, 1.0 g l-1 in dioxane; 0.001 eq), the reaction mixture was 

degassed by three freeze-pump-thaw cycles. The mixture was put in an oil bath at 85 °C during 

continuous stirring. The reaction mixture was cooled down to 4 °C and transferred into a dialysis 

tube, the Schlenk tube was rinsed with methanol and the slightly yellow solution was dialyzed against 

methanol (3a: 12 d; 3b: 11 d). After transferring the solution in a round bottom flask and rinsing 

with methanol, the solvent was removed by a rotary evaporator until a yellow oily liquid remained. 

The solution was freeze dried in benzene for 72 h. 3a: Yield: 3.77 g, white solid. 1H NMR (300 MHz, 

CHCl3-d1): δ (ppm) = 3.64 (br, 97H), 3.38 (s, 3H), 1.71 (br, 3H). SEC (eluent: THF/0.25 wt% TBAB, 

standard: PS): Mn = 83900 g mol-1, Mw = 216800 g mol-1, Mp = 171200 g mol-1, Đ = 2.58. 

3b: Yield: 3.109 g, white solid. 1H NMR (300 MHz, CHCl3-d1): δ (ppm) = 4.33–3.38 (br, 192H), 3.37 

(s, 3H), 2.10–0.15 (br, 3H). SEC (eluent: THF/0.25 wt% TBAB, standard: PS): Mn = 83200 g mol-1, 

Mw = 177900 g mol-1, Mp = 76100 g mol-1, Đ = 2.14. 

4.2.5 ROMP of polynorbornene-graft-poly(ethylene glycol) monomethyl ether 

poly(Nb)m-graft-PEGME2k 4a-c brush polymers 

Nb-PEGME2k 2 (4a: 5.273 g, 2.5·10 -3 mol; 4b: 5.0 g, 2.4·10-3 mol; 4c: 5.308 g, 2.5·10-3 mol; 1 eq) was 

put in a securated Schlenk flask equipped with a septum and a magnetic stirring bar. Dry methylene 

chloride (4a: 48 ml; 4b: 47.2 ml, 4c: 50 ml) was added by syringe resulting in a clear solution. The 

solution was degassed by three freeze-pump-thaw cycles. After adding a solution of Grubbs catalyst 

3rd generation (stored in a glovebox under nitrogen at -10 °C) (4a: 0.2195 g, 5.0 g, 0.25·10-3 mol, 

87.8 g l-1 in DCM, 0.1 eq; 4b: 0.1054 g, 0.12·10-3 mol, 42.2 g l-1 in DCM; 0.05 eq, 4c: 0.056 g, 0.063·10-

3 mol, 37.3 g l-1 in DCM; 0.025 eq), the reaction mixture was stirred for 20 min at r.t. 10 ml ethyl vinyl 

ether was added and after 50 min the solvent was removed by a rotary evaporator. The product was 
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precipitated in a tenfold excess of diethyl ether three times as well as n-hexane and collected by 

vacuum filtration. The grey solid was dialyzed against methanol for 120 h. After transferring the 

solution in a round bottom flask and rinsing with methanol, the solvent was removed by a rotary 

evaporator until an oily liquid remained. The solution was freeze dried in benzene for 72 h. 
1H NMR (300 MHz, CHCl3-d1): δ (ppm) = 5.57–4.87 (m, 2H. Ho), 4.33–3.92 (m, 2H, Hk), 3.92–3.37 

(m, 174H, Hm), 3.36 (s, 3H, Hn), 3.20–0.69 (m, 7H, Hp). 

4a: Yield: 4.91 g, white solid. SEC (eluent: THF/0.25 wt% TBAB, standard: PS): Mn = 25100 g mol-1, 

Mw = 29400 g mol-1, Mp = 29700 g mol-1, Đ = 1.17. 

4b: Yield: 4.506 g, white solid. SEC (eluent: THF/0.25 wt% TBAB, standard: PS): Mn = 35300 g mol-

1, Mw = 41300 g mol-1, Mp = 42500 g mol-1, Đ = 1.17. 

4c: Yield: 4.484 g, white solid. SEC (eluent: THF/0.25 wt% TBAB, standard: PS): Mn = 55800 g mol-

1, Mw = 67000 g mol-1, Mp = 70000 g mol-1, Đ = 1.20. 

4.2.6 Characterization 

4.2.6.1 1H NMR spectroscopy 
1H NMR spectra were recorded on a Bruker Avance AC250 Spectrometer at a working frequency of 

300 MHz. The obtained spectra (64 scans) were calibrated to the corresponding residual solvent 

peak (CDCl3 δ = 7.26 ppm). Chemical shifts are given in ppm, coupling constants (J) are reported in 

Hertz (Hz) and multiplicity is indicated as follows: b (broad signal), s (singlet), d (doublet), t (triplet), 

q (quartet), or m (multiplet). 

4.2.6.2 Size exclusion chromatography (SEC) 

SEC was performed with a Waters 515 HPLC pump and THF with 0.25 wt% tetrabutylammonium 

bromide (TBAB) as eluent at a flow rate of 0.5 ml min-1. A volume of 100 μl of polymer solution (1-

2 mg ml-1) was injected with a 707 Waters auto-sampler into a column setup comprising a guard 

column (Agilent PLgel Guard MIXED-C, 5 × 0.75 cm, particle size 5 μm) and two separation 

columns (Agilent PLgel MIXED-C, 30 × 0.75 cm, particle size 5 μm). Polymer size distributions were 

monitored with a Waters 414 refractive index detector. Polystyrene (PS) and poly(ethylene glycol) 

(PEG) standards were used for calibration and 1,2-dichlorobenzene as an internal reference. 

4.2.6.3 Differential scanning calorimetry (DSC) 

DSC measurements were performed on a Mettler Toledo DSC 3. The samples were hermetically 

sealed in aluminum crucibles inside an argon-filled glovebox. The temperature program consisted 

of cooling down to -80 °C and subsequently heating up to 150 °C with a heating rate of 10 K min-1 

and repeated once. For the third cycle, a heating/cooling rate of 40 K min-1 was chosen. Glass 

transition temperatures (Tg) are given as inflection point of the transition temperature and melting 
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points (Tm) are given as the peak maximum of the melting peak from the second heating curve. 

4.2.6.4 Thermogravimetric analysis (TGA). 

TGA thermograms were recorded using a Mettler Toledo TGA/DSC 3. Samples (in the weight range 

from 10-20 mg) were placed in aluminum oxide ceramic crucibles (volume 70 µl) inside an argon-

filled glovebox (transport in argon-filled vials) and heated from 30 °C to 700 °C at a heating rate of 

10 K min-1 under nitrogen atmosphere. 

4.2.6.5 Dynamic mechanical analysis (DMA) 

DMA measurements were performed on a Mettler Toledo DMA 1 STARe System equipped with an 

oven and a liquid nitrogen supply using a single cantilever bending method. An oscillating force was 

applied to the materials and the resulting displacement of the samples with a bending frequency of 

2 Hz was measured in dependence of the temperature with a heating/cooling rate of 2 K min-1. 

5-20 mg of the sample were placed in titanium sample holders and subsequently the holder was put 

on a heating bar in order to obtain homogenous films. The sample holder was closed by bending the 

flaps and mounted on the measuring head. The sample was heated on 60 °C for 30 min, then cooled 

down to -100 °C and heated to 100 °C. 

4.2.6.6 Attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-FTIR) 

Infrared (IR) absorption experiments were performed on a Perkin Elmer Spectrum 100 FTIR 

spectrometer. The spectra were recorded from solids in attenuated total reflectance mode. 

4.2.6.7 Preparation of the solid polymer electrolytes (SPEs) 

Mixtures of polymer and LiTFSI were molten in a glass vial on a hot plate using a magnetic stirring 

bar at 90 °C (for linear PEGs) and 150 °C (for brush polymers) for at least one hour until a 

homogenous colorless melt was obtained. For the electrochemical characterizations, 10-20 µl of the 

melt were transferred into the hole using a Gilson MICROMAN® E with a capillary piston. 

4.2.6.8 Ionic conductivity - potentiostatic electrochemical impedance spectroscopy (PEIS) 

All electrochemical measurements were performed on a BioLogic VMP3® potentiostat working with 

the software EC-Lab V11.01. The temperature was controlled by a Vötsch VT 4002® oven. All 

preparations, cell assembling and disassembling were performed in an argon filled glove box 

equipped with a copper catalyst for gas purification (H
2
O < 0.1 ppm and O

2 
< 1 ppm). The overall 

ionic conductivities σ of all SPEs were studied via PEIS. Stainless steel StSt/SPE/StSt symmetric 

CR2032 coin cells (l ≈ 500 µm, A ≈3.1 mm2) were assembled and hermetically sealed. The SPE melt 

filled a 0.2 cm hole of a 500 µm thick Teflon® spacer, located on a 500 µm thick stainless-steel 

blocking electrode, that defined the active surface area (A) of the cell. Another 500 µm thick stainless 

steel blocking electrode was then placed on top of the electrolyte-spacer assembly and pressed at r.t. 
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using an electric pressure controlled coin cell crimping machine (MSK-160D, MTI). Before (without 

SPE and Teflon® spacer) and after each measurement the overall thickness was measured to monitor 

the electrolyte thickness (l). PEIS experiments were performed by applying a sinusoidal amplitude 

of Va = 20 mV with frequencies in a range of fi = 1 MHz to ff = 1 Hz. with seven steps per decade. 

The temperature program consisted of an initial annealing step at 60 °C for tr = 3 h (OCV 

measurement). Subsequently, impedance spectra were recorded at 60 °C, 80 °C, 70 °C, 60 °C, 50 °C, 

40 °C, 30 °C and 25 °C. At each temperature, the impedance measurement started after 1.5 h of 

annealing to guarantee enough time for thermal equilibration. The temperature between the thermal 

annealing steps and impedance measurements were changed within 15 min. Each electrolyte was 

measured in at least three independent experiments. The impedance spectra were fitted using DRT 

to extract the electrolyte (bulk) resistance RΩ at the intercept of the high frequency semi-circle and 

DRT data analysis were performed with the software ec-idea.[27] After the experiments, the coin cells 

were disassembled in the argon glovebox to determine the final electrolyte thickness (l). 

Conductivity (σ) at a given temperature T was calculated using the following equation: 

𝜎𝜎 =
𝑙𝑙

𝑅𝑅Ω𝐴𝐴
. (4.1) 

The average conductivity for each electrolyte was determined from three independent 

measurements from the cooling steps. 

4.2.6.9 Distribution of relaxation times (DRT) 

The DRT offers a model-free, universal characterization of electrochemical systems. It was applied 

first in solid oxide[28,29] – and adapted for polymer electrolyte membrane fuel cells[30] as well as 

batteries.[31,32] In particular, no equivalent circuit or other a-priori knowledge is needed for the 

interpretation of the frequency-domain complex impedance of a system. Instead, an infinite number 

of RC elements and a resistor in series is used to describe the frequency-dependent impedance:[30] 

𝑍𝑍(𝑗𝑗𝜔𝜔) = 𝑅𝑅0 + �
ℎ(𝜏𝜏)

1 + 𝑗𝑗𝜔𝜔𝜏𝜏
d𝜏𝜏

∞

0
= 𝑅𝑅0 + 𝑅𝑅pol �

𝑔𝑔(𝜏𝜏)
1 + 𝑗𝑗𝜔𝜔𝜏𝜏

d𝜏𝜏
∞

0
. (4.2) 

ℎ(𝜏𝜏) represents the distribution function, which is typically normalized to 𝑔𝑔(𝜏𝜏) where ℎ(𝜏𝜏) = 𝑅𝑅pol ⋅

𝑔𝑔(𝜏𝜏) and 

� 𝑔𝑔(𝜏𝜏)d𝜏𝜏 = 1
∞

−∞
. (4.3) 

Due to numerical reasons, the integral is discretized into a finite sum 

𝑍𝑍(𝑗𝑗𝜔𝜔) = 𝑅𝑅0 + 𝑅𝑅pol �
𝑔𝑔(𝜏𝜏𝑘𝑘)

1 + 𝑗𝑗𝜔𝜔𝜏𝜏𝑘𝑘

𝑛𝑛

𝑘𝑘=1

 (4.4) 

with a user-defined, large number of n time constants 𝜏𝜏𝑘𝑘. This leads to a mathematically ill-posed 
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problem as there are typically more time constants than measured data points necessary for a smooth 

and reliable result.[27] Thus, there is no unique solution to obtain the distribution function and 

mathematical methods such as Tikhonov regularization become inevitable. Within this paper, the 

number of time constants is set to the 5-fold number of measured data points and the regularization 

parameter λ is set to 0.2. 

As the DRT is calculated from the assumption that the investigated system can be characterized by 

a number of RC elements and a resistor, inductive behavior cannot be pictured with the DRT. For 

the investigated specimen, this is not of interest as Re(Z) < 0 for frequencies up to 1 MHz. In 

addition, the constraint 

lim
𝑗𝑗→0
𝑗𝑗→∞

𝐼𝐼𝑚𝑚(𝑍𝑍(𝑗𝑗𝜔𝜔)) = 0 (4.5) 

has to be fulfilled. Previous work has shown that if the frequency limit of the distribution function 

is extended by three decades in comparison to the highest or lowest frequency, respectively, this 

constraint can be circumvented and e.g., diffusive or constant phase behavior can be characterized 

with high accuracy. Within this publication, the lower frequency boundary is exceeded by three and 

the upper by one decade. The DRT is calculated using the ec-idea tool.[27] 

As a pre-processing step, the ohmic offset is subtracted from the impedance spectra and used as R0. 

4.2.6.10 Lithium transport number - potentiostatic electrochemical impedance spectroscopy 

and chronoamperometry (CA) 

Lithium transport numbers tLi
+ of the films were studied via combination of PEIS and CA. Lithium 

Li/SPE/Li symmetric CR2032 coin cells were assembled and hermetically sealed. The SPE melt filled 

a 0.4 cm hole of a 130 µm thick Kapton® spacer, located on a 380 µm thick lithium non-blocking 

electrode, that defined the active surface area (A ≈13 mm2) of the cell. Another 380 µm thick lithium 

non-blocking electrode was then placed on top of the electrolyte-spacer assembly followed by a 

500 µm thick stainless steel blocking electrode. This was used to enable an equal distribution of the 

spring pressure. The assembly was pressed at r.t. Impedance spectroscopy experiments were 

performed by applying a sinusoidal amplitude of Va = 20 mV with frequencies in a range of 

fi = 1 MHz to ff = 1 Hz. CA measurements were conducted by applying a DC potential of Ei = 10 mV 

(for linear PEGs) and Ei = 50 mV (for brush polymers). The temperature program consisted of an 

initial annealing step at 70 °C for tr = 12 h in order to obtain a good contact between the electrolyte 

and electrodes (OCV measurement, Ewe was recorded at least every dtr = 60 s). Subsequently, 

impedance spectra were recorded at 70 °C before DC polarization, followed by CA measurement 

until a steady current was obtained. Again, impedance spectroscopy was performed after DC 

polarization. The data were fitted using the software EC-Lab V11.01. With the initial and steady state 

values for the interfacial resistance (Ri,0 and Ri,ss given in Ω) and for the current (I0 and Iss given in µA) 
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as well as the applied DC potential (ΔV given in mV), the lithium transport number was calculated 

using the following equation: 

𝑡𝑡Li+ =
(𝐼𝐼ss�∆𝑉𝑉 − 𝐼𝐼0𝑅𝑅i,0�)
(𝐼𝐼0�∆𝑉𝑉 − 𝐼𝐼ss𝑅𝑅i,ss�)

. (4.6) 

4.2.6.11 Electrochemical stability window – cyclic voltammetry (CV) 

The electrochemical stability window of the neat polymers and SPEs were studied via CV. Copper-

lithium Cu/SPE/Li asymmetric CR2032 coin cells were assembled and hermetically sealed. The SPE 

melt filled a 0.4 cm hole of a 130 µm thick Kapton® spacer, located on a 250 µm thick copper non-

blocking electrode that defined the active surface area (A ≈13 mm2) of the cell. A 380 µm thick 

lithium non-blocking electrode was then placed on top of the electrolyte-spacer assembly followed 

by a 500 µm thick stainless steel blocking electrode. The assembly was pressed at r.t. CV experiments 

were performed by scanning a potential between E1 = -0.2 V and E2 = 3.7 V vs. Ref (EWE = Ei = 0 V vs. 

EOC and reverse scan towards Ef = 0 V vs. EOC) with a scan rate of dE/dt = 1 mV s-1. The temperature 

program consisted of an initial annealing step at 70 °C for tr = 12 h in order to obtain a good contact 

between the electrolyte and electrodes (OCV measurement, Ewe was recorded at least every 

dtr = 60 s). 

4.3 Results and discussion 

4.3.1 Syntheses of macromonomers and brush polymers 

First, the commercially available poly(ethylene glycol) monomethyl ether with low dispersity and 

two different molecular weights (PEGME1k :Mn = 1000 g mol-1, and PEGME2k: Mn = 2000 g mol-1), 

bearing a methoxy group (-OCH3) at one end and a hydroxyl group (-OH) at the other was reacted 

with methacryloyl chloride to obtain the two macromonomers (PEGMEMA1k and PEGMEMA2k) 

1a,b carrying PEG side chain lengths of n = 23 (1k) and n = 45 (2k), respectively. The third 

macromonomer norbornene poly(ethylene glycol) monomethyl ether (Nb-PEGME2k) 2 was 

synthesized by a Steglich-esterification starting from a mixture of exo/endo 5-norbornene-2-

carboxylic acid (exo-/endo-NbA) and PEGME2k. Both macromonomers were obtained in 

quantitative conversion. The structural purity of the macromonomers were confirmed by 1H NMR 

spectroscopy (see experimental section) (Scheme 4.1). 
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Scheme 4.1: Synthetic scheme of the macromonomers (a) poly(ethylene glycol) monomethyl ether methacrylate 

(PEGMEMA1k, 2k) 1a,b by reaction of methacryloyl chloride with poly(ethylene glycol) monomethyl ether (PEGME) at r.t. 

using triethylamine as a nucleophilic catalyst and (b) norbornene poly(ethylene glycol) monomethyl ether (Nb-PEGME2k) 

2 by reaction of a mixture of exo/endo 5-norbornene-2-carboxylic acid (exo-/endo-NbA) and PEGME using 

4-dimethylaminopyridine (DMAP) as a catalyst and N,N'-dicyclohexylcarbodiimide (DCC). 

NbA shows a special form of isomerism. The carboxylic acid group of the exo-isomer points towards 

the methylene bridge, whereas the substituent of the endo-isomer points in the opposite direction. 

As a consequence, the synthesized brush polymer has a stereo irregularity regarding the backbone 

compared to the isomerically pure form lowering the crystallization of the PEG side chains.[33] 

According to 1H NMR, the ratio of exo- / endo- is 42 / 58 mol% within the NbA, which differs from 

the feed ratio (28 / 72 mol%). Probably the exo-isomer is more accessible and with that the addition 

of DMAP is more probable. An overview of SEC data of all macromonomers and the used PEG 

precursors are given in Table 4.1. The corresponding SEC curves of the precursors and methacrylate 

macromonomers are given in the supporting information (Figure S4.15). The SEC curves of the 

norbornene macromonomer along with its precursor is given in Figure 4.1. 
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Table 4.1: Overview of SEC data of the synthesized macromonomers, PEGMEMA1k,2k 1a,b and Nb-PEGME2k 2 and the 

PEGME precursors. 

 
Mn,SEC

a  
/ g mol-1 

Mw,SEC
a  

/ g mol-1 
Mn,NMR  

/ g mol-1 
Đ 

PEGME1k 800 860 995 1.07 

PEGME2k 1500 1610 2140 1.07 

PEGMEMA1k 1a 950 1000 1168 1.06 

PEGMEMA2k 1b 1570 1700 2240 1.08 

Nb-PEGME2k 2 1900 1980 2120 1.04 
aSEC eluent: THF + TBAB (0.25 wt%), PEG calibration, RI detector. 

For the determination of the SEC based molecular weights and dispersities, a PEG calibration was 

used due to the similarity of the molecular structures. The SEC molecular weights of all the 

investigated polymers appear at lower molecular weights than the theoretical values, whereas the 1H 

NMR values are slightly higher. The deviations originate from the different determination methods. 

During the esterification reactions of the three macromonomers, the dispersity of the compounds 

does not change significantly. Furthermore, a shift towards higher molecular weights was obtained 

for all three macromonomers in the expected range. 

For the synthesis of brush polymers, we adopted a grafting through polymerization and the 

evolution of polymerization was monitored by SEC. For the polymethacrylate brushes, 

polymethacrylate-graft-poly(ethylene glycol) monomethyl ether denoted as 

poly(MA)m-graft-PEGME1k,2k 3a,b a free radical polymerization was used. During the 

polymerization, the progress of the reaction could be monitored by 1H NMR spectroscopy. Here the 

three protons of the monomer methyl group (at 1.94 ppm) and the two protons from the double 

bond (5.5-6.1 ppm) were gradually transformed into a broad signal forming the polymer backbone. 

Within 20 h, conversions between 53 (3b) and 78 (3a)% at 85 °C were achieved. 

But for the polynorbornene brushes, a living ring-opening metathesis polymerization (ROMP) of 

the macromonomer Nb-PEGME2k 2 using 3rd gen. Grubbs Catalyst (G3) was performed. 

Accordingly, three polynorbornene brushes, polynorbornene-graft-poly(ethylene glycol) 

monomethyl ether denoted as poly(Nb)m-graft-PEGME2k 4a-c having different backbone lengths 

(m = 10, 20, 40) were synthesized by varying the catalyst to monomer [M]0:[G3]0 ratio (Scheme 4.2). 
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Scheme 4.2: (a) Free radical polymerization of the macromonomers PEGMEMA1k,2k 1a,b at 85 °C in 1,4-dioxane forming 

the brush polymers polymethacrylate-graft-poly(ethylene glycol) monomethyl ether poly(MA)m-graft-PEGME1k,2k 3a,b. 

(b) Ring-opening metathesis polymerization (ROMP) of the macromonomer Nb-PEGME2k 2 at r.t. in DCM using 3rd gen. 

Grubbs Catalyst (G3) to obtain brush polymers polynorbornene-graft-poly(ethylene glycol) monomethyl ether 

poly(Nb)m-graft-PEGME2k 4a-c. The [M]0:[G3]0 ratios were 10, 20 and 40. 

The polymerization reaction under the used conditions was very fast reaching very high conversions 

as usual for ROMP.[34] For example, the polymer brush with 20 repeating units shows a 70% 

conversion in just 10 seconds and full conversion in 50 minutes. To quench the reaction, ethyl vinyl 

ether was added, which substitutes the catalyst with a methylydene group. At the same time, an 

inactive complex is formed [Ru]=CHOC2H5 as byproduct. In 1H NMR spectroscopy, a 

disappearance of the double bond signals of the macromonomer (5.9-6.2 ppm) with simultaneously 

increasing broad double bond signals of the backbone of the brush polymer (5.57–4.87 ppm) 

indicates a quantitative conversion. Within 50 min, a conversion of > 99.9% at r.t. was achieved for 

all three norbornene brushes, 4a-c (Table 4.2). 
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Table 4.2: Overview of SEC data of the Poly(MA)m-graft-PEGME1k,2k 3a,b and Poly(Nb)m-graft-PEGME2k 4a-c brush 

polymers after purification using dialysis. 

Brush polymers 
Mn,theo

a  
/ g mol-1 

Mn,SEC
b  

/ g mol-1 
Mw,SEC

b  

/ g mol-1 
Đ 

Conversion pd  
/ % 

Poly(MA)m-graft-PEGME1k 3a - 83900 216800 2.58 78 

Poly(MA)m-graft-PEGME2k 3b - 83200 177900 2.14 53 

Poly(Nb)10-graft-PEGME2k 4a 21200 25100 29400 1.17 > 99.9 

Poly(Nb)20-graft-PEGME2k 4b 42400 35300 41300 1.17 > 99.9 

Poly(Nb)40-graft-PEGME2k 4c 84800 55800 67000 1.20 > 99.9 

aMn,theo = [M]0/[G3]0 ⋅ M(Nb-PEGME2k 2). bSEC eluent: THF + TBAB (0.25 wt%), PS calibration, RI detector. dDetermined 
by 1H NMR. 

All the five polymer brushes were purified by dialysis (MWCO: 15 kDa) in MeOH to remove the 

unreacted macromonomers if any. In the case of free radical polymers, there was large amount of 

unreacted macromonomers present, whereas in ROMP polymers, this is very low before dialysis 

(Figure S4.14). The final polymer brushes were obtained by freeze drying of benzene solutions. The 

details of 1H NMR analysis of all polymer brushes are given in the experimental section. All polymers 

exhibit monomodal size exclusion curves. As typical examples, the SEC curves of the 

macromonomer, Nb-PEGME2k 2 and the brushes obtained from it, Poly(Nb)m-graft-PEGME2k 4a-c 

are compared with the linear PEG precursor, PEGME2k in Figure 4.1. 

Obviously, the molecular weights of the brush polymers increase with the increase in [M]0:[G3]0 

ratio as expected for ROMP. The polynorbornene brushes show a narrow molecular weight 

distribution, Đ < 1.2. However, very small shoulders could be seen in 4a-c. To understand the origin 

of this shoulder and to verify if a solvent induced aggregation of the brush 4c is present in THF, a 

SEC analysis in DMF was performed. Since the small shoulder at about twice the molecular weight 

is present, one can assume a coupling of polymer chains as has been reported before.[35,36] On the 

other hand, the polymethacrylate brushes show broad SEC curves as usual for a free radical 

polymerization with dispersities in the range of 2 (Figure S4.15). All the SEC data of the brush 

polymers are summarized in Figure 4.1. 
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Figure 4.1: Comparison of SEC curves (SEC eluent: THF + 0.25 wt% TBAB, PEG calibration for PEG precursors and 

macromonomers, PS calibration for brush polymers, RI detector) of Nb-PEGME2k 2 (red)and the brushes, 

poly(Nb)m-graft-PEGME2k 4a-c (purple, green and blue, respectively) with the linear PEG precursor, PEGME2k (black). 

In the case of 4a-c, the SEC molecular weights exhibit different degrees of deviation from expected 

molecular weights for complete conversion. Usually, molecular brushes adopt a conformation of a 

wormlike object in solution, whose molecular dimensions depend on the side chain lengths and the 

grafting density. The backbone stiffness increases with grafting density as well as with the backbone 

lengths. Thereby, repulsive forces originating from the excluded-volume interactions between the 

side chains are balancing the entropic forces restoring the stretched main chain. Moreover, the 

radius of gyration of a brush polymer is significantly smaller than that of a linear polymer with the 

same molecular weight. It is therefore a common phenomenon, that brush polymers are usually 

underestimated in SEC.[37] As they generally have less entanglement and behave more like compact 

stiff polymers, a polystyrene calibration was applied for the brushes. 

4.3.2 Thermal properties of pristine materials 

The thermal properties of the precursor PEGs (PEGME1k and PEGME2k), macromonomers 1a,b and 

2 as well as the brush polymers, 3a,b and 4a-c were studied using TGA, DSC and DMA. TGA studies 

reveal the high temperature stability at least up to 350 °C. Commercial PEGDME2k.showed 

continuous weight loss in the range of 100-250°C, probably due to rest water present. All brush 

polymers show a higher thermal stability than the respective macromonomers, which is in 

agreement with data on brush polymers.[38] The measured TGA curves are given in the supporting 

information (Figure S4.4-Figure S4.6). 

All brush polymers, their macromonomers and the precursors are crystalline, showing a melting 

temperature in a range of 40 to 55°C. The shorter PEG lengths results in lower Tm, not only in linear 

systems, but also in brush polymers. As expected, the brush architecture decreases the degree of 

crystallinity as measured by the melting enthalpy (ΔHm) by confining the packing freedom of single 

1E+3 1E+4 1E+5
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chains, which was also reported in literature.[38] This effect is equally present for all backbone lengths 

in 4a-c. Thus, there is no dependence of the crystallinity on the backbone length in this molecular 

weight range for poly(Nb)m-graft-PEGME2k. However, a slight decrease in crystallinity was observed 

for the poly(MA)m-graft-PEGME1k,2k systems compared to the norbornene polymers. The measured 

DSC curves of the pristine materials and the corresponding SPEs can be found in the supporting 

information (Figure S4.7-Figure S4.13). 

The glass transition temperature, Tg was determined by DMA as the DSC is not sensitive enough for 

PEG containing polymers.[39] However, large differences in transition temperatures measured by 

DSC and DMA are reported in literature.[40] This can also arise from the fact that in DMA under 

ambient conditions these materials, and consequently their thermal transitions, are influenced by a 

high water uptake. The Tg values strongly depend on the polymer chain length and end groups. The 

dimethyl ether, PEGDME1k. shows a Tg of -25 °C, whereas the value of PEGME1k bearing one 

hydroxyl group is 10 °C higher. The higher molecular weight PEGs show lower values of -36 °C for 

PEGDME2k and -30 °C for PEGME2k. The Tg of PEG materials decreases with increasing molecular 

weight due to the higher amount of intra- as well as intermolecular hydrogen bonds, which decrease 

the free volume impeding the segmental motion.[39] At the same time, the glass transition 

temperature increases with increasing amount of hydroxyl groups. However, the values for the glass 

transitions are in the expected temperature range compared to the literature values.[41] In the case of 

macromonomers, slightly lower values were obtained compared to the precursors due to the 

substitution of the hydroxyl group by the polymerizable group. The Tg values of the brush polymers 

are in the range of -27 °C to -38 °C. Thus, within this study, no dependence of the glass transition 

temperature on the brush backbone length could be detected (Table S4.1). The thermal properties 

of the SPEs are discussed later. 

4.3.3 Electrochemical impedance spectroscopy of solvent free solid polymer 

electrolytes 

For the preparation of solvent free SPEs, the pristine polymers were blended with LiTFSI in different 

ratios at 90-150 °C in glovebox. All the samples were measured in CR2032 coin cells using stainless-

steel blocking electrodes as described in the experimental section. The overall ionic conductivity of 

the systems was determined in the temperature range between 25 and 80 °C in the frequency range 

of 1 MHz-1 Hz with an excitation amplitude of 20 mV. The resulting Nyquist plots were fitted using 

DRT (see experimental section).[27] As an example, Figure 4.2a shows the impedance spectra of 

poly(MA)m-graft-PEGME1k 3a (with O/Li = 16) measured between 25 and 40 °C, whereas Figure 

4.2b shows the plots between 50 and 80 °C. The spectra are representative for all other SPEs within 

this study and the bulk resistance appears as the real part between the two minima of the semicircle 

in the Nyquist plot. A significant decrease of the bulk resistance RΩ with temperature is visible in 
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both cases and can be explained by an enhanced segmental motion of the polymer chains at higher 

temperatures. 

 
Figure 4.2: Nyquist plots of poly(MA)m-graft-PEGME1k 3a (O/Li = 16) SPEs with respective DRT fits measured in a 

temperature range between (a) 25-40 °C and (b) 50-80 °C with a symmetrical StSt/SPE/StSt cell setup. (c) shows the 

normalized distribution functions 𝑔𝑔(𝜏𝜏𝑘𝑘) of the impedance spectra of 3a (O/Li = 16) in the temperature range between 25 

and 80 °C with polarization single peaks 1 of : 37.9 kΩ (25 °C), 25.5 kΩ (30 °C), 12.7 kΩ (40 °C), 6.8 kΩ (50 °C), 3.9 kΩ 

(60 °C), 2.3 kΩ (70 °C) and 1.5 kΩ (80 °C). 

The DRT-reconstructed impedances (DRT fit in Figure 4.2a and Figure 4.2b) are in good agreement 

with the measured spectral data. Within the measured spectra, for the lowest frequencies, there is a 

deviation caused for the last two data points as the imaginary parts do not converge towards zero. 

According to Hahn et al.[27], the DRT leads to reproducible and reasonable results when the fits 

exceed the lower frequency limit to three decades below the lowest measured frequency. Therefore, 

it is essential for comparability that the lowest measured frequency is kept constant throughout the 

study, which is the case here. The mid- and high frequency section, which provides the relevant 

information, is reconstructed with very high precision allowing the conclusion that the calculation 

of the DRT is valid. In Figure 4.2c, the normalized distribution functions 𝑔𝑔(𝜏𝜏𝑘𝑘) are shown. For every 

temperature, DRT shows four peaks. Peak 3 is caused by the non-ideal capacitive behavior of the 
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blocking electrodes, showing a diffusive-like impedance branch in Nyquist plot. Peaks 2a and 2b are 

also caused by the blocking electrodes. It has been shown before[42] that diffusive-like impedances 

cannot be represented by a single peak in the DRT but lead to small side-peaks at lower time constant 

than the main peak itself. With increasing temperature, the relative contribution of peak 3 to the 

overall polarization increases monotonously. Thus, the activation energy is smaller than for the 

process related to peak 1. Furthermore, the characteristic time constant of peak 3 shifts slightly 

towards lower values corresponding to an increase of the velocity of the process. Peak 1 represents 

the ionic conductivity of the bulk material. Its relative contribution to the overall polarization rises 

significantly with decreasing temperature. Furthermore, the time constant shifts approx. 1 decade 

towards higher values corresponding to a significant slow-down of the conduction mechanism with 

decreasing T. 

Thus, as there are no other peaks visible except for the blocking electrode-related (2 and 3) and the 

ionic conductivity (1), it is evident that the ionic conductivity is caused by a single mechanism and 

that there are no other contributions, e.g., boundary mechanisms. Furthermore, the obtained 

distribution functions of the electrolyte can be used as a reference in future full-cell assemblies to be 

differentiated from electrode reaction mechanisms. The distribution functions behave analogously 

for all SPEs and therefore are not displayed. The values obtained for peak 1 are used in the following 

Arrhenius plots for the quantification of the conductivities’ temperature dependency. 

The rise of g for the lowest time constant is due to the non-ideality of the measured spectrum. For 

the highest measured frequency, Im(Z) << 0 applies. To match the measured spectrum best, the 

distribution function has to be > 0 for the lowest time constant. This is therefore of no physical 

meaning and can be neglected within the discussion of the DRT. 

4.3.4 Influence of the molecular weight and end groups on the ionic conductivity 

For the linear PEG SPEs (PEGDME1k, PEGDME2k, PEGME1k and PEGME2k) the ionic conductivity 

was compared regarding the molecular weight and the end group of the polymers at a fixed O/Li 

ratio of 12. At this ratio, only PEGME2k shows a measurable crystallinity at 35°C and all others are 

amorphous. The plots in Figure 4.3 show almost linear Arrhenius behavior of the ionic conductivity 

with temperature for the whole range of 25 to 80°C. At high temperatures, the slope is slightly 

decreasing indicating a saturation of the ionic conductivity for all samples. 
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Figure 4.3: Arrhenius plots of ionic conductivity versus temperature (25 to 80°C) for the linear PEG SPEs (PEGDME1k, 

PEGDME2k, PEGME1k and PEGME2k) with fixed Li salt concentration of O/Li = 12. 

When the SPEs with two methoxy end groups, PEGDME1k and PEGDME2k are compared, higher σ 

values are obtained for the 1k system (2.2·10-4 S cm-1@ 25 °C and 2.4·10-3 S cm-1@ 80 °C) compared 

to the 2k polymer (9·10-5 S cm-1@ 25 °C and 1.2·10-3 S cm-1@ 80 °C). This phenomenon is known in 

the literature, and it can be attributed to an increasing segmental motion and decreasing friction by 

diffusing polymer chains with decreasing molecular weight.[10,43] The SPEs with one methoxy and 

one hydroxyl group, however, show almost the same conductivities until 40 °C 

(9·10-5 S cm-1@ 25 °C). From 50 to 80 °C the values for the 2k counterpart are slightly higher reaching 

2.4·10-3 S cm-1@ 80 °C. This can be understood as a result of higher relative fraction of hydrogen 

bonding OH groups in the low molecular weight sample.[10] Due to same reason PEGDME1k 

performs nearly two times better than PEGME1k (1.5·10-5 S cm-1@ 80 °C) over the whole temperature 

range. The measured values are in good agreement with the literature and the corresponding ionic 

conductivities with all investigated O/Li ratios are listed in Table 4.3. 

4.3.5 Influence of the backbone lengths on the ionic conductivity 

The dependence of the ionic conductivity on temperature for the three poly(Nb)m-graft-PEGME2k 

4a-c brush polymer SPEs in Figure 4.4 also follows a linear trend. For both shorter systems, 

poly(Nb)10 and 20-graft-PEGME2k the values nearly overlap reaching 1.1·10-3 S cm-1@ 80 °C. The one 

with the longest backbone (n = 40) shows around 1.5 times lower σ values (5.5·10-5 S cm-1@ 25 °C 

and 7.8·10-4 S cm-1@ 80 °C). It seems that there is a correlation between molecular weight of the 

brush polymer and the corresponding ionic conductivity. The difference between 10 and 20 

repeating units is apparently not significant enough, whereas for 40 repeating units this influence 

becomes clear. This can probably be attributed to the star or star-like shape of the polymers with 10 

and 20 repeating units[18], which exhibit lower repulsive forces than the brush-like polymer (n = 40) 

and with that a higher segmental motion of the side chains. 
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Figure 4.4: Arrhenius plots of ionic conductivity versus temperature for the poly(Nb)m-graft-PEGME2k 4a-c brush polymer 

SPEs with different backbone lengths and constant Li salt concentration of O/Li = 16. 

4.3.6 Influence of the brush side chain length on the ionic conductivity 

For this study, the SPEs from polymethacrylate based brushes with 1000 g mol-1 (3a) and 2000 g mol-

1 (3b) PEG side chains were compared regarding the ionic conductivity for O/Li ratio of 16 (Figure 

4.5). Besides the typical Arrhenius behavior, the 2k system (9.2·10-5 S cm-1@ 25 °C and 1.5·10-3 S cm-

1@ 80 °C) performs about two times better than the 1k counterpart (4.5·10-5 S cm-1@ 25 °C and 

8.6·10-4 S cm-1@ 80 °C). It is also to be noted that both 3a and 3b show very similar Tg values for the 

O/Li ratio of 16, which excludes any explanation based on segment mobility. However, the 

conductive PEG content of 3b is 97% whereas 3a has only 94%, which may improve the conductivity 

in 3b. This behavior is contrary to that of the linear PEG SPEs, which means that changing the 

polymer architecture has a significant effect on the electrical properties. A similar behavior was 

observed for brush polymers before by Itoh et al.[16], where random copolymers comprising vinyl 

ethers with various chain lengths of oligo ethylene glycol groups and vinylene carbonate were 

synthesized. The SPEs obtained thereof showed an increase of ionic conductivity with increasing 

side chain length of the vinyl ether unit and moreover the temperature dependence became relatively 

smaller. 
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Figure 4.5: Arrhenius plots of ionic conductivity versus temperature for the poly(MA)m-graft-PEGME1k,2k 3a,b brush 

polymers SPEs with different side chain lengths and constant Li salt concentration of O/Li = 16. 

4.3.7 Influence of the nature of backbone on the ionic conductivity 

Here we compare the polymethacrylate and polynorbornene backbones. For this, 

poly(MA)m-graft-PEGME2k 3b and poly(Nb)40-graft-PEGME2k 4c brush polymer SPEs with fixed 

side chain lengths and constant Li salt concentration of O/Li = 16 were compared regarding the ionic 

conductivity (Figure 4.6). 

 
Figure 4.6: Arrhenius plots of ionic conductivity versus temperature for the poly(MA)m-graft-PEGME2k 3b and 

poly(Nb)40-graft-PEGME2k 4c brush polymer SPEs with fixed side chain lengths and constant Li salt concentration of O/Li 

= 16. 

In general, in a brush architecture the ionic conductivities decrease when linear PEGDME2k having 

100% PEG content is compared with both polymer brushes, 3b and 4c, having only 97 and 94 wt% 

of PEG content. Interestingly, the methacrylate polymer brush has an ionic conductivity twice that 

of the norbornene containing polymer over the whole temperature range.  

To understand this, we have to consider the real difference in nature of the two backbones. If the 

common polar ester group in both is excluded, the norbornene brush has a 20 wt% higher amount 
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of non-conducting hydrocarbons compared to PMA counterpart. This along with the difference in 

PEG content could be one reason for the different conductivity values. 

4.3.8 Correlation of the ionic conductivity with crystallinity and glass transition 

temperature  

To ensure temperature stability of the SPEs, TGA measurements were performed (Figure S4.4-

Figure S4.6). The TGA data shows ample thermal stability up to 300°C for all the SPEs. Moreover, 

the blend combines the properties of both components showing a two-step degradation process. 

First, the polymer component loses weight, which is in good accordance with the thermogram of the 

pristine polymer. The second step is caused by the degradation of LiTFSI at around 430 °C.[44] Thus 

all investigated SPEs are suitable for the use in battery systems. 

In Figure 4.7, the correlation between ionic conductivity at two selected temperatures, 25 °C and 

80 °C for different O/Li ratios, the corresponding glass transition temperature and the melting 

enthalpy are shown for both linear PEGDME2k (Figure 4.7a) and brush SPEs 3b and 4c (Figure 

4.7b,c). 

 
Figure 4.7: Comparison of Tg, ΔHm and σ (25 and 80 °C) for varying LiTFSI concentration and different SPEs obtained 

from polymers (a) PEGDME2k, (b) poly(MA)m-graft-PEGME2k 3b and (c) poly(Nb)40-graft-PEGME2k 4c. The pristine 

polymers, PEGDME2k has Tg = -36 °C and ΔHm = 146 J g-1, the graft copolymer, poly(MA)m-graft-PEGME2k has Tg = -

38 °C and ΔHm = 129 J g-1.and the graft copolymer, poly(Nb)40-graft-PEGME2k has Tg = -34 °C and ΔHm = 153 J g-1.The 

dotted rectangle in each plot indicates the O/Li ratio for maximum ionic conductivity in each case for the measured 

compositions. 
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All three representative samples demonstrate first a drastic decrease in Tg (compared to pristine 

samples) followed by a steep increase for very high Li-salt concentration. Simultaneously a 

continuous decrease of ΔHm with increasing lithium salt concentration is observed. It is already 

known that in PEG systems, adding a certain amount of LiTFSI to the polymers results in a decrease 

of the transition temperatures due to a plasticizing effect of the salt.[45] As a consequence the 

crystallinity of the polymer is reduced, and ionic conductivity increases. This effect can be seen in 

the DSC curves (Figure S4.7-Figure S4.13) containing the pristine polymers and the corresponding 

SPEs. A further increase of the salt content leads to a reduced flexibility of the polymer chains due 

to strong interactions between the ether oxygens and the lithium-ions. This results in a higher glass 

transition temperature and consequently lower ionic conductivity at small O/Li ratios. At this point 

the amount of lithium-ions is so high that its aggregation occurs which also hinders ionic diffusion. 

Moreover, the crystallinity completely disappears at high Li-content. If the influence of only ΔHm on 

σ is individually analyzed, the conductivity should in principle increase for high Li-content, since all 

these samples do not crystallize at high Li-content. However, even though all the SPEs have very low 

Tg for all O/Li ratios, the exact value of Tg seems to play a role for the ionic conductivities, both at 25 

and 80°C. Or in other words, on comparing non-crystallizing systems, the lower the value of Tg, the 

higher the ionic conductivity. In this region, the best compromise between both a low glass transition 

and at the same time absence of crystallinity leads to a high segmental motion and thus fast ion 

transport. This is a fundamental finding which is applicable for both linear as well as brush SPEs 

based on PEG. This can be very well understood if we assume that the ionic conductivity 

predominantly occurs in the amorphous regions in the PEG SPE, where the relaxation and 

conductivity are directly coupled to the large-scale segmental motions of the PEG chains.[46] Another 

observation in the plots of Figure 4.7 is that the maximum ionic conductivity is obtained in samples 

with both the minimum Tg and ΔHm values simultaneously. This implies that the optimum SPE 

based on PEG is an amorphous material with the lowest Tg possible. Table 4.3 gives an overview of 

the molecular weights, thermal properties and ionic conductivities of all the polymer SPEs with 

different O/Li ratios at 25 °C and 80 °C. 
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Table 4.3: Overview of the molecular weights, thermal properties, and ionic conductivities of all the polymer SPEs with 

different O/Li ratios at 25 and 80 °C. 

Polymer 
PEG 

content 
/ wt% 

O/Li 
Mn,SEC

a 
 

/ g mol-1 
(Đ) 

Tg
b  

/ °C 
Tm

c  
/ °C 

ΔHm
d 

 

/ J g-1 

σe 
@ 25 °C  
/ S cm-1 

σe 

@ 80 °C  
/ S cm-1 

PEGME2k 100 

- 
1700 
(1.04) 

-30 53 202 n.d. n.d. 
8 -39 - - 4.3·10-5 9.8·10-4 

12 -49 35 12 1.5·10-4 2.4·10-3 
16 -53 39 38 4.7·10-5 1.3·10-3 

PEGME1k 100 

- 

800 
(1.07) 

-15 39 153 n.d. n.d. 
8 -43 - - 7.8·10-5 1.4·10-3 

12 -52 - - 1.5·10-4 1.5·10-3 
16 -56 26 41 2.3·10-4 1.6·10-3 
25 -46 33 79 1.2·10-4 9.9·10-4 

PEGDME2k 100 

- 

2000f 

-36 50 146 n.d. n.d. 
7 -38 - - 3.6·10-5 1.3·10-3 

12 -49 - - 9.0·10-5 1.2·10-3 
25 -57 41 60 1.4·10-4 1.3·10-3 
30 -56 47 97 5.8·10-6 1.0·10-3 

PEGDME1k 100 

- 

1000f 

-25 38 169 n.d. n.d. 
8 -45 - - 1.1·10-4 1.4·10-3 

12 -54 - - 2.2·10-4 2.4·10-3 
16 -60 28 44 2.9·10-4 1.7·10-3 
25 -49 33 72 - 1.8·10-3 

Poly(MA)m-graft-
PEGME1k 3a 

94 

- 
83900 
(2.58) 

n.d. 45 113 n.d. n.d. 
12 -43 - - 4.2·10-5 1.1·10-3 
16 -48 - - 4.5·10-5 8.6·10-4 
25 -54 37 47 4.7·10-5 6.7·10-4 

Poly(MA)m-graft-
PEGME2k 3b 

97 

- 

83200 
(2.14) 

-38 53 129 n.d. n.d. 
8 -32 - - 1.6·10-5 5.2·10-4 

12 -44 - - 5.7·10-5 9.1·10-4 
16 -48 37 0.3 9.2·10-5 1.5·10-3 
25 -51 49 60 3.8·10-5 6.2·10-4 

Poly(Nb)10-graft-
PEGME2k 4a 

94 

- 25100 
(1.17) 

-27 51 155 n.d. n.d. 
16 -48 - - 7.310-5 1.1·10-3 

Poly(Nb)20-graft-
PEGME2k 4b 

- 35300 
(1.17) 

-27 51 163 n.d. n.d. 
16 -48 - - 6.8·10-5 1.1·10-3 

Poly(Nb)40-graft-
PEGME2k 4c 

- 
55800 
(1.20) 

-34 51 153 n.d. n.d. 
12 -42 - - 3.0·10-5 7.6·10-4 
16 -48 - - 5.0·10-5 7.8·10-4 

25 -54 43 53 6.2·10-5 8.5·10-4 
aSEC eluent: THF + TBAB (0.25 wt%), PS calibration, RI detector. bDetermined by DMA (heating curve, 2 K min-1, 2 Hz). 
cDetermined by DSC (2nd heating/2nd cooling, rate: 10 K min-1, argon atmosphere, outside sealed crucibles purged with 
nitrogen). dCalculated by integration of the 2nd DSC melting peaks. eAverage value of at least three measurements for each 
SPE and cell configuration.  fMn values provided by the manufacturer. 
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4.3.9 Lithium-ion transport number 

For the determination of tLi
+, a combination of a DC polarization and AC impedance spectroscopy 

developed by Bruce and Vincent[47] was used in a symmetrical Li/SPE/Li coin cell setup at 70 °C in 

the melt to allow comparable conditions. Moreover, tLi
+ of the synthesized brush polymers were 

determined to investigate the influence of the brush architecture compared to linear PEGs. The cells 

were first equilibrated at 70 °C for 5 h prior to measurement of the AC impedance as a function of 

frequency from 1 MHz to 1 Hz using an amplitude of 20 mV peak-to-peak to obtain a noticeable 

current response. As an example, data sets gathered from DC chronoamperometric and AC 

impedance spectroscopy measurements are shown in Figure 4.8 for (a), PEGME2k (O/Li = 12) at a 

DC bias of ΔV = 10 mV and (b), poly(MA)m-graft-PEGME2k 3b (O/Li = 16)] at ΔV =50 mV 

respectively. The current (I0) flowing through the cell was monitored as a function of time (inset) 

until a steady state (ss) was reached. This corresponds to the formation of a uniform salt 

concentration gradient in the direction of the electric field (perpendicular to the surface of 

electrodes). After reaching a constant current value (Iss), the AC impedance was measured again 

monitoring the alteration processes within the cell. The plots are representative for all investigated 

SPEs in this study. The inset of Figure 4.8a represents the current versus time plot for 

PEGME2k (O/Li = 12) during the application of a DC bias of 10 mV across the cell. Starting from 

I0 = 12.6 µA, the current drops to a final value of Iss = 4.35 µA after 20 min. The corresponding initial 

(black hollow squares) and final (red hollow dots) interfacial resistance values extracted from the 

impedance spectra are found to be Ri,0 = 315 Ω and Ri,ss = 314 Ω, respectively, which are nearly 

identical. The experimental data (black and red lines) were fitted using the equivalent circuit shown 

in the inset. In order to design a suitable equivalent circuit, three processes were taken into account 

as described in the following. R1 corresponds to the bulk resistance of the polymer electrolyte and 

appears at the high-frequency end (left-hand side) of the semicircle. The second element comprises 

a parallel circuit of a resistor (R2) and a double layer capacitor (Q2). This is induced by the charge 

transfer at the Li/SPE interface. Diffusion processes of lithium-ions taking place in the polymer 

electrolyte at very low frequencies are represented with a typical Warburg impedance element 

(W1).[45,48] The low-frequency minimum (right-hand side) represents the total impedance of the cell 

(R1 + R2) including the resistive layer on the electrodes. It is noticeable that the passivation layer is 

present even before applying the DC bias and no significant change could be observed until a steady-

state current is reached. Using the obtained currents before and after polarization from the current-

time curve, the cationic transport number was calculated to be tLi
+ = 0.24 for PEGME2k (O/Li = 12). 

Taking the second measurement of this SPE into account (Table 4.4), a mean value of tLi
+ = 0.22 was 

calculated which agrees with previous studies.[49–52] The same value of tLi
+ = 0.22 was also obtained 

for the poly(MA)m-graft-PEGME2k 3b electrolyte sample with (O/Li = 16) (Figure 4.8b). 
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Figure 4.8: Impedance spectra (before polarization: black hollow squares and after polarization: red hollow dots) and time-

dependence of DC polarization (inset) of (a) PEGME2k (O/Li = 12) polarized at a potential of 10 mV and (b) 

poly(MA)m-graft-PEGME2k 3b (O/Li = 16) polarized at a potential of 50 mV measured in symmetrical Li/SPE/Li cells at 

70 °C. Black and red lines correspond to the fits of the experimental data using the equivalent circuits shown in the insets. 

The resistance did not increase significantly during polarization, from Ri,0 = 3415 Ω to Ri,ss = 3501 Ω 

after 1 h, applying a DC bias of ΔV =50 mV across the cell. The initial (I0 = 12.4 µA) and final 

(Iss = 8.25 µA) currents after 1 h were very small. As expected, the tLi
+ values of the other SPEs are 

also in the same range, since all the studied SPEs have mobile TFSI anions and the majority polymer 

component (> 94 wt%) consists of PEG. Hence the interactions between the host polymer and 

LiTFSI do not differ from sample to sample. Furthermore, the tLi
+ values of PEGME2k with varying 

O/Li ratios (8, 12 and 16, see Table 4.4) are all in the same range, indicating no significant influence 

of the amount of LiTFSI in this regime. The calculation of the lithium-ion conductivity σLi
+ is for 

instance possible using the overall conductivity σ and tLi
+. Table 4.4 summarizes all relevant 

parameters and gives a detailed overview of the calculated values for tLi
+ and σLi

+. 
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Table 4.4: Measured values for the parameters and the corresponding calculated values for the lithium-ion transport 

number and the respective lithium-ion conductivities. 

SPE 
I0  

/ µA 
Iss  

/ µA 
Ri,0  
/ Ω 

Ri,ss  
/ Ω 

ΔV  

/ mV 
tLi

+ 
σa @ 70 °C  

/ S cm-1 
σb

Li
+@ 70 °C  

/ S cm-1 

PEGME2k (O/Li = 8) 5.68 1.72 947 920 10 0.17 6.9·10-4 1.2·10-4 4.60 1.71 1424 1374 0.17 
PEGME2k 
(O/Li = 12) 

12.6 4.35 315 314 10 0.24 1.8·10-3 4.0·10-4 
2.43 1.53 3483 3334 0.20 

PEGME2k 
(O/Li = 16) 

5.49 3.36 1458 1405 10 0.23 1.3·10-3 3.2·10-4 
8.63 4.22 751 752 0.25 

Poly(MA)m-graft-PE
GME1k 3a 
(O/Li = 16) 

60.1 18.5 564 617 
50 

0.13 
5.9·10-4 8.3·10-5 

67.0 20.0 440 439 0.15 

Poly(MA)m-graft-PE
GME2k 3b 

(O/Li = 16)  

17.5 9.43 2258 2241 
50 

0.19 
8.5·10-4 1.8·10-4 

12.4 8.25 3415 3501 0.24 

Poly(Nb)40-graft-PE
GME2k 4c 
(O/Li = 16) 

70.0 21.0 473 469 
50 

0.13 
5.4·10-4 7.6·10-5 

66.0 21.0 508 746 0.15 

aAverage value of at least three-fold determination of each SPE and cell. bDetermined according to the equation: σLi+ = σ tLi+. 

4.3.10 Electrochemical stability window 

To be used as electrolytes in secondary lithium batteries, SPEs have to be electrochemically stable 

within a required potential range to guarantee reversible electrochemical reactions taking place at 

the electrodes. Therefore, the electrochemical stability window defines the potential range where the 

electrolyte remains stable towards electrochemical reactions that take place in the battery and defines 

the operating potential of the battery. This parameter was studied by cyclic voltammetry (CV) in 

asymmetrical Cu/SPE/Li coin cells, where a potential was applied in a cyclic fashion covering a range 

between -0.2 and 3.7 V versus Li/Li+ at a scan rate of 1 mv s-1 and 70 °C. The resulting current 

density, referred to the active surface area of the cell, was recorded indicating electrochemical 

reactions taking place in the material and was plotted on the vertical axis. Prior to the measurement, 

the cells were annealed at 70 °C for 12 h in order to eliminate the thermal history and to enable good 

electrolyte-electrode contact. The open circuit voltage (OCV) of the cell theoretically lies at 3.4 V[53] 

taking the redox potentials of both electrode materials into account. Figure 4.9a-d represents typical 

cyclic voltammograms of PEGME2k and PEGDME2k as well as poly(MA)m-graft-PEGME2k 3b 

poly(Nb)40-graft-PEGME2k 4c for the highest room temperature ionic conductivity samples, 

respectively. 
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Figure 4.9: Cyclic voltammograms of (a) PEGME2k (O/Li = 12), (b) PEGDME2k (O/Li = 25), (c) 

poly(MA)m-graft-PEGME2k 3b (O/Li = 16) and (d) poly(Nb)40-graft-PEGME2k 4c (O/Li = 16). All SPEs were measured in 

asymmetrical Cu/SPE/Li coin cells at 70 °C with a scan rate of 1 mV s-1. 

The anodic breakdown potential of all four samples was found to be ca. 3.5 V vs. Li/Li+ because of 

decomposition of the electrolyte by oxidation. This is slightly lower than for PEG electrolytes 

containing LiTFSI observed in literature[44,45], where values ≥ 4.5 V were reported. This could 

probably be attributed to different scan rates, different molecular weights and end groups was well 

different molar ratios of O/Li. At least a part of the decomposition peaks of PEGME2k appeared to 

be reversible as reflected by the cathodic peak at 3.4 V. On the opposite side, a highly reversible 

couple of peaks were observed between -0.2 V and 0.02 V vs. Li/Li+ which can be associated with 

lithium plating/stripping on/off the copper electrode and is commonly known for SPEs based on 

PEG with LiTFSI as a lithium source.[54] Reaching a certain cathodic voltage < 0 V, lithium-ions in 

the vicinity of the copper electrode are reduced to elemental lithium, which is plated on top of the 

electrode. By raising the potential again (> 0 V), the lithium is oxidized and as a result lithium-ions 

strip off the electrode. This confirms a sufficient transfer of lithium-ions through the polymeric 

media and injection of lithium into possible cathode materials. For the PEGME films, the Li 

plating/stripping behavior is similar regarding the potential, whereas for PEGDME2k the plating 
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process seems to be more pronounced. However, these particular processes are reversible and 

reproducible proven by the second scan. The irreversible peak series (0.5-1.6 V) of PEGME2k, which 

are commonly observed in PEG/LiTFSI electrolytes might be associated with the reduction of the 

SPE on the copper electrode including parasitic processes of reactions with the TFSI--anion, 

dissolution processes of lithium in the electrolyte support or reactions of impurities. Moreover, the 

formation of the SEI can contribute to those reduction events. The consecutive cycle of PEGME2k 

shows a non-reproducibility of the irreversible processes, which underlines the above-discussed 

reactions. Other faint peaks at 1 V are most likely associated with the decomposition of some 

impurity traces in some reagents (used as received), which is plausible due to their vanishing in the 

subsequent voltammetry cycle. As a result, the overall specific capacity of the system is not going to 

be influenced. One reproducible peak at 2.5 V appearing in the voltammogram of PEGDME2k seems 

to be reversible in combination with the other anodic broad peak around 1 V as reflected by the 

cathodic peaks between 0.7 V and 1.5 V. This reversible reaction can probably be attributed to redox 

processes involving oxides as electrode surface species. It is clear that that the SPEs based on 

PEGDME are electrochemically more stable than the ones using PEG materials with one hydroxyl 

group. This group is more likely to react than a methoxy group and therefore not suitable for battery 

applications.[44,55] 

Voltammograms of poly(MA)m-graft-PEGME2k 3b and poly(Nb)40-graft-PEGME2k 4 SPEs with the 

highest ambient ionic conductivity are presented in Figure 4.9c,d. The methacrylate containing 

copolymer (Figure 4.9c) shows the characteristic lithium plating/stripping peaks between -0.2 V and 

0.1 V as well as the decomposition of the electrolyte at ca. 3.5 V. Anodic peaks appear at around 1.2 

V and 2.5 V, which are likely to be reversible taking the reduction peaks at around 0.8 V and 1.5 V 

into account. These peaks are similar to those of PEGDME2k films probably caused by redox 

processes involving electrode surface species. The second cycle of this peaks appear less pronounced 

but also in the same potential region. A decomposition of the methacrylate function appearing as an 

anodic peak at around 2.8 V according to former investigations.[13] The norbornene containing 

copolymer (Figure 4.9d) shows one small cathodic peak at 1-1.2 V taking the second cycle into 

account, which seems to be reversible in combination with the cathodic peak at 2.5 V as it appeared 

in PEGDME2k. Additionally the cathodic peak at 3.4 V is similar to PEGME2k. At ca. 3.2 V, another 

anodic peak could be observed most likely attributable to the decomposition of the norbornene 

group. Thus, the polymer brushes poly(MA)m-graft-PEGME2k 3b and poly(Nb)40-graft-PEGME2k 4c 

show at least the same electrochemical stability as the linear PEGDME polymers. 
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4.4 Conclusions 

PEG containing macromonomers PEGMEMA1k,2k and Nb-PEGME2k were synthesized in 

quantitative conversion and subsequently used for the syntheses of five new brush polymers. Both 

the brush polymers, poly(MA)m-graft-PEGME1k,2k, poly(Nb)m-graft-PEGME2k. and the linear 

counterparts were mixed with different amounts of LITSFI in order to obtain a series SPEs. Detailed 

comparative measurements under similar cell configurations for diverse O/Li ratios in a temperature 

range of 25 to 80 °C for different PEG-based SPEs were carried out. The influence of polymer 

architecture on thermal properties, ionic conductivity, Li-ion transport number and electrochemical 

stability was studied and compared to the respective linear PEG counterparts. The occurring 

processes in the cell were correlated with the DRT showing that the time constants shift towards 

lower values with increasing T due to a decrease in resistance while the capacity remains constant. 

Using DRT, we could use a model-free, universal characterization of electrochemical systems. In 

particular, no equivalent circuit or other a-priori knowledge is needed under DRT for the 

interpretation of the frequency-domain complex impedance of a system. The temperature 

dependence for different SPEs revealed a typical Arrhenius behavior of the ionic conductivity with 

the temperature. The Li-ion transport numbers and electrochemical stability of the brush polymer 

SPEs are comparable to linear SPEs. We have clearly shown how a change of the polymer 

architecture as well as chemical structure influences the electrochemical parameters which are 

responsible for ion transport in PEG based electrolytes. In a nutshell, the interesting findings are: 1) 

a brush architecture allows for the synthesis of very high molecular weight PEG-polymers keeping 

the PEG chain length as small as required, which is not possible in linear systems, 2) the crystallinity 

of PEG can be suppressed both by the architecture itself and by tuning the backbone without any 

considerable loss in ionic conductivity and 3) among different possible low Tg systems, the optimum 

SPE with the highest ionic conductivity is an amorphous material with the lowest Tg. We obtained 

ion conductivities in the range of 10-3 to 10-4 S cm-1 for solvent-free SPEs at 80°C and one order of 

magnitude less σ values at room temperature. In comparison, the linear PEG systems with similar 

molecular weights reported in the literature exhibit σ values in the range of 10-4 to 10-5 S cm-1. For 

example, a linear PEG with a molecular weight of 35 kg mol-1 exhibits 5·10-4 S cm-1 (for O/Li ratio of 

20 at 70°C)[56] and one with 100 kg mol-1 shows 1·10-5 S cm-1 (for O/Li ratio of 25 at 40°C).[43] 

If a very high molecular weight (5000 kg mol-1) linear PEG is compared, it has a reported ionic 

conductivity of 1·10-4 S cm-1 (for O/Li ratio of 20 at 70°C).[50] As an outlook, since solid polymer 

electrolytes based on Li-coordinating polymers such as PEG derivatives require segment motion for 

ion transport, it is desirable to separate the segment motion property and mechanical property to 

obtain mechanically robust and efficiently conducting PEG systems suitable for the use of Li metal 

anodes. This is feasible by a suitable design and composition optimization in microphase separated 

copolymer architectures. 
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1H NMR Spectra 

 
Figure S4.1: 1H NMR spectra (300 MHz, CDCl3) of exo/endo Nb-COOH (a), PEGME2k (b) and the macromonomer Nb-

PEGME2k 2 (c). For clarity reasons the peak assignment is only shown for the endo-isomer (red) but is also valid for the 

exo-isomer (blue). The shift of the protons of the methylene group (k) to higher ppm values indicates a successful 

esterification. 
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Figure S4.2: 1H NMR spectra (300 MHz, CDCl3) for the reaction of the ester formation resulting in product 1a (black) after 

the reaction of PEGME1k (blue) with methacryloyl chloride (red) with all relevant peak assignments and integrals. 
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Figure S4.3: 1H NMR spectra (300 MHz, CDCl3) for the reaction of the ester formation resulting in product 1b (black) 

after the reaction of PEGME2k (blue) with methacryloyl chloride (red) with all relevant peak assignments and integrals. 
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Thermogravimetric analysis (TGA) thermograms 

 
Figure S4.4: TGA thermograms of (a) PEGME1k, PEGME1k (O/Li = 16) and LiTFSI. (b) shows TGA thermograms of 

PEGDME1k, PEGDME1k (O/Li = 16) and LiTFSI. (c) shows TGA thermograms of PEGME2k, PEGME2k (O/Li = 25) and 

LiTFSI. (d) shows TGA thermograms of PEGDME2k, PEGDME2k (O/Li = 25) and LiTFSI. 

 
Figure S4.5: TGA thermograms of (a) PEGMEMA1k 1a, poly(MA)m-graft-PEGME1k 3a, poly(MA)m-graft-PEGME1k 

(O/Li = 16) and LiTFSI. (b) shows TGA thermograms of PEGMEMA2k 1b, poly(MA)m-graft-PEGME2k 3b, 

poly(MA)m-graft-PEGME2k (O/Li = 16) and LiTFSI. 
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Figure S4.6: TGA thermograms of (a) Nb-PEGME2k 2, poly(Nb)10-graft-PEGME2k 4a, poly(Nb)10-graft-PEGME2k 

(O/Li = 16) and LiTFSI. (b) shows TGA thermograms of Nb-PEGME2k 2, poly(Nb)20-graft-PEGME2k 4b, 

poly(Nb)20-graft-PEGME2k (O/Li = 16) and LiTFSI. (c) shows TGA thermograms of Nb-PEGME2k 2, 

poly(Nb)40-graft-PEGME2k 4c, poly(Nb)40-graft-PEGME2k  (O/Li = 12) and LiTFSI. 

Differential scanning calorimetry (DSC) thermograms 

 
Figure S4.7: DSC thermograms of (a) PEGME1k, PEGME1k (O/Li = 8) and (b) PEGME1k (O/Li = 12), PEGME1k (O/Li = 16) 

and PEGME1k (O/Li = 25). 
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Figure S4.8: DSC thermograms of (a) PEGDME1k, PEGDME1k (O/Li = 8) and (b) PEGDME1k (O/Li = 12), 

PEGDME1k (O/Li = 16) and PEGDME1k (O/Li = 25). 

 
Figure S4.9: DSC thermograms of (a) PEGDME2k, PEGDME2k (O/Li = 7) and (b) PEGDME2k (O/Li = 12), 

PEGDME2k (O/Li = 25) and PEGDME2k (O/Li = 30). 

 
Figure S4.10: DSC thermograms of (a) PEGME2k, PEGME2k (O/Li = 8) and (b) PEGME2k (O/Li = 12) and 

PEGME2k (O/Li = 16). 
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Figure S4.11: DSC thermograms of (a) PEGMEMA1k 1a, Poly(MA)m-graft-PEGME1k 3a and (b) 

poly(MA)m-graft-PEGME1k (O/Li = 12), poly(MA)m-graft-PEGME1k (O/Li = 16) and 

poly(MA)m-graft-PEGME1k (O/Li = 25). 

 
Figure S4.12: DSC thermograms of (a) PEGMEMA2k 1b, poly(MA)m-graft-PEGME2k 3b, poly(MA)m-graft-PEGME2k 

(O/Li = 8) and (b) poly(MA)m-graft-PEGME2k (O/Li = 12), poly(MA)m-graft-PEGME2k (O/Li = 16) and 

poly(MA)m-graft-PEGME2k (O/Li = 25). 
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Figure S4.13: DSC thermograms of (a) Nb-PEGME2k 2, poly(Nb)10-graft-PEGME2k 4a, 

poly(Nb)10-graft-PEGME2k (O/Li = 16) and (b) poly(Nb)20-graft-PEGME2k 4b, poly(Nb)20-graft-PEGME2k (O/Li = 16). (c) 

shows DSC thermograms of poly(Nb)40-graft-PEGME2k 4c, poly(Nb)40-graft-PEGME2k (O/Li = 12), 

poly(Nb)40-graft-PEGME2k (O/Li = 16) and poly(Nb)40-graft-PEGME2k (O/Li = 25). 
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Table S4.1: Overview of the thermal characteristics of the precursors, PEGME1k and PEGME2k, the macromonomers 1a,b 

and 2 as well as the brush polymers 3a,b and 4a-c obtained from TGA, DSC und DMA. 

 
Mn,SEC

a /g mol-1 
(Đ) 

Tg
b  

/ °C 
Tm

c  
/ °C 

Td,5%
d

 

/ °C 
ΔHm

e 
 

/ J g-1 

PEGME1k 800 (1.07)f -15 39 355 153 
PEGME2k 1700 (1.04)f -30 53 379 202 
PEGDME1k 1000g -25 36 353 169 
PEGDME2k 2000g -36 50 223 146 
PEGMEMA1k 1a 1200 (1.10) n.d. 46 354 115 
PEGMEMA2k 1b 3000 (1.06) -38 53 366 138 
Nb-PEGME2k 2 2400 (1.06) -28 51 351 180 
Poly(MA)m-graft-PEGME1k 3a  83900 (2.58) n.d. 45 359 113 
Poly(MA)m-graft-PEGME2k 3b 

 
83200 (2.14) -38 53 373 129 

Poly(Nb)10-graft-PEGME2k 4a  25100 (1.17) -27 51 378 155 
Poly(Nb)20-graft-PEGME2k 4b  35300 (1.17) -27 51 377 163 
Poly(Nb)40-graft-PEGME2k 4c 55800 (1.20) -34 51 378 153 

aSEC eluent: THF + 0,25 wt% TBAB, PS calibration, RI detector; bDetermined by DMA (heating curve, 2 K min-1, 2 Hz); 
cDetermined by DSC (2nd heating/2nd cooling, rate: 10 K min-1, argon atmosphere, outside sealed crucibles purged with 
nitrogen); dTemperature at which the sample has lost 5 wt% (determined by TGA: heating rate: 10 K min-1, nitrogen 
atmosphere); eCalculated by integration of the 2nd DSC melting peaks; fSEC eluent: THF + 0,25 wt% TBAB, PEG 
calibration, RI detector; gMn values provided by the manufacturer. 
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Size exclusion chromatography (SEC) traces 

 
Figure S4.14: SEC traces (eluent: THF + TBAB, PS calibration, RI detector) of (a) the poly(MA)m-graft-PEGME1k 3a, (b) 

poly(MA)m-graft-PEGME2k 3b, (c) poly(Nb)40-graft-PEGME2k 4c, (d) poly(Nb)20-graft-PEGME2k 4b and (e) 

poly(Nb)10-graft-PEGME2k 4a brush polymer before and after dialysis against methanol (MWCO: 15 kD). 
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Figure S4.15: SEC traces (eluent: THF + 0,25 wt% TBAB, PEG calibration for precursors and macromonomers and PS 

calibration for brush polymers, RI detector) of (a) the PEGME1k precursor, the macromonomer PEGMEMA1k 1a and the 

brush polymer poly(MA)m-graft-PEGME1k 3a. (b) shows SEC traces of the PEGME2k precursor, the PEGMEMA2k 1b and 

the brush polymer poly(MA)m-graft-PEGME2k 3b. 
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Arrhenius plots for different O/Li ratios 

 
Figure S4.16: (a) Arrhenius plots of ionic conductivity versus temperature (25 to 80°C) for PEGME1k with varying Li salt 

concentration of O/Li =8-25. (b) Arrhenius plots of ionic conductivity versus temperature (25 to 80°C) for PEGDME1k 

with varying Li salt concentration of O/Li =8-25. (c) Arrhenius plots of ionic conductivity versus temperature (25 to 80°C) 

for PEGME2k with varying Li salt concentration of O/Li =8-16. (d) Arrhenius plots of ionic conductivity versus 

temperature (25 to 80°C) for PEGDME2k with varying Li salt concentration of O/Li =7-30. 
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Figure S4.17: (a) Arrhenius plots of ionic conductivity versus temperature (25 to 80°C) for poly(MA)m-graft-PEGME1k 3a 

with varying Li salt concentration of O/Li =12-25. (b) Arrhenius plots of ionic conductivity versus temperature (25 to 

80°C) for poly(MA)m-graft-PEGME2k 3b with varying Li salt concentration of O/Li =8-25. (c) Arrhenius plots of ionic 

conductivity versus temperature (25 to 80°C) for poly(Nb)40-graft-PEGME2k 4c with varying Li salt concentration of 

O/Li =12-25. 
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Cyclic voltammograms (CV) 

 
Figure S4.18: Cyclic voltammograms of (a) PEGME1k (O/Li = 16), (b) PEGDME1k (O/Li = 16) and (c) 

poly(MA)m-graft-PEGME1k 3a (O/Li = 16). All SPEs were measured in asymmetrical Cu/SPE/Li coin cells at 70 °C with a 

scan rate of 1 mV s-1. 
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Abstract 

Solid state electrolytes based on polymer or ceramic materials are a safe alternative to liquid 

electrolytes based on organic solvents. Yet their ionic conductivity does not meet the required 

specification for state-of-the-art lithium-ion batteries. Furthermore, their conductivity mechanisms 

and interfacial behavior are not fully understood, making in-depth electrical characterization 

necessary. The calculation of the Distribution of Relaxation Times from the impedance spectrum of 

an electrochemical component is a powerful approach to gain insight into the processes and 

mechanisms responsible for the electrical and electrochemical behavior. Here we introduce an 

extended Distribution of Relaxation Times to avoid error-prone preprocessing. This method 

includes non-resistive-capacitive elements in its impedance function to overcome the constraints 

usually limiting the Distribution of Relaxation Times. In this study we investigated solid polymer 

and ceramic electrolytes regarding their conductivity mechanisms, charge transfer mechanisms and 

interphase formation. While the materials all possess one major conductivity mechanism, significant 

differences in charge transfer and interphase behavior were observed. In the case of solid polymer 

electrolytes, poly(ethylene glycol) bottlebrush polymers were prepared using two different boron-

based lithium salts. Additionally, solid polymer electrolytes based on triethylene glycol grafted onto 

a poly(glycidyl propargyl ether) backbone blended with lithium bis(trifluoromethanesulfonyl)imide 

were compared to a similar single-ion conducting solid polymer electrolyte with the 

bis(trifluoromethanesulfonyl)imide anion spatially fixed to the backbone by sequential co-click 

synthesis. For the ceramic electrolyte, Li5.6Al0.3La3Zr1.5Ta0.5O12 powder was synthesized via a mixed 

oxide route and the dense ceramic electrolytes layers were fabricated by the Powder Aerosol 

Deposition Method. The produced layers were post-treated at 400 °C and the influence of the 

thermal annealing atmosphere on the conductivity of the solid electrolytes was investigated. In this 

study, we present the feasibility of the extended Distribution of Relaxation Times for the 

characterization of the investigated materials. The time-dependent formation of an interphase layer 

in the polymer electrolytes is identified, separated from the charge transfer process, and quantified. 

For the ceramic electrolyte, the influence of the annealing is depicted, and the charge transfer 

reaction is detected. 
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5.1 Introduction 

Solid-state electrolytes (SSE) are of high interest for the next generation of all-solid-state lithium-

ion batteries and comprise a variety of different approaches. Among them, ceramic electrolytes and 

polymer electrolytes are particularly in the focus of current research. Both of them show individual 

advantages compared to the state-of-the art liquid electrolytes. However, there are still unresolved 

drawbacks preventing large-scale commercial application based on SSE. This new battery type may 

be suitable to overcome safety issues present in flammable liquid electrolytes and energy densities 

could be increased at the same time. To allow for commercial application, the solid electrolytes need 

to be further improved by preventing thermal runaway and increasing the gravimetric and 

volumetric energy density. 

In this article, we synthesized and fabricated promising polymer as well as ceramic electrolytes and 

subsequently analyzed them electrochemically by impedance spectroscopy. The measurement data 

was finally interpreted by the extended Distribution of Relaxation Times (eDRT). 

Solid Polymer electrolytes in solvent-free lithium-ion batteries may overcome the disadvantages of 

liquid (gel) electrolytes such as high flammability and toxicity.[1–3] Thereby, the polymer electrolyte 

film acts as both ion transport medium and electrical separator between the electrodes. Compared 

to rigid separators such as fiber-glass materials, improved mechanical strength and high shape 

flexibility are further advantages of polymer electrolytes, as these SSE can compensate volume 

changes of the electrodes by elastic and plastic deformation.[4] Replacing separator and liquid 

electrolyte by a thin film of a light-weight polymer, the power and energy density of the battery 

system may also be increased.[5] 

Up to now, poly(ethylene glycol) (PEG) possesses one of the highest ionic conductivity values among 

solvent-free solid polymer electrolytes (SPEs). Nevertheless, it cannot compete with liquid organic 

or solid inorganic electrolytes in terms of ionic conductivity at ambient temperature and is therefore 

not widely found in commercial applications.[3,6,7] In addition to linear PEG polymers, ion-

conducting graft copolymers can be obtained by attaching PEG to a polymer backbone. In one of 

our recent publications, we compared bottlebrush graft copolymers with PEG sidechains (1 kg mol-1 

and 2 kg mol-1) and poly(methacrylate) (Figure 5.1e) as well as poly(norbornene) (Figure 5.1f) 

backbones in terms of ionic conductivity, Li-ion transport number, electrochemical stability as well 

as thermal behavior.[8] These SSEs continuously showed significantly less crystallinity than their 

linear PEG counterparts. Nevertheless, there are still several unresolved questions regarding these 

bottlebrush polymers compared to linear PEG in terms of interfacial as well as bulk processes in both 

blocking steel electrode (temperature-dependent ionic conductivity) and lithium electrode (lithium 

plating/stripping, interfacial resistance) measurement setups. 
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Figure 5.1: Chemical structures of selected lithium salts LiTFSI (a), LiBOB (b), LiDFOB (c) and electrolyte polymers 

PEG/PEO (d), poly(MA)m-graft-PEGMEn (e), poly(Nb)m-graft-PEGMEn (f), P[GPE-(EG3x-ran-Bny-LiTFSIz)]n (g) as well 

as the crystal structure of ceramic electrolytes (h).[8,19,73]  

In addition to the polymer component, the lithium salt plays a major role for the feasibility of the 

electrolyte. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Figure 5.1a) is probably the most 

common lithium-ion source in SPEs.[9] Also, other lithium salts, such as lithium borates, have gained 

high interest due to their high thermal stability, cost-effectiveness, favorable properties in forming a 

solid electrolyte interface (SEI) and ionic conductivities in the same range as LiTFSI.[10–12] For 
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example, lithium bis(oxalate)borate (LiBOB, Figure 5.1b) is stable in organic solvents and the 

electrochemical stability window of LiBOB-propylene carbonate (PC) is higher than 4.5 V vs. 

Li/Li+.[12] Another candidate, lithium difluoro(oxalate) borate (LiDFOB, Figure 5.1c), was first 

reported by S.S. Zhang in 2006 and comprises the combined chemical structures of lithium 

bis(oxalate) borate and lithium tetrafluoroborate (LiBF4) within an asymmetrical structure.[10,13] 

Different salts in an electrolyte can influence the Li-ion transport as well as the processes at the 

interfaces or in the formation of the SEI. This again requires a detailed comparative analysis. 

Free anions contribute considerably to the measured ionic conductivity (lithium transport number 

tLi
+ ≈ 0.1–0.2).[14] As only Li+ can be converted electrochemically at the electrodes, the actual ionic 

conductivity of an electrolyte should always consider the lithium transport number. The high 

mobility of anions in the electrolyte medium comes with major disadvantages: agglomeration of the 

anions at the anode can lead to strong Nernst polarization, counteracting the internal electrical field 

and lowering the battery performance.[15] If the anion is spatially fixed to the electrolyte matrix, for 

example by covalently attaching it onto a polymer chain or an inorganic framework, its mobility is 

significantly constrained. These SSE are called single-ion conductors (SIC) and typically show 

lithium transport numbers exceeding 0.80 as well as an improved electrochemical stability against 

metallic lithium and an enhanced lifespan.[16–18] We recently presented a versatile method to tailor 

single-ion conducting copolymers utilizing a convenient, sequential co-click synthesis strategy based 

on poly(glycidyl propargyl ether) P(GPE).[19] It is highly desirable to understand the possible 

differences in Li-ion conduction and interfacial properties between SICs and blends of polymers and 

Li-salts.  

To comparatively study the Li-ion conduction as well as interface processes applying different solid-

state electrolytes using the extended DRT, we prepared the following SSE: SSE I: A high molecular 

weight linear PEO5000k 1 blended with LiTFSI was used as reference for two different bottlebrush 

electrolytes comprising poly(methacrylate)m-graft-PEGME1k 2 in combination with two different 

lithium salts: LiBOB and LiDFOB. Here we maintained a fixed ratio of ether oxygens to lithium-ions 

O/Li = 16. 

SSE II: EG3-grafted polymer P(GPE-EG3)100 3 was selected for comparison with a single-ion 

conducting graft copolymer P[GPE-(EG313-ran-LiTFSI87)]100 4 with EG3 and LiTFSI pendant 

groups, both featuring an O/Li ratio of 35. 

Ceramic electrolytes have a high potential for future all-solid-state batteries in mobile and stationary 

devices. Major advantages include increased safety during charging and discharging as well as higher 

energy densities when metallic lithium anodes are used. Ceramic lithium-ion conductors like the 

garnet type Li7La3Zr2O12 (LLZO) exhibit high chemical and thermal stability and can prevent a 

thermal runaway that is usually caused by flammable liquid electrolytes.[20] Promising results show 

that the ceramic electrolyte might be electrochemically stable vs. a lithium metal electrode.[21,22] 
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Metallic lithium anodes can drastically increase the theoretical energy densities on cell level and are 

considered the most favorable anode material (3860 mAh g-1).[23] One major challenge when 

applying metallic lithium is the formation of dendrites. Ceramic solid electrolytes may overcome 

this problem owing to their high mechanical stability.  

However, the economical industrial mass production of solid-state cells is challenging as the state-

of-the-art ceramic technology has two major drawbacks: first, high sintering temperatures 

(> 1000 °C) are usually necessary to achieve dense ceramics. However, neither anode nor cathode 

materials can withstand these temperatures. Second, an expensive infrastructure is required. The 

Powder Aerosol Deposition Method (PADM, also known as Aerosol Deposition Method, Vacuum 

Cold Spray or Vacuum Kinetic Spray), is an alternative method to produce dense solid electrolytes 

in the thickness range of several µm without the disadvantages of the conventional ceramic coating 

techniques. Thereby, neither a powder treatment nor solvents are required.[24,25] Dense ceramic films 

with strong adhesion to the substrate can be formed at room temperature based on the Room 

Temperature Impact Consolidation (RTIC) mechanism.[26–29] The solid electrolyte LLZO in its cubic 

phase (Figure 5.1h) is one of the most promising candidates for the application in future all-solid-

state cells because of its electrochemical and mechanical stability vs. lithium and lithium dendrites 

as well as the high conductivity of up to 1 mS cm-1 at room temperature.[30–32] 

By the addition of Ta and Al into the lattice, the number of Li+ decreases, but the cubic phase is 

stabilized and the powder synthesis temperature via the mixed oxide route can be reduced to 

1000 °C.[30,33] In this work, thin solid electrolyte films of Li5.6Al0.3La3Zr1.5Ta0.5O12 in the range of several 

µm were synthesized, fabricated by the Powder Aerosol Deposition Method (referred to as SSE III) 

and measured in a half cell setup with a metallic lithium anode by electrochemical impedance 

analysis. Measurements and the layer formation were carried out in gloveboxes to avoid degradation 

of the solid electrolyte in moist atmosphere.[34–38] 

In previous studies, we have shown that a thermal treatment of the deposited films positively 

influences the layer conductivity.[39,40] It was proven that the RTIC mechanism can lead to internal 

film stress and deformations in the lattice of the material. This stress can be reduced by a thermal 

treatment at temperatures far below sintering temperatures.[39,41,42] Therefore, interdiffusion 

processes with substrate materials (e.g., cathode materials) are more unlikely. The annealing 

temperatures should be chosen as low as possible. An annealing temperature of 400 °C was applied 

in this work because a strong increase in the conductivity of the layer has already been observed at 

this temperature in previous studies.[39] Furthermore, it can be assumed that no chemical reaction or 

interdiffusion processes with possible cathode materials (e.g., NMC) occur at this temperature. 

Mechanical failure due to different thermal expansion coefficients of the substrate and the layer 

material can be prevented as well. The aim of this work was to identify the influence of the annealing 

atmosphere on the conductivity of the solid electrolyte. For this purpose, the gases nitrogen and 
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oxygen were used. During the PADM-process, it cannot be presumed that the stoichiometry of the 

layer changes due to the process characteristics, for example the vacuum conditions during the 

breakup of the particles. The thermal treatment can reduce the amorphous parts and the lattice 

distortion, which can be quantified by XRD measurements as reported in the literature.[42,43] The 

distortion of the crystallite lattice is related to the high impact energy of the particles. During the 

thermally activated relaxation, oxygen can be built into the crystal lattice at moderate temperatures. 

Within an ordered crystal structure, an increased mobility of the lithium-ions is expected which 

should also lead to a higher conductivity. 

To understand solid electrolytes, their conductivity mechanisms, electrochemical stability or 

interfacial behavior, an electrical characterization of the materials is crucial. In this context, 

electrochemical impedance spectroscopy (EIS) is widely used as a powerful, non-destructive 

measurement technique.[21,44] The obtained impedance spectra are typically fitted to equivalent 

circuits (EC) containing resistors, RC-, constant phase-, and/or Warburg elements.[45–49] However, 

these fits require a priori knowledge about the investigated SSEs and the underlying processes. For 

new materials, these processes are typically unknown or can only be presumed. A good quality of 

the fit does not necessarily prove that the assumed EC matches the number and nature of the 

involved processes. In fact, various EC might be suitable to fit an impedance spectrum with very 

similar accuracy, especially when ZARC-elements (constant phase element (CPE) in parallel to a 

resistor) are used. This makes statements about the underlying mechanisms and their specific 

polarization contributions, e.g., the ionic conductivity, unreliable. Therefore, EC fits are only 

applicable to determine material properties if the number and nature of processes are well-known 

and the processes are separable. This is often not the case in real systems. Processes which contribute 

only little to the overall polarization and show similar characteristic time constants as major 

mechanisms cannot be clearly identified in many cases.  

The Distribution of Relaxation Times (DRT) is a powerful mathematical method to circumvent the 

drawbacks of fitting measurement data to ECs. Introduced for the characterization of fuel cells[50–52], 

the DRT has been widely used for the in-depth analysis of electrochemical systems, including 

batteries[53] and their single electrodes[54–56]. In a recent study, we investigated experimental set-ups 

of SPE[8] to prove the absence of undesirable and unexpected conductivity- or interfacial 

mechanisms besides the main conductivity contribution of PEG-based materials. The DRT does not 

rely on a priori assumptions regarding the number and nature of processes involved and is therefore 

typically called model-free.[57,58] Nevertheless, the DRT is based on the assumption that the 

investigated system is of resistive-capacitive nature. In this study, we extend the universality of this 

approach by avoiding error-prone pre-processing methods.[59] In addition, the quality of the DRT-

reconstructed impedance spectrum is improved, especially at the edges of the measured frequency 

range. Phantom peaks are significantly reduced. This improved DRT algorithm is called extended 
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DRT and introduced in detail below. 

5.2 Extended DRT calculation 

The DRT is typically defined as the sum of a large number of 𝑛𝑛 RC elements, each possessing a pre-

defined characteristic time constant, in series with an ohmic resistor 𝑅𝑅0 

𝑍𝑍(𝑗𝑗𝜔𝜔) = 𝑅𝑅0 + �
ℎ(𝜏𝜏𝑘𝑘)

1 + 𝑗𝑗𝜔𝜔𝜏𝜏𝑘𝑘

𝑛𝑛

𝑘𝑘=1

= 𝑅𝑅0 + 𝑅𝑅pol ⋅ �
𝑔𝑔(𝜏𝜏𝑘𝑘)

1 + 𝑗𝑗𝜔𝜔𝜏𝜏𝑘𝑘

𝑛𝑛

𝑘𝑘=1

, (5.1) 

where 𝑍𝑍(𝑗𝑗𝜔𝜔) is the complex impedance and ℎ(𝜏𝜏𝑘𝑘) represents the resistance distribution function 

including the resistive contribution of each of the 𝑛𝑛 RC elements.[53,60] Often the distribution function 

is normalized, such that ℎ(𝜏𝜏𝑘𝑘) = 𝑅𝑅pol ⋅ 𝑔𝑔(𝜏𝜏𝑘𝑘) and 

� 𝑔𝑔(𝜏𝜏𝑘𝑘)
𝑛𝑛

𝑘𝑘=1

= 1. (5.2) 

When the DRT is applied, i.e., a measured impedance of an electrochemical system is represented 

by Eq. (5.1), the impedance of the system has to meet several constraints: 

lim
𝑗𝑗→0

Im(𝑍𝑍(𝑗𝑗𝜔𝜔)) = lim
𝑗𝑗→∞

Im(𝑍𝑍(𝑗𝑗𝜔𝜔)) = 0 (5.3) 

Im�𝑍𝑍(𝑗𝑗𝜔𝜔)� ≤ 0    ∀ω. (5.4) 

Typically, these constraints are not fulfilled. At high frequencies, inductive behavior either from the 

specimen itself or from the wiring occurs. At very low frequencies, most electrochemical systems 

show any kind of diffusive or blocking electrode behavior. Thus, we previously introduced two 

methods capable of dealing with the violation of those constraints.[59] Fitting an equivalent circuit 

(EC) and removing the non-resistive-capacitive elements requires a priori assumptions, 

contradicting the idea of the DRT being a model-free method. Furthermore, this fit-and-reduce 

method is prone to error and depends crucially on the quality of the fit. The cut-and-shift method, 

removing any unwanted sample points, has proven suitable. However, at high frequencies, inductive 

behavior becomes significant even if Eq. (5.4) is still fulfilled. This might distort the distribution 

function at small time constants. For a further analysis of more complex resistive-inductive 

impedance behavior, the reader is referred to the recently introduced generalized Distribution of 

Relaxation Times method (gDRT).[61] At low frequencies, an extension of the range of time constants 

was introduced. Using this approach, diffusive behavior can be characterized. However, quantitative 

statements must not be drawn from the results as outlined earlier.[59] Furthermore, depending on the 

sample point with the lowest frequency, the diffusive DRT peak exceeds the other peaks by 

magnitudes. Thus, a third approach, the extended DRT, is introduced. This approach combines the 

benefits from both the EC fit and the cut-and-shift method, while only minimal a priori assumptions 

are required. The overall impedance function of the DRT from Eq. (5.1) is extended by the transfer 
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functions of an inductance 𝑗𝑗 and a capacitance 𝐶𝐶 similar to what was suggested earlier for the 

Kramers-Kronig Test:[62] 

𝑍𝑍(𝑗𝑗𝜔𝜔) = 𝑅𝑅0 + 𝑗𝑗𝜔𝜔𝑗𝑗 +
1

𝑗𝑗𝜔𝜔𝐶𝐶
+ 𝑅𝑅pol ⋅ �

𝑔𝑔(𝜏𝜏𝑘𝑘)
1 + 𝑗𝑗𝜔𝜔𝜏𝜏𝑘𝑘

𝑛𝑛

𝑘𝑘=1

. (5.5) 

The added contributions as well as ohmic resistance 𝑅𝑅0 are not calculated prior to the DRT 

computation and subtracted before the computation of 𝑔𝑔(𝜏𝜏𝑘𝑘), whichwould be state of the art, but 

are included in the equation system. In detail, this means that Eq. (15) given in[59] is extended by 

three columns: 

𝑨𝑨Reg = �

𝑗𝑗𝜔𝜔1 1 1/(𝑗𝑗𝜔𝜔1)
𝑨𝑨 ∈ ℝ𝑚𝑚×𝑛𝑛 ⋮ ⋮ ⋮

𝑗𝑗𝜔𝜔𝑚𝑚 1 1/(𝑗𝑗𝜔𝜔𝑚𝑚)
𝜆𝜆 ⋅ 𝑰𝑰 ∈ ℝ𝑛𝑛×𝑛𝑛 𝟎𝟎 ∈ ℝ𝑛𝑛×3

�. (5.6) 

Accordingly, the variable vector is extended to 

𝒙𝒙 = [𝑔𝑔1 … 𝑔𝑔𝑛𝑛𝑗𝑗𝑅𝑅𝐶𝐶]T. (5.7) 

This way, the DRT including Tikhonov Regularization is unchanged, while the three elements 𝑗𝑗, 𝑅𝑅 

and 𝐶𝐶 are added unregularized. The further solving algorithm remains unchanged from[59] and all 

calculations were carried out using the ec-idea3 software tool. 

This novel approach is advantageous in multiple ways. First, the constraints in Eq. (5.3) and (5.4) 

are now obsolete. Thus, the major limitation of the impedance obtained from real systems is 

circumvented. The only assumption, which is well-applicable in most cases, is that for high 

frequencies the system shows inductive and for very low frequencies capacitive behavior. This also 

includes finite space Warburg elements. Second, as there is no pre-processing step, no information 

is lost as the impedance used for DRT calculation is taken without any changes to it. Third, the large 

diffusive peak is reduced as the capacitance takes over the large increase in Im(𝑍𝑍(𝑗𝑗𝜔𝜔)) for low 

frequencies. As a welcome side-effect, this also leads to the possibility of a quantification of the 

diffusive process within the eDRT. If the impedance of a specific system demands, the extension 

could be enhanced further by appropriate elements, e.g., by an RL-element (a resistance in parallel 

to an inductance). 

5.3 Experimental & materials 

5.3.1 Solid polymer electrolytes 

CR2032 coin cell cases (20d x 3.2t mm) with gaskets, wave spring and stainless-steel spacers for 
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battery research were purchased from MTI corporation/PI KEM and used for all experiments. 

5.3.1.1 Materials 

All commercially purchased chemicals were used as received, unless otherwise stated. Poly(ethylene 

oxide) (PEO, Mv = 5000 kg mol-1) 1 , bis(trifluoromethanesulfonyl)imide lithium salt (LITFSI, 

99.95%, trace metal basis), Lithium bis(oxalate)borate (LiBOB, Sigma-Aldrich), Lithium 

difluoro(ethanedioato)borate (LiDFOB), lithium ribbon (99.9%, trace metal basis, 0.38 mm), 

Triethyl amine (TEA; ≥99%), copper sulfate pentahydrate (CuSO4∙5H2O; ≥98%) and (+)-sodium L-

ascorbate (Na-Asc; ≥98%) were purchased from Sigma Aldrich. Seachem Cuprisorb® (regenerable 

copper adsorbing resin) was purchased from Amazon Europe. Poly(MA)m-graft-PEGME1k
 2 

methacrylate brush polymers and the respective macromonomers were synthesized as published in 

a previous study.[8] Triethylene glycol azide (EG3-N3), lithium 3-azidoproanesulfonyltrifluoro-

methanesulfonylimide (LiTFSI-N3), poly(glycidyl propargyl ether) with a chain length of approx. 

100 units P(GPE)100 and P(GPE-EG3)100 3 were synthesized as published in a previous study.[19] 

5.3.1.2 Synthesis of P[GPE-(EG387-ran-LiTFSI13)]100 4 

The sequential copper(I)-catalyzed alkyne-azide cycloaddition utilizing a CuSO4∙5H2O/ascorbic acid 

catalyst mixture was performed under argon in a flame-dried Schlenk flask equipped with a 

magnetic stir bar, sealed with a glass stopper. The synthesis was performed in analogy to 

literature.[63,64] P(GPE)100 (2.832 g, 25.26 mmol repeating units, 1.00 eq.), EG3-N3 (4.301 g, 

22.73 mmol, 0.90 eq.) and LiTFSI-N3 (1.145 g, 3.79 mmol, 0.15 eq.) were each individually dissolved 

in acetonitrile and degassed. LiTFSI-N3 was added to the solution of P(GPE)100, followed by 

CuSO4∙5H2O (0.31 g, 1.26 mmol, 0.05 eq.) and ascorbic acid (0.22 g, 1.26 mmol, 0.05 eq.). The 

mixture was stirred at room temperature for approx. 3 h. Finally, the solution of EG3-N3 in 

acetonitrile was added to the reaction mixture and stirred overnight. Complete conversion was 

confirmed by 1H NMR spectroscopy. The reaction mixture was filtered (Por.4), completely dried 

under reduced pressure and re-dissolved in Millipore water. Repeated washing with 

dichloromethane was used to remove excess EG3-N3 and ascorbic acid. The aqueous polymer 

solution was then filtered approx. 10 times through a column of Seachem Cuprisorb® resin (freshly 

washed with Millipore water) to remove all traces of the copper catalyst. Additionally, the polymer 

solution was stirred with approx. 25 g of Cuprisorb® overnight and then filtered to remove the resin 

beads. Finally, the water was removed in the rotary evaporator and then the polymer was dried at 

80 °C in the vacuum oven. 
1H NMR (300 MHz, DMSO-d6) δ = 8.04 (s, 13H), 8.00 (s, 87H), 4.48 (d, J = 4.4 Hz, 400H), 3.77 (t, J 

= 5.3 Hz, 174H), 3.57 – 3.31 (m, 1200H), 3.19 (s, 261H), 2.98 (t, J = 7.7 Hz, 26H), 2.19 (t, J = 7.5 Hz, 

26H). 
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5.3.1.3 Preparation of the solid polymer electrolytes 

Mixtures of polymer and LiTFSI were molten in a glass vial on a hot plate using a magnetic stirring 

bar at 150 °C for at least one hour until a homogenous melt was obtained. For the electrochemical 

characterizations, 10-20 mg of the melt were transferred into the cavity of the spacer. The single ion-

conducting electrolyte was transferred directly into the cavity. The polymer electrolytes of 

PEO/LiTFSI were prepared by mixing and dissolving pre-weighed amounts of PEO and the 

corresponding lithium salt in acetonitrile followed by removing the solvent in vacuo at 50 °C. 

Afterwards the SPEs were hot-pressed (80 °C, 3-4 t) to obtain films (l ≈ 500 µm) from which disks 

were punched out (d = 2 mm). 

5.3.2 Ceramic electrolyte 

5.3.2.1 Synthesis of the ceramic powders 

The ceramic Li5.6Al0.3La3Zr1.5Ta0.5O12 powder was synthesized from the dried commercially available 

precursor powder Li2CO3 (Alfa Aesar, 99.00%), La2O3 (Alfa Aesar, 99.90%), Ta2O5 (Alfa Aesar, 

99.85%), α-Al2O3 (Baikowski, 99.80%) and ZrO2 (Alfa Aesar, 99.70%) via the mixed-oxide route. To 

obtain homogeneous mixtures, the precursor powders were dried before the stoichiometric 

quantities were weighed in and ball milled in cyclohexane and dried again. The powder was 

calcinated at 1000 °C for 9 h. At 350 °C the powder was taken out of the furnace into a glovebox with 

nitrogen. To reduce the particle size after sintering and achieve µm to sub-µm particle size, the 

powder was high-energy milled in a ball mill with zirconia jars and balls. In the last step of the 

powder preparation, the powder was sieved with 56 µm meshes to remove large agglomerates. The 

powder was stored in a glovebox until it was used for the Powder Aerosol Deposition Method. 

5.3.2.2 Preparation of the ceramic solid electrolyte 

The aerosol deposition experiment setup has already been stated by Hanft et. al. (2016) and allows 

for the transformation of the sprayed layers into a glovebox directly after the coating process. For 

the deposition process, a slit nozzle (10 x 0.5 mm2) was used.[39] The aerosol was obtained with 

nitrogen carrier gas at a flow rate of 6 l min-1. The distance between the nozzle and the substrate was 

set to 3 mm. 40 spray scans were applied. Stainless steel substrates with a diameter of 20 mm and a 

height of 500 µm were coated. The thickness of the ceramic layers was determined by the stylus 

profilometer (PGK/S2, Mahr) on an additional steel substrate (not used for impedance 

measurement), amounting to 39 µm. 

The ceramic solid electrolyte is sensitive to moisture and was therefore handled in a glovebox at all 

times. During the thermal treatment, nitrogen or oxygen were used, respectively, and its effect on 

the electrochemical conductivity was investigated. The purge gas furnace was directly connected to 

the glovebox so that the sample was not exposed to moisture. During the thermal annealing, samples 
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were heated to 400 °C at a heating rate of 5 K min-1 and then held for 1 h in oxygen or nitrogen, 

respectively. Both cells were compared to a solid electrolyte layer without any thermal treatment 

after the Powder Aerosol Deposition Process. 

5.3.3 Ionic conductivity - electrochemical impedance spectroscopy 

All electrochemical measurements were performed on a BioLogic VMP-300® potentiostat run by the 

software EC-Lab V11.26. The temperature was controlled by a Vötsch VT 4002® temperature 

chamber. All preparations and cell assemblies were performed in an argon filled glove box equipped 

with a copper catalyst for gas purification (H2O < 0.1 ppm and O2 < 1 ppm). The ceramic samples 

were tested in a half-cell setup in coin cells as it is shown in Figure 5.2a. Therefore, metallic lithium 

(Ø 4 mm, 380 µm thick) was pressed onto the solid electrolyte. The 130 µm thick Teflon® spacer 

enables a homogeneous pressure application during the manufacturing of the coin cell. 

 
Figure 5.2: Cell setups for EIS measurements: (a) Half-cell setup for the ceramic electrolyte (CE). (b) Symmetrical cell setup 

with metallic lithium electrodes for polymer electrolytes (SPE). (c) Impedance measurement between blocking steel 

electrodes for the polymer electrodes. The thicknesses are not for scale. The yellow area defines the Teflon® spacer. 

The samples were heated to 60 °C and held there for 3 h, so that a possible positive influence on the 

interface between lithium and the solid electrolyte remained comparable to that of polymer 

electrolytes. Subsequently, the cells were heated up to 80 °C and after 1.5 h an impedance 

measurement was carried out. The temperature was then reduced to 30 °C in 10 °C increments and 

an impedance spectrum was also recorded at the selected temperatures after a dwell time of 1.5 h. 

Finally, the last spectrum was recorded at 25 °C. For the EIS, the frequency range from 3 MHz to 

0.1 Hz with a sinusoidal amplitude of 20 mV was chosen. 

Stainless steel StSt|SPE|StSt symmetric CR2032 coin cells (l ≈ 500 µm, A ≈ 3.1 mm2, Figure 5.2c) 

were assembled and hermetically sealed. The SPE melt filled a 0.2 cm hole of a 500 µm thick Teflon® 

spacer, located on a 500 µm thick stainless-steel blocking electrode and defining the active surface 

area (A) of the cell. Another 500 µm thick stainless-steel blocking electrode was then placed on top 

of the electrolyte-spacer assembly and pressed at room temperature using an electric pressure-

controlled coin cell crimping machine (MSK-160D, MTI). Before (without SPE and Teflon® spacer) 

and after each measurement, the overall thickness was measured to monitor the electrolyte thickness 

(l). Potentiostatic EIS experiments were performed by applying a sinusoidal amplitude of 
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Va = 20 mV with frequencies in a range of fi = 3 MHz to ff = 1 Hz with seven steps per decade. The 

temperature program consisted of an initial annealing step at 60 °C for tr = 3 h. Subsequently, 

impedance spectra were recorded at 80 °C, 70 °C, 60 °C, 50 °C, 40 °C, 30 °C and 25 °C. At each 

temperature, the impedance measurement started after 1.5 h of thermal equilibration. Each 

electrolyte was measured at least in three independent experiments, which showed highly 

reproducible results. Thus, one spectrum each is shown in the results section. The impedance spectra 

were fitted using eDRT to extract the electrolyte (bulk) resistance RΩ and eDRT data analysis were 

performed with the software ec-idea. After the experiments, the coin cells were disassembled in the 

argon glovebox to determine the final electrolyte thickness 𝑙𝑙. The conductivity σ at a given 

temperature T was calculated using the following equation: 

𝜎𝜎 =
𝑙𝑙

𝑅𝑅Ω𝐴𝐴
. (5.8) 

The average conductivity for each electrolyte was determined from three independent 

measurements. 

5.3.4 Impedance spectroscopy and chronoamperometry  

Lithium transport numbers tLi
+ of the films were studied via a combination of EIS and 

chronoamperometry (CA). Lithium Li|SPE|Li symmetric CR2032 coin cells were assembled and 

hermetically sealed. The SPE melt filled a 0.4 cm cavity of a 130 µm thick Kapton® spacer, located on 

a 380 µm thick lithium electrode (Figure 5.2b). This cavity defined the active surface area 

(A ≈13 mm2) of the cell. The diameter and thickness of the SPEs were adjusted to obtain a sufficiently 

high current response. 

Another 380 µm thick lithium electrode was then placed on top of the electrolyte-spacer assembly 

followed by a 500 µm thick stainless-steel blocking electrode. This was used to allow for the equal 

distribution of the spring pressure. The assembly was pressed at room temperature. Impedance 

spectroscopy experiments were performed by applying a sinusoidal amplitude of Va = 20 mV with 

frequencies in a range of fi = 3 MHz to ff = 0.1 Hz. CA measurements were conducted by applying a 

DC potential of Ei = 50 mV. The temperature program consisted of an initial annealing step at 70 °C 

for tr = 12 h in order to obtain a good contact between the electrolyte and electrodes (OCV 

measurement, Ewe was recorded at least every dtr = 60 s). Subsequently, impedance spectra were 

recorded at 70 °C before DC was applied, followed by the CA measurement until a steady current 

was obtained. Again, impedance spectroscopy was performed after DC polarization. The data was 

characterized using eDRT. With the initial and steady state values for the interfacial resistance 

(Ri,0 and Ri,ss given in Ω) and for the current (I0 and Iss given in µA) as well as the applied DC potential 

(ΔV given in mV), the lithium transport number was calculated using the following equation: 
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𝑡𝑡Li+ =
(𝐼𝐼ss�∆𝑉𝑉 − 𝐼𝐼0𝑅𝑅i,0�)
(𝐼𝐼0�∆𝑉𝑉 − 𝐼𝐼ss𝑅𝑅i,ss�)

. (5.9) 

5.3.5 Interfacial Stability – galvanostatic cycling and EIS 

To evaluate the compatibility and electrochemical stability toward lithium metal electrodes the 

methacrylate containing SPEs were galvanostatically cycled in lithium Li|SPE|Li symmetric CR2032 

coin cells at 70 °C subsequent (1 h after CA) to the lithium transport number tLi
+ measurements. 

Therefore, a current density of 0.1 mA cm-2 was applied, wherein the duration of each half-cycle was 

2 h. The overall test time was 5 d and was interrupted after each cycle for an EIS measurement 

(measurement analogue to above, before and after CA) to analyze the time evolution of the 

interfacial resistance of the SPEs (methacrylate containing SPEs). As no abnormalities were 

observed, the EIS after every 24 h will be evaluated below. 

Glycidyl propargyl ether containing SPEs were characterized by EIS every 24 h for 5 d without 

applying a DC current. 

5.4 Results & discussion 

5.4.1 Electrochemical impedance spectroscopy of solid polymer electrolytes 

5.4.1.1 SSE I: methacrylate containing PEG brush and linear, high molecular weight PEO SPE  

First, solvent free SPE were prepared by blending the pristine polymers of SSE I 

(poly(MA)m-graft-PEGME1k 2 vs. PEO5000k 1) with different lithium salts (LiTFSI, LiBOB and 

LiDFOB). The ionic conductivities were measured as described in the experimental section and 

thereby the impedance spectra were analyzed using eDRT.  

Figure 5.3a shows the impedance spectra of PEO5000k 1/LiTFSI (O/Li = 16) at 25 °C, whereas the inset 

displays the respective Arrhenius plot of ionic conductivity versus temperature in the range of 25 °C-

80 °C. In general, the ionic conductivity increases with temperature due to enhanced segmental 

motion of the polymer chains at elevated temperatures (Arrhenius plot: Figure 5.3a, inset). The 

linear PEO (1.0·10-5 S cm-1 at 25 °C and 7.1·10-4 S cm-1 at 80 °C) shows a significant drop in 

conductivity at approx. 50 °C which is caused by the crystalline nature of the linear, high molecular 

weight polymer.  

The DRT reconstructions (solid lines in Figure 5.3a) are in excellent agreement with the measured 

impedance data. This is supported by Figure 5.3b, which displays the normalized residuals for real 

and imaginary parts. Except for very low frequencies, where the imaginary part rises sharply in the 

capacitive branch, the residuals are well within 1%. The capacitive branch of SPE 1 (C = 4.22·10-8 F) 

at low frequencies follows quite well the expected course of an ideal capacitor (vertical line).[65] The 

increased capacity, along with the observed 45° angle at the beginning of the low-frequency branch, 
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hints towards a more distributed, non-ideal capacitive behavior, which may be caused by an 

increased interaction between the solute ions and the polymer, allowing more ions to slowly 

agglomerate at the StSt|SPE interface. The higher the capacitance of a system, the smaller is the 

resulting value of the complex impedance (Table 5.1). 

 
Figure 5.3: (a) Nyquist plots of PEO5000k 1/LiTFSI (O/Li = 16) SPEs with respective DRT fits (solid lines) measured at 25 °C. 

Capacitive blocking-electrode branch cut off for better visibility of relevant features. Inset: Arrhenius plots of ionic 

conductivity versus temperature measured from 25 °C to 80 °C. (b) Residuals of real and imaginary part normalized to the 

mean absolute value of the measured impedance. (c) shows the normalized distribution functions 𝑔𝑔(𝜏𝜏𝑘𝑘) of the impedance 

spectra of 1 LiTFSI in the temperature range between 25 °C and 80 °C. 

In Figure 5.3 the temperature-dependent, normalized distribution functions 𝑔𝑔(𝜏𝜏𝑘𝑘) of PEO5000k 

1/LiTFSI (Figure 5.3c) are shown. In the DRT curves, Peak 2 is caused by the non-ideal capacitive 

behavior of the blocking electrodes, resulting in a diffusive-like impedance branch in the Nyquist 

plot. Peaks 2a and 2b are small, mathematically inevitable side-peaks of peak 2 which arise from any 

asymmetric or asymptotic behavior such as diffusion. This has recently been shown by Boukamp.[57] 

Peak 1 (inset) corresponds to the ionic conductivity of the bulk material and – in contrast to the 

other peaks – shifts to smaller characteristic time constants with increasing temperature. The bulk 

resistance values extracted from DRT peak 1 were used to determine the ionic conductivity values 
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displayed in the Arrhenius plots. At 40 °C, peak 1 of the PEO5000k 1/LiTFSI electrolyte is significantly 

broadened compared to higher as well as lower temperatures. As the melting of long-chain PEO 

occurs at this temperature region, a mixture of molten and crystalline domains may coexist and lead 

to the peak broadening. As there is only one temperature-dependent conductivity-related peak (1) 

visible, it seems evident that the ionic conductivity is caused by a single mechanism. Furthermore, 

there are no boundary nor interface processes occurring at the blocking electrodes. 

The influence on the ionic conductivity of different lithium salts was investigated by the 

electrochemical characterization of poly(MA)m-graft-PEGME1k 2 blends with LiBOB and LiDFOB. 

Figure 5.4a comprises the 25 °C Nyquist plots of poly(MA)m-graft-PEGME1k 2 blended with LiBOB 

and LiDFOB (O/Li = 16), the corresponding DRT fits as well as the respective Arrhenius plots 

(25 °C–80 °C). The temperature-dependent ionic conductivity follows a close-to-linear Arrhenius 

behavior, which indicates an amorphous character throughout the measured temperature range. 

 
Figure 5.4: (a) Nyquist plots of poly(MA)m-graft-PEGME1k 2/LiBOB (green) and LiDFOB (red) (O/Li = 16) SPEs and 

corresponding DRT fits, measured at 25 °C. The inset shows the Arrhenius plots of ionic conductivity versus temperature 

measured from 25 °C to 80 °C. (b) and (c) show the normalized distribution functions 𝑔𝑔(𝜏𝜏k) of the impedance spectra of 

2 with LiBOB (b) and LiDFOB (c) in the temperature range between 25 °C and 80 °C. 

The LiBOB SPE shows lower overall ionic conductivities (1.9·10-5 S cm-1 at 25 °C and 6.7·10-4 S cm-1 
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at 80 °C). This might be attributed to a weaker salt dissociation compared to LiDFOB. The ionic 

conductivities of the LiDFOB system (3.7·10-5 S cm-1 at 25 °C and 7.7·10-4 S cm-1 at 80 °C) are notably 

higher. The increased conductivity of LiDFOB compared to LiBOB may be attributed to its 

asymmetrical structure, leading to better delocalization of the negative charge and enhanced ion 

dissociation. 

The capacitive branches of all the polymer/salt mixtures exhibit non-ideal behavior. LiBOB and 

LiDFOB SPEs show a very similar and comparably high slope. This can be explained by the similar 

capacitance values of the SPEs. Table 5.1 shows the capacitance values of all investigated SPEs 

comprising polymers 1 and 2 in the temperature range from 25 °C–80 °C. Generally, the capacitance 

increases with temperature, which might be attributed to a continuous separation of the polymer 

chains due to Brownian motion. This leads to an increase in free volume in which the charge carriers 

can approach each other or even agglomerate. 

Table 5.1: Capacitance values (C in F) of the systems including PEO and methacrylate containing SPEs in a temperature 

range from 25 °C–80 °C. 

 25 °C 30 °C 40 °C 50 °C 60 °C 70 °C 80 °C 
PEO5000k  
1/LiTFSI 

4.2·10-8 4.6·10-8 5.5·10-8 6.9·10-8 8.9·10-8 1.2·10-7 1.6·10-7 

Poly(MA)m-graft-PEGME1k 

2/LiBOB 
4.4·10-7 5.3·10-7 7.4·10-7 1.0·10-6 1.4·10-6 1.9·10-6 2.2·10-6 

Poly(MA)m-graft-PEGME1k 

2/LiDFOB 
1.0·10-7 1.1·10-7 1.3·10-7 1.5·10-7 1.7·10-7 2.1·10-7 2.7·10-7 

In Figure 5.4b, the temperature-dependent, normalized distribution functions 𝑔𝑔(𝜏𝜏𝑘𝑘) of SPE 2 

blended with LiBOB are presented. The ionic conductivity can clearly be assigned to the 

temperature-dependent peak 1. A significant broadening of the 40 °C peak can be observed, very 

similar to PEO5000k 1/LiTFSI (Figure 5.3c). This might indicate that the PEG moieties of the 

bottlebrush copolymer are at least partly crystalline up to 40 °C in the combination with the LiBOB 

salt. This also explains the decreased ionic conductivity of the LiBOB SPE compared to LiDFOB 

(Figure 5.4a). 

The DRT function of poly(MA)m-graft-PEGME1k 2 mixed with LiDFOB (Figure 5.4c) is very 

comparable to the previously discussed ones. A significant peak broadening such as in the LiBOB 

SSE cannot be found at 40 °C here, if at all rather between 25 °C and 30 °C, indicating that the solid-

liquid transition is taking place at decreased temperatures. Therefore, the plasticizing effect of 

LiDFOB on poly(MA)m-graft-PEGME1k 2 can be considered higher than the one of LiBOB and the 

polymer/salt mixture shows a decreased melting temperature. Under these considerations, the small 

additional shoulder of peak 1 at 25 °C in Figure 5.4c (inset) might also originate from a small amount 

of already molten polymer chains which show a faster ionic conductivity mechanism. At 30 °C, the 

relaxation times of molten and crystalline chains approach each other and overlap to one broadened 
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combined peak. 

5.4.1.2 SSE II: EG3 containing polymers 

For SSE II, the ionic conductivities of the single-ion conductor P[GPE-(EG387-ran-LiTFSI13)]100 4 

(see experimental section for synthesis details) as well as the blend electrolyte P(GPE-EG3)100 

3/LiTFSI (O/Li = 35) were studied using EIS in analogy to SSE I (Figure 5.5a). 

 
Figure 5.5: (a) Nyquist plots of the single-ion conductor P[GPE-(EG387-ran-LiTFSI13)]100 4 (orange) as well as the blend 

electrolyte P(GPE-EG3)100 3/LiTFSI (O/Li = 35) (violet) with corresponding DRT fits (solid lines), measured at 25 °C. The 

inset shows the measurement at 80 °C. (b) Arrhenius plots of the total ionic conductivity (hollow symbols) as well as the 

lithium-ion conductivity (full symbols) versus temperature (25 °C-80 °C) of the single-ion conductor (orange) and the 

blend (violet). (c), (d) Non-normalized DRT functions h(τk) of the impedance spectra of the single-ion conductor 4 (c) as 

well as the blend electrolyte 3 / LiTFSI (d) in the temperature range between 25 °C and 80 °C. The inset shows the 

magnification of peak region 1. 

eDRT-based fitting (solid lines) delivered almost perfect reproduction of the measured impedance 

spectra and was used to extract the bulk resistance RΩ of the electrolytes. It can easily be seen that the 

blend electrolyte SSE (violet curve) shows significantly smaller RΩ-values than the single-ion 

conductor (orange curve) at both displayed temperatures, which translates to an approx. 1–1.5 

orders of magnitude higher overall ionic conductivity of the blend electrolyte compared to the 
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single-ion conductor. This continues for all measured temperatures in the Arrhenius plot (Figure 

5.5b, hollow triangles). 

Taking a look at the non-normalized distribution function of P(GPE-EG3)100 3/LiTFSI (Figure 5.5c) 

and P[GPE-(EG387-ran-LiTFSI13)]100 4 (Figure 5.5d), quite pronounced, temperature-independent 

capacitive branch peaks between approx. τ = 1 s and τ = 0.1 s (peak 2) can be observed. Capacitance 

values were extracted from the eDRT calculation and are summarized in Table 5.2. The values are 

very comparable among themselves as well as to the capacitances of SSE I (Table 5.1), which is in 

good accordance with the similar slopes of the capacitive branches in the Nyquist plots (Figure 5.5a). 

Table 5.2: Capacitance values (C in F) of the single-ion conductor and the blend SPEs in the temperature range from 25 °C–

80 °C. 

 25 °C 30 °C 40 °C 50 °C 60 °C 70 °C 80 °C 
P[GPE-(EG387-ran-
LiTFSI13)]100 4/LiTFSI 

4.7·10-7 5.3·10-7 6.8·10-7 9.1·10-7 1.3·10-6 1.9·10-6 2.8·10-6 

P(GPE-EG3)100 3/LiTFSI 7.4·10-7 9.8·10-7 1.5·10-6 2.5·10-6 3.8·10-6 5.6·10-6 8.1·10-6 

While 2a is a side-peak of peak 2 in analogy to SSE I, peak 1 can be correlated to the temperature-

dependent ionic conductivity mechanism of the electrolytes. In the case of the P(GPE-EG3)100 

3/LiTFSI blend SSE (Figure 5.5c, inset), there is one single, sharp main peak corresponding to the 

ionic conductivity. At least up to 50 °C, this peak is accompanied by a second (for 25 °C also a third), 

small peak 1b. All the peaks are narrow in contrast to the broadening of peak 1 observed in SSE I for 

PEO5000k 1 (Figure 5.3c). This is consistent with the amorphous, non-crystalline character of 

P(GPE-EG3)100 3. On the contrary, the DRT function of the SIC polymer P[GPE-(EG387-ran-

LiTFSI13)]100 4 (Figure 5.5d, inset) is showing an additional second conductivity peak 1b following a 

different temperature-to-time-constant relation, next to the major ionic conductivity peak 1 as well 

as a small side peak 1b. This can be observed best at 30 °C (red curve), where 1b has a slightly lower 

time-constant than 1a and therefore appears to the left of the main peak. At 25 °C, 1b most likely 

exhibits a higher τ and overlaps with 1a, leading to a drastically broadened main peak (in fact, a 

shoulder at the right flank of the peak is visible while the left side of the peak drops sharply). 

Literature suggests high ionic conductivity in SPEs containing polymers with carbonyl oxygens (e.g., 

polyesters, polycarbonates) and lithium salts (e.g., LiTFSI) based on the comparably weak 

coordination between free carbonyl electron pairs and lithium cations.[11,66,67] In P[GPE-(EG387-ran-

LiTFSI13)]100 4, four sulfonyl oxygens are incorporated into the polymer for each LiTFSI-bearing 

monomer unit. This corresponds to approx. 10% of all oxygens in the polymer structure and can be 

considered a major difference compared to P(GPE-EG3)100 3 with only polymeric ether oxygens. In 

other words, SIC SPE 4 offers two different kinds of major coordination sites for the conducting 

lithium-ions. Therefore, the additional DRT peaks 1b in SIC SPE 4 might indicate lithium-ion 
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conductivity on a significantly different relaxation time scale than for peak 1a, probably based on 

Li+/sulfonyl oxygen interactions due to the polymeric TFSI units. 

Another explanation for the second ionic conductivity peak (at least at 25 °C–40 °C) could be a 

visible separation of the Li+-conduction and the polymeric TFSI-conduction. Due to the covalent 

fixation of the anion on the polymer backbone, the mobility of the anion should be reduced 

drastically, leading to a significant increase in the regarding characteristic time constant. In this case, 

the contribution of the TFSI--anions would likely correspond to the more pronounced peak 1a: As 

this mechanism is more hindered, its respective resistance value should be higher. Additionally, the 

relaxation time constants of peak 1b are closer to the ones of peak 1 in SPE 3 + LiTFSI (Figure 5.5c) 

5.4.2 SSE III: Conductivity of ceramic electrolyte 

The ceramic films fabricated by the Powder Aerosol Deposition Method exhibit excellent 

mechanical contact to the substrate. The powder particles collide and break during the spraying 

process which leads to nano-crystalline layers with high layer stresses. 

5.4.2.1 Without thermal annealing 

The solid electrolyte used for the half cell shown in Figure 5.6 was not thermally annealed at 400 °C 

before the assembly. The lithium foil was directly pressed onto the layer in the as-deposited state. 

The Nyquist plot in Figure 5.6a shows one semicircle at high frequencies corresponding to the 

measured electrode and a constant phase branch at low frequencies, which is caused by the blocking 

steel electrode. The calculated compensation curves are a close fit of the measurement points as it 

can be seen in Figure 5.6a. When the impedance data is used for a DRT analysis (Figure 5.6b), four 

peaks occur. The peaks 2, 2a and 2b are related to the non-ideal capacitive behaviour of the blocking 

electrode. By decreasing the temperature from 80 °C to 25 °C, the conductivity of the sample 

decreases from 6.1∙10-7 S cm-1 to 1.2∙10-8 S cm-1. At all temperatures, only one dominant semicircle is 

detected. It is assigned to the ceramic solid electrolyte, labelled as peak 1 in the DRT analysis. The 

resulting Arrhenius plot is shown in Figure 5.6c. It can be concluded from the linear slope that only 

one dominant conductivity mechanism takes place in the solid electrolyte. The activation energy EA 

can be calculated by applying the linear fitting data from log σ vs. 1000/T and the Boltzmann 

constant kB, as it is shown in Eq. (5.10). 

𝐸𝐸A =  −𝑚𝑚 ∙  𝑘𝑘𝐵𝐵 ∙ 1000 ∙ ln 10. (5.10) 
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Figure 5.6: Half-cell setup with the ceramic electrolyte LLZO in the as-deposited state: (a) Nyquist plots of the temperature-

dependent measurement points connected by the calculated fit. (b) Distribution function of relaxation times. (c) Arrhenius 

plot of the calculated conductivity. 

A charge transfer process, which is expected to occur at the LLZO|Li interface, cannot be identified 

clearly. However, at time constants around 1 ms, there is a plateau-like area between peak 1 and 3b, 

corresponding to an extremely widened peak, which may be attributed to the charge transfer. 

Supposedly, the charge transfer is non-uniform throughout the contact area due to the lack of proper 

pre-treatment, leading to a flattened peak in the DRT.  

Not only the area under peak 1 (that resembles the resistance of the solid electrolyte) is reduced by 

increased temperatures, but also the maximum of the peak shifts to lower time constants τ and, 

therefore, the process becomes faster. In analogy to the SPEs, this is caused by the increased mobility 

of the ions, while the capacitive part remains constant. 

Without a thermal treatment, i.e., in the as-deposited state, the solid electrolyte shows an activation 

energy of 0.65 eV. Compared to bulk values in the literature for samples with a similar stoichiometry, 

the activation energy is higher.[68–70] Therefore, it can be concluded that the conductivity is 
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dominated by grain boundary conductivity, which is supported by the nano-crystalline 

microstructure of the layer and its strained lattice. 

5.4.2.2 Annealing in nitrogen 

To increase the conductivity, the ceramic electrolyte on the stainless-steel substrate was thermally 

annealed at 400 °C in nitrogen before cell assembly. The temperature-dependent impedance data of 

the half-cell are shown in Figure 5.7. The distribution function shows that the single semi-circle is 

originated by two separate processes (Figure 5.7b and Figure 5.1). The peaks 3, 3a and 3b arise from 

the blocking electrode and have the same time constant as the as-deposited sample in Figure 5.6b, 

whereas the time constant of peak 1 of the annealed samples shifts to lower values. This observation 

agrees with the model in which layer stresses and amorphous areas are reduced by thermal 

annealing, resulting in a faster conductivity mechanism. 

 
Figure 5.7: Half-cell setup with the ceramic electrolyte LLZO after annealing at 400 °C in nitrogen: (a) Nyquist plots of the 

temperature-dependent measurement points connected by the calculated fit. (b) DRT analysis of the impedance data. (c) 

Arrhenius plot of the calculated conductivity. 
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Figure 5.7c shows the Arrhenius plot of the impedance data. In the graph, the effective conductivity 

of the solid electrolyte is calculated by the integration of peak 1. Peak 2 amounts to approx. 10% of 

peak 1 at all temperatures. As peak 1 correlates to the ionic conductivity, peak 2 can be attributed to 

the charge transfer between the electrolyte and the lithium metal electrode. In contrast to the non-

annealed specimen, the charge transfer is visible as a distinct peak. Thus, it can be assumed that the 

annealing process improves the homogeneity of the contact between Li and LLZO, leading to a more 

homogenous charge transfer.  

The overall conductivity is increased by the thermal treatment in nitrogen after the powder aerosol 

deposition process by a factor of 10. Also, the effective activation energy was reduced to 0.45 eV. At 

80 °C, the overall conductivity is increased to 4.2∙10-6 S cm-1. The conductivity of the layer is lower 

than for bulk materials in the literature, which can be explained by the high number of grain 

boundaries in the nano-crystalline film. Additionally, the PAD coatings may have isotropic 

functional coating properties.[71] The RTIC mechanism results in different layer properties in-plane 

and through plane. Thus, the conductivity through the layer is dominated by grain boundary 

conductivity, whereas for the in-plane conductivity higher values can be achieved. 

5.4.2.3 Annealing in oxygen  

Oxygen is used as the second annealing atmosphere in this study. Figure 5.8 shows the 

electrochemical analysis of the solid electrolyte that was thermally annealed in oxygen. Comparing 

Figure 5.8b to Figure 5.7b, two major differences can be observed: The peak representing the charge 

transfer is not distinct, analogously to the untreated material. Furthermore, the peaks caused by the 

blocking electrode (2) are notably larger. Although the distribution function does not show a third 

peak besides the blocking electrode and ionic conductivity (1), the charge transfer must take place, 

nevertheless. A deformed semicircle can be observed in the Nyquist plot in Figure 5.8a, and, in 

analogy to the untreated material, a plateau-like interval in the DRT between peaks 1 and 2 is visible. 

Furthermore, due to the very pronounced peak 2, the charge transfer peak may mathematically be 

merged into the side-peaks of peak 2. This is further supported as the second peak accounts for 

around ten percent of the area of the primary peak (1) as in Figure 5.7b. The high impedance of peak 

2 might be caused by the annealing atmosphere, leading to an oxidation of the steel. 

In analogy to Figure 5.6 and Figure 5.7, the peaks of the blocking electrodes do not vary with 

temperature and show the same time constants. 

For all samples, no electrochemical process indicating the presence of a solid electrolyte interphase 

can be detected. This is in accordance with literature, as the oxide solid electrolyte is reported to be 

chemically stable versus metallic lithium. 
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Figure 5.8: Half-cell setup with the ceramic electrolyte LLZO after annealing at 400 °C in oxygen: (a) Nyquist plots of the 

temperature-dependent measurement points connected by the calculated fit. (b) DRT analysis of the impedance data. (c) 

Arrhenius plot of the calculated conductivity compared to the previous measurements. 

In Figure 5.8c, the Arrhenius plot of the previous samples are compared to the sample annealed in 

oxygen. Both thermal annealing processes increased the conductivity of the ceramic solid 

electrolytes by approximately one order of magnitude. It can be shown that the conductivity values 

of the sample annealed in oxygen are close to the values of the sample annealed at 400 °C in nitrogen. 

Nevertheless, the activation energy of 0.56 eV is notably higher. It can be concluded that the type of 

annealing atmosphere is not as important as the annealing temperature for the conductivity of the 

solid electrolyte at room temperature, but it has an impact on the activation energy and the Li|LLZO 

interface. This indicates that oxygen vacancies are not primarily responsible for the reduced ionic 

conductivity, but rather lattice deformation and the nano-crystalline layer structure of the PADM 

layers. 



5 Investigating solid polymer and ceramic electrolytes for lithium-ion batteries by means of an 
extended Distribution of Relaxation Times analysis 

 
201 

5.4.3 Lithium-ion transport number and interfacial stability 

5.4.3.1 SSE I: methacrylate containing brush SPEs 

For the determination of the lithium transport number tLi
+, a combination of DC polarization and 

AC impedance spectroscopy, developed by Bruce and Vincent[72], was used in a symmetrical lithium 

Li|SPE|Li coin cell setup at 70 °C. The transport number of the brush polymers 

poly(MA)m-graft-PEGME1k 2 blended with LiBOB and LiDFOB was determined to investigate the 

influence of the lithium salt on tLi
+ as well as the involved processes at the SPE/Li interface. 

Subsequently, the compatibility with and the electrochemical stability against lithium metal 

electrodes of the SPEs were analyzed. Therefore, the same lithium cells were galvanostatically cycled 

at 70 °C. The evolution of the interfacial resistance of the SPEs was monitored after each cycle by EIS 

(see experimental section for further details). 

The inset in Figure 5.9a shows the EIS measurements of the poly(MA)m-graft-PEGME1k 2/LiBOB 

(O/Li = 16) SPE before (grey) and after CA measurement (black). The respective DRT fits for the 

determination of the interfacial resistance used in the calculation of tLi
+ are also depicted. The current 

during the CA step was monitored and the voltage was applied until a steady state (Iss) was reached. 

This corresponds to the formation of an equilibrium salt concentration gradient in the direction of 

the electric field. Both Nyquist plots exhibit almost identical bulk resistances (Rb ≈ 300 Ω) at the 

minimum of the high frequency end of the first semicircle, which is cut off at its high frequency side 

(frequency limit of the apparatus). The left flank of the second semicircle (corresponding to the 

interfacial resistance RC element) is depressed. This indicates the presence of more than one 

interface-related processes and was subject to further investigation by eDRT analysis. After CA 

polarization, the interfacial resistance (diameter of the second semicircle) is less than before 

(Ri,0 = 310 Ω, Ri,ss = 283 Ω). This is also the case for the LiDFOB electrolyte (Ri,0 = 734 Ω, 

Ri,ss = 668 Ω). Typically, a slight increase in the interfacial resistance can be observed during 

chronoamperometric measurements. However, the DC step could in this case also be responsible 

for an improvement of the interfacial properties and contact between electrodes and electrolyte. 

The lithium-ion transport number based on the Bruce and Vincent equation (5.9) for these SPEs 

amounts to 0.2. This result agrees with our previous study applying LiTFSI to PEG-containing brush 

copolymers.[8] Consequently, the ionic conductivity (4.4·10-4 S cm-1 at 70 °C) decreases drastically if 

the value is multiplied by the transport number tLi
+ (8.8·10-5 S cm-1 at 70 °C), yielding the lithium-

ion conductivity. The detailed values for all SPEs can be found in Table 5.3. 

During the galvanostatic cycling experiments, further EIS spectra were recorded every 24 h, which 

are displayed in Figure 5.9a. It is visible that the bulk resistance (left, cut-off semicircle) remains 

almost constant, whereas the interfacial resistance (second, full semicircle) increases constantly over 

time because of the formation of an interfacial layer. The reconstructed DRT fits are in excellent 
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agreement with the measured spectral data. 

 
Figure 5.9: (a) and (b) Nyquist plots of poly(MA)m-graft-PEGME1k 2/LiBOB (a) and LiDFOB (b) (O/Li = 16) SPEs with 

corresponding DRT fits (solid lines) showing the time-dependent evolution of the interfacial resistance of the SPEs after 

six plating/stripping cycles for 5 d at 70 °C. Inset: Impedance spectra before (grey) and after CA polarization (black) for 

the determination of tLi+. (c) and (d) show the normalized distribution functions 𝑔𝑔(𝜏𝜏k) of the impedance spectra of SPE 2 

with LiBOB (c) and LiDFOB (d) before and after the CA polarization as well as after six plating/stripping cycles for 5 d at 

70 °C. 

The normalized distribution functions 𝑔𝑔(𝜏𝜏𝑘𝑘) in Figure 5.9c give further insight into the processes 

during the polarization as well as the cycling experiments using the poly(MA)m-graft-PEGME1k 

2/LiBOB (O/Li = 16) SPE in lithium cells. Analogue to the temperature-dependent ionic 

conductivity measurements, peak 1 appears at the lowest time constants and can be attributed to the 

bulk ionic conductivity. The peak position remains constant over time, which was expected as all 

measurements with the lithium cells were performed constantly at 70 °C. After each cycle, the 

relative contribution of peak 2 increases while peak 3 decreases, respectively. Considering the smaller 

time constant as well as the increasing peak integral, the faster process (peak 2) can be attributed to 

the formation of an interfacial layer on the lithium surface (e.g., solid electrolyte interface SEI). Peak 

3 can be assigned to the charge transfer of lithium-ions from the interfacial layer into the lithium 
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metal electrode. The integral and position of peak 2a remains constant during the cycling, indicating 

a side-peak. Both SPE/lithium electrode interfacial processes (peaks 2 and 3) overlap 

indistinguishably in the Nyquist plot to one flattened and deformed semicircle. In this case, DRT 

analysis enabled a significantly more detailed insight into the cell processes. At higher time 

constants, peak 4 and a series of small additional side-peaks is caused by the diffusion of lithium in 

the electrolyte, which corresponds to the diffusive branch in the Nyquist plot (Figure 5.9a). Peak 4 

in the measurements after polarization (black) is significantly shifted towards lower time constants, 

whereas the others remain constant. The increased polarization voltage during the CA measurement 

compared to the lithium plating/stripping cycling experiments might have caused a more 

pronounced ion concentration gradient. Consequently, this might explain the faster diffusion time 

constant directly after the CA application.  

The poly(MA)m-graft-PEGME1k 2/LiDFOB (O/Li = 16) SPE (Figure 5.9) is showing quite 

comparable behavior in the Nyquist plots of the lithium cell experiments. In contrast to the LiBOB 

SPE, a fully pronounced second semicircle is visible, and its high frequency end almost reaches the 

x-axis. This might indicate that the interfacial transport mechanism between electrolyte and lithium 

electrode is less influenced by other overlapping phenomena than in the LiBOB SSE. Furthermore, 

the time constants of the major peaks 1 and 3 are closer to each other. The lithium transport number 

is the same as for LiBOB (tLi
+

 = 0.2), which was expected. 

The impedance spectra recorded after every 24 h of the cycling experiments (Figure 5.9b) show that 

the bulk resistance remains close to constant, but the interfacial resistance increases. In contrast to 

the LiBOB electrolyte, the relative contribution of the Li/SPE interfacial peak 3 in the normalized 

distribution functions 𝑔𝑔(𝜏𝜏𝑘𝑘) (Figure 5.9d) is significantly increased. This correlates to the more than 

doubled values of the interfacial resistance while the bulk resistances are almost equal. With 

increasing time and number of galvanostatic cycles, the time constants shift slightly towards higher 

time constants, implying a certain slow-down of the lithium transfer from the interfacial layer into 

the lithium metal electrode. This phenomenon is probably connected to processes involving the 

interfacial layer (SEI, peak 2). The fact that the relative contribution of peak 2 remains almost 

constant over time (with a slightly decreasing time constant) leads to the assumption that the 

formation of a boundary layer in this SSE is much less pronounced and completed before the first 

DC application. Peak 2a remains constant and can be considered a side peak. Also, the diffusive peak 

4 with additional side-peaks remains constant in first approximation during the experiment. 

5.4.3.2 SSE II: EG3 containing graft copolymers 

The single-ion conductor P[GPE-(EG387-ran-LiTFSI13)]100 4 as well as the blend electrolyte SSE 

P(GPE-EG3)100 3 + LiTFSI were both applied in symmetrical lithium cells to determine the lithium 

transport number according to the Bruce and Vincent method.[72] This was performed in analogy to 
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the previously described poly(MA)m-graft-PEGME1k electrolytes. Instead of subsequent lithium 

plating and stripping cycles, the electrochemical stability of the electrolyte/electrode interface was 

observed at open circuit voltage (OCV) for 5 days at 70 °C. 

The more straightforward case of the two SPEs is clearly the blend of SPE 3 and LiTFSI. In the 

Nyquist plots (Figure 5.10a), the small semicircle originating from the bulk ionic conductivity at 

high frequencies can be observed in all measurements. 

 
Figure 5.10: (a) and (b) Nyquist plots of P(GPE-EG3)100 3 + LiTFSI (a) and P[GPE-(EG387-ran-LiTFSI13)]100 4 (b) (both 

O/Li = 35) SPEs with corresponding DRT fits showing the time-dependent evolution of the interfacial resistance of the 

SPEs after annealing the cells at open circuit voltage at 70 °C for 5 d. Inset: Impedance spectra before (grey) and after CA 

(black) at a potential of 50 mV, measured in symmetrical Li|SPE|Li cells at 70 °C for the determination of tLi+. (c) and (d) 

show the absolute distribution functions ℎ(𝜏𝜏k) of the impedance spectra of P(GPE-EG3)100 3 + LiTFSI (c) and P[GPE-

(EG387-ran-LiTFSI13)]100 4 (d) corresponding to all Nyquist plots displayed in (a) and (b). 

The second, interfacial resistance semicircle shows a drastically larger diameter and appears not 

perfectly circular, indicating possibly hidden, additional processes. The lithium transport number 

tLi
+ of this electrolyte SSE amounts to 0.2 (Table 5.3), which is the same as for the previously studied 

PEO5000k 1 as well as the bottlebrush copolymer 2 SPEs and was expected. The inset shows the 

impedance spectra before and after the CA experiment, which do not differ significantly from each 
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other. During the long-term OCV measurement, significant changes predominantly in the second 

semicircle can be observed as it flattens and deforms while its diameter increases. This indicates 

deteriorating processes at the electrolyte/electrode interfaces during cell aging. The corresponding 

distribution functions are displayed in Figure 5.10c. While the ionic conductivity peak 1 as well as 

the capacitive branch peak 4 remain constant during the measurements, a slight increase in the 

charge transfer resistance (peak 3) over time is visible. Even more pronounced is the increasing 

polarization contribution of peak 2, which appears at a characteristic time constant approximately 

one order of magnitude faster than the interfacial resistance (peak 3). This strongly indicates that an 

interphase layer is formed.  

In the case of the single-ion conductor SPE 4 (Figure 5.10b), things are more complicated. Bulk as 

well as interfacial resistances both significantly increase during the cell aging experiment. Both 

corresponding semicircles, especially the interfacial resistances, are deformed and notably flattened, 

hinting at several overlapping processes. Furthermore, a significant increase in the interfacial 

resistance after the CA experiment can be observed (Ri,0 = 290 kΩ, Ri,ss = 335 kΩ), while the bulk 

resistance remains constant. The lithium transport number tLi
+ amounts to 0.5 (Table 5.3), which is 

a significant increase compared to the lithium salt in polymer electrolytes 1, 2 and 3. Figure 5.5c also 

shows the temperature-dependent lithium-ion conductivity values σLi
+, i.e., the overall ionic 

conductivity multiplied by tLi
+. Even though the σLi

+ values of the single-ion conductor 4 are not 

higher than the ones of the blend electrolyte 3 + LiTFSI, their gap significantly decreases if the 

transport number is considered. 

The DRT analysis (Figure 5.10d) is essential for a deeper understanding of the occurring processes. 

In analogy to the ionic conductivity measurements (Figure 5.5d), the ionic conductivity is 

represented in the symmetrical lithium cells by peak 1 (accompanied by side peak 1a) with a more 

or less constant intensity. The charge transfer process between electrode and electrolyte is reflected 

by peak 4, which has the major contribution to the overall resistance. In contrast to SPE 3 + LiTFSI, 

this peak significantly increases during the aging and shifts to larger relaxation times. This indicates 

a deterioration of the interface, decreasing both the chance as well as the rate of lithium-ions to pass 

the electrode/electrolyte interface. Due to a similar shift in time constants as well as the proximity to 

peak 4, peak 4a can be considered a side-peak of peak 4. The two remaining peaks 2 and 3 strongly 

increase during the measurement and are located at time constants between peaks 1 and 4, indicating 

a connection to additionally forming interphases (e.g., SEI). Without further experiments, it is 

difficult to disentangle the exact origins of peaks 2 and 3. Peak 5 results from the impedance not 

reaching the abscissa for the lowest frequencies. 
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Table 5.3: Measured values for the parameters and the corresponding calculated values for the lithium-ion transport 

number and the respective lithium-ion conductivities. DC potential: V = 50 mV. 

SPE 
I0 

/ µA 
Iss 

/ µA 
Ri,0 

/ kΩ 
Ri,ss 

/ kΩ 
tLi

+a 
σb at 70 °C 

/ S cm-1 
σc

Li
+ at 70 °C 

/ S cm-1 
Poly(MA)m-graft-PEGME1k  
2/LiBOB (O/Li = 16) 

69.1 20.6 0.31 0.27 0.2 4.4·10-4 8.8·10-5 

Poly(MA)m-graft-PEGME1k  
2/LiDFOB (O/Li = 16) 

43.9 23.6 0.73 0.67 0.2 5.5·10-4 1.1·10-4 

P(GPE-EG3)100 3/LiTFSI 
(O/Li = 35) 

0.88 0.55 48.7 48.8 0.2 9.2·10-5 1.8·10-5 

P[GPE-(EG387-ran-LiTFSI13)]100 

4 (O/Li = 35) 
0.1 0.07 290 335 0.5 6.8·10-6 1.4·10-6 

aAverage value of at least double determination of each SPE and cell. bAverage value of at least three-fold determination of 
each SPE and cell. cDetermined according to equation: σLi+ = σ tLi+. 

5.5 Conclusion 

In this study, six different solid electrolytes were investigated. While all of them showed similarities 

in the most relevant lithium-ion conducting process, significant differences between the materials 

were uncovered using the extended DRT: All materials possess one major, resistive-capacitive bulk 

conductivity mechanism (and P[GPE-(EG387-ran-LiTFSI13)]100 4 probably a second, however far less 

relevant). The resulting, temperature-dependent conductivities were calculated and evaluated. Table 

5.4 summarizes the ionic conductivities of all investigated solid electrolytes at 25 °C and 80 °C in this 

study. 

Table 5.4: Overview of the ionic conductivities (S cm-1) at 25 °C and 80 °C of all investigated solid electrolytes in this study. 

Solid electrolyte 25 °C 80 °C 
PEO5000k 1/LiTFSI 1.0∙10-5 7.4∙10-4 
Poly(MA)m-graft-PEGME1k 2/LiBOB 1.9∙10-5 6.7∙10-4 
Poly(MA)m-graft-PEGME1k 2/LiDFOB 3.7∙10-5 7.7∙10-4 
P(GPE-EG3)100 3/LiTFSI 2.9∙10-6 1.5∙10-4 
P[GPE-(EG387-ran-LiTFSI13)]100 4 1.2∙10-7 1.2∙10-5 

LLZO (Li5.6Al0.3La3Zr1.5Ta0.5O12) 
As-deposited 2.6∙10-8 6.1∙10-7 
Annealed in nitrogen 2.8∙10-7 4.2∙10-6 
Annealed in oxygen 2.6∙10-7 7.4∙10-6 

The SPE in blocking electrode configurations did not show any other, electrochemically relevant 

features. However, the blocking electrode behavior itself is depending on the material. The 

capacitance, which is included in the eDRT evaluation, elucidates a non-ideal behavior for all the 

polymer/salt mixtures in the temperature range from 25 °C – 80 °C. The values increase with 

temperature, due to a continuous separation of the polymer chains by Brownian motion. 

Consequently, the free volume increases in which the charge carriers can approach each other or 
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even agglomerate. Comparing the conductivities of SPE and LLZO, it has been shown that the SPE 

show a higher conductivity at room temperature and at 80 °C. Nevertheless, the ceramic electrolyte 

usually has a high lithium-ion transference number close to 1 and shows a high stability versus 

metallic lithium. The LLZO showed a significant dependence on temperature pre-treatment. For the 

sample that was annealed at 400 °C in nitrogen, the conductivity- and charge transfer mechanism 

could be separated: The charge transfer resistance amounts to approx. 10% of the ionic resistance 

for the given specimen size, independent of the temperature. Thus, the ionic conductivity is 

approximately 10% higher than the value which would be obtained by a RC fit or “by inspection”, 

i.e., by manually extrapolating the semicircle to the Re(Z)-intercept. For the non-pretreated and 

oxygen-annealed LLZO samples, the charge transfer contribution could not be quantified as there 

were no distinct peaks. It could be estimated that the charge transfer resistance in these cases also 

accounts to around 10% of the bulk resistance or slightly higher, which might be explained by a 

decreased contact area due to non-ideal pre-treatment. The conductivity also strongly depends on 

the pre-treatment routine as the lattice stress that results from the processing method can be 

released. However, only one conductivity mechanism could be observed and a separation of e.g., 

grain- and grain boundary conductivity was not possible due to their parallel occurrence. 

During cycling, the SPE showed significant increases in their electrode/electrolyte interface 

resistances. By applying eDRT, the corresponding Nyquist semicircle could be separated into two 

distinct processes: a charge transfer process, which is comparably independent on the number of 

cycles, and a second, growing process which is approx. one order of magnitude faster than the charge 

transfer. Considering the difference in characteristic time constants and the increasing resistance 

over time, this process could be identified as a charge transport through an interphase layer. Thus, 

the electrolyte cannot be considered electrochemically stable against metallic Li, which is the same 

for liquid electrolytes. Further studies regarding the stability and the growth rate of the interphase, 

i.e., whether a stable interphase is formed, can be derived from the results of the eDRT analysis. In 

contrast, the LLZO electrolytes do not show any interphase formation, which is in accordance with 

the widely accepted hypothesis that LLZO is electrochemically stable against metallic lithium. 

Comparing the charge transfer resistances of SPEs and the LLZO, the ceramic electrolyte shows a 

significantly decreased polarization at approximately 10% of the ionic overpotential. In contrast, the 

transfer reaction between Li and SPE shows a higher resistance than the bulk SPE. It is noteworthy 

that the LLZO cells only possess one Li electrode, while the SPE symmetrical cells have two. For a 

valid quantitative comparison, the SPE values should be halved. Still, the LLZO shows significantly 

lower ionic conductivity values. This may be explained by the nano-crystalline morphology and the 

grain boundaries. 

By extending the DRT and hence overcoming its typical constraints, the reconstructed impedances 

are in very high accordance with the measured data. Therefore, the risk of improper pre-processing, 
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leading to a loss of information, could be resolved. This strongly increases both the reproducibility 

of analyses and the comparability between different specimens. In conclusion, the eDRT can be 

considered an even more universal and powerful method for in-depth investigation of impedance 

data. 

The eDRT analysis of the presented materials elucidates that both SPE and ceramic electrolytes are 

promising candidates to be applied in all-solid-state cells, including lithium metal anodes. Future 

research should focus on the stability of the interphase layer between anode and SPE, the bulk 

conductivity of the materials and on reducing the charge transfer polarization. The latter could be 

achieved by applying sophisticated surface treatments to allow for an optimal contact between the 

all-solid-state materials. 

  



5 Investigating solid polymer and ceramic electrolytes for lithium-ion batteries by means of an 
extended Distribution of Relaxation Times analysis 

 
209 

5.6 Nomenclature 

Symbol Quantity Unit 
A electrolyte area cm2 
C capacitance F 
EA activation energy eV 
Ei DC potential V 
f frequency Hz 
g normalized distribution function 1 
h distribution function Ω 
I0 initial DC current (CA) mA 
Iss DC current in steady state (CA) mA 
j imaginary unit 1 
kB Boltzmann constant 8.617·10-5 eV K-1 
L inductance H 
l electrolyte thickness µm 
m slope of Arrhenius-plot K 
n number of time constants 1 
R0 ohmic resistance Ω 
Ri,0 initial electrolyte resistance (CA) Ω 
Ri,ss steady state electrolyte resistance (CA) Ω 
Rpol polarization resistance Ω 
RΩ electrolyte resistance Ω 
T temperature °C 
t time s 
tLi

+ Lithium transport number 1 
Va potentiostatic AC amplitude V 
Z impedance Ω 
ΔV voltage drop during CA mV 
λ regularization parameter 1 
σ ionic conductivity S m-1 
τ time constant s 
ω angular frequency rad s-1 
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Abstract 

Solid polymer electrolytes (SPEs) with good thermal, mechanical and electrochemical cycling 

stability are required for application in all-solid-state lithium metal batteries (LMBs) using non-

intercalating Li metal anodes at room temperature. In this context, the polymer architecture plays a 

significant role in influencing the above parameters. Therefore, we studied systematically 

poly(MA)m-graft-PEGME2k in comparison to the linear poly(ethylene oxide) (PEO) homopolymer 

as SPEs in all-solid-state LMBs using LiFePO4 as a cathode. Additionally, nanocomposite electrolytes 

using bottlebrush (SPNE1) and PEO (SPNE2) with improved mechanical and electrochemical 

properties were prepared by adding different amounts of TiO2 nanoparticles. Among them, the 

SPNE1-10 (with 10 wt% TiO2) showed a homogenous distribution of nanoparticles throughout the 

polymer matrix, exhibited a good ionic conductivity of 3·10–5 at 25 °C and 5.2·10–4 at 70 °C, as well 

as a high electrochemical stability of up to 5.2 V vs. Li/Li+. Moreover, the symmetric Li/SPNE1-10/Li 

cells displayed a constant current up to 40 cycles without any fluctuations indicating good interfacial 

compatibility between the electrode and electrolyte. Furthermore, extended Distribution of 

Relaxation Times (eDRT) studies provide evidence of a stable solid electrolyte interphase (SEI) layer 

formation, which is further supported by ex-situ X-ray photoelectron spectroscopy (XPS) analysis 

of the cycled lithium surface. The LMBs with the SPNE1-10 electrolyte delivered a high discharge 

capacity of 132 mAh g-1 at 70 °C at 0.2C. Even, when the current rate was increased to 2C, the cell 

maintained a good discharge capacity after 400 cycles. The SPNE1-10 nanocomposite based on the 

bottlebrush polymer outperforms considerably the SPNE2-10 consisting of linear PEO for the whole 

temperature range from 25 to 80 °C enabling efficient all solid-state LMBs using SPEs below 70 °C. 
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6.1 Introduction 

All-solid-state lithium metal batteries (LMBs) using lithium metal anodes are one of the potential 

candidates for next generation energy storage systems due to their high energy density and high 

safety. Due to its unique advantages, the solid-state LMBs are more attractive for advanced portable 

electronic devices, aerospace and electric vehicle applications. However, solid-state LMBs still suffer 

from several scientific and technological drawbacks, such as low ionic conductivity and low cycling 

stability, which need to be addressed to make them practically viable.[1] All-solid-state LMBs use 

different kinds of solid electrolytes (inorganic glasses e.g., Li10SnP2S12
[2]

, ceramics e.g., Li7La3Zr2O12
[2], 

inorganic-polymer hybrid, e.g., LLZO-PEO[3], SiO2-PEO[4] and polymers, e.g., PEO[5] or 

poly(trimethylene carbonate)[6] as ion conducting medium. In all these electrolytes, the focus was in 

improving the ionic conductivity, the mechanical stability as well as the electrochemical stability. 

Compared to conventional liquid electrolytes, solid electrolytes have the advantages of improved 

safety, and it can make the separator superfluous. Among them, solid polymers are very attractive 

due to lightweight, high flexibility, good mechanical strength and easy processability.[1,7]  

The PEO-based SPE systems are well studied for solvent-free LMBs, since PEO shows a good ionic 

conductivity above its melting point. But it is crystalline, and this implies that the ionic conductivity 

decreases drastically below the melting point around 60 °C limiting its use only above 60-70 °C. As 

a result, these batteries require an additional thermal heating system to maintain the desired 

temperature throughout battery pack, which reduces the battery capacity.[8] Thus, the preparation of 

polymer electrolytes with low crystallinity and high mechanical strength that can operate at room 

temperature is still highly challenging. Therefore, the research has been focused on different polymer 

architectures such as grafted copolymer-bottlebrush or brush-arm star copolymers.[9-12] Recently, 

our group reported high molecular weight bottlebrush type SPEs based on polymethacrylate-graft-

poly(ethylene glycol) monomethyl ether (poly(MA)m-graft-PEGMEn) as well as polynorbornene-

graft-poly(ethylene glycol) monomethyl ether (poly(Nb)m-graft-PEGME2k).[12] Here, we found that 

the bottlebrush polymer electrolytes exhibited a low glass transition (Tg) temperature, amorphous 

structure and high thermal stability. As a result, these polymer electrolytes showed high ionic 

conductivity in the range of 10-3 to 10-4 S cm-1 for the whole temperature range of 80 to 25 °C and 

also exhibited a good electrochemical stability. Even then, the electrochemical behavior of these solid 

copolymer electrolytes by coupling with lithium metal as anode and suitable cathode materials were 

not yet studied. In general, there are only few reports on battery performance of bottlebrush-type 

polymer electrolytes containing PEG side chains.[13-16] For example, Q. Hu et al.[13] used a random 

copolymer consisting of poly(MA)m-graft-PEGME9, polyacrylic acid and poly(MA)m-graft-PDMS145 

as electrolyte for LMBs. Here, the solid-state battery with LiFePO4 cathode and metallic lithium 

anode retained a discharge capacity of 100 mAh g-1 after 30 cycles at 120 °C.  

Though most of these copolymer-based electrolytes show good ionic conductivities, the poor 
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mechanical stability of these polymer electrolytes causes handling problems during the fabrication 

of cells as well as during long-term cycling at high C-rates. To overcome this, one general approach 

for improving the mechanical stability of the polymer electrolytes is by dispersing polymer-grafted 

nanoparticles such as Al2O3
[17] or TiO2

[18] or by incorporating the naked inorganic nanoparticles[19], 

inorganic nanowires[20] or polymer nanofibers[21] into a polymer matrix. It is also reported that 

nanofillers can decrease the crystallization of the polymer[19], enhance the lithium-ion transport 

number[19], improve the ionic conductivity[22], inhibit lithium dendrite growth[20] and increase the 

interfacial compatibility between the electrolyte and lithium anode[23]. Another approach focused on 

incorporating a mechanically stable polymer into copolymer-based electrolytes. Xue et al.[14] showed 

that the mechanical stability of an SPE based on a bottlebrush polymer (PtBPMA-graft-PEG950) can 

be improved by blending it with PVDF. However, it can be stated that adding inorganic 

nanoparticles into the polymer electrolyte as mentioned above in the case of linear PEO, can be more 

advantageous in comparison to blending with another polymer. One of the important questions is 

the influence on interface impedance and solid electrolyte interphase (SEI) formation using 

bottlebrush polymer nanocomposites, which motivated us to study this at different temperatures to 

evaluate the potential of a bottlebrush solid polymer nanocomposites in comparison to PEO-based 

nanocomposites as electrolytes for solid-state LMBs in detail.  

Herein, we report the electrochemical characterization of an amorphous bottlebrush solid polymer 

nanocomposite electrolyte (SPNE1: poly(MA)m-graft-PEGME2k + LiTFSI + TiO2 (P25)) in 

Li/SPNE/LFP batteries by studying parameters such as charge-discharge and cycle performance at 

30 °C and 70 °C. Further, we investigated the influence of TiO2 on the mechanical properties, ionic 

conductivity, interfacial and electrochemical stability, as well as the overall battery performance. To 

understand the formation of an SEI layer, the interfacial resistance between the polymer (or the 

nanocomposite) and lithium metal was studied in detail by using extended Distribution of 

Relaxation Times (eDRT) in symmetric Li/SPE1 or SPNE1-10/Li cells. The lithium plating/stripping 

behavior of lithium electrodes with SPNE1-10 (10 wt% TiO2) reveals a good interfacial compatibility 

between the electrode and the electrolyte by forming a stable SEI layer. The formation of a SEI layer 

was further supported by ex-situ X-ray photoelectron spectroscopy (XPS) studies on the surface of 

cycled lithium metal electrodes. As a result of good interfacial compatibility, the SPNE1-10 in 

combination with a Li anode and LFP cathode delivered a high discharge capacity of 97 mAh g-1 in 

comparison to the cell comprising SPNE2-10 using linear PEO showing 33 mAh g-1 at 0.2C and 

30 °C. Furthermore, the promising electrochemical performance at a high C-rate (2C for 400 cycles) 

using SPNE1-10 gives an opportunity for the development of solid-state LMBs which can operate 

over a wide temperature range of 30 to 70 °C. Wherever appropriate, we have compared the 

performance of the bottlebrush electrolytes and its nanocomposites with linear semicrystalline PEO 

systems to understand the influence of polymer architecture on battery parameters. 
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6.2 Experimental procedure 

6.2.1 Synthesis of the poly(MA)m–graft–PEGME2k bottlebrush polymer 

The poly(MA)m–graft–PEGME2k bottlebrush polymer was synthesized according to the previously 

reported procedure.[12] The bottlebrush polymer was obtained by free radical polymerization of the 

macromonomer poly(ethylene glycol) monomethyl ether methacrylate (PEGMEMA2k: PEG side 

chains with Mn=2000 g mol–1) in 1,4–dioxane at 85 °C for 23 h using AIBN as an initiator. After the 

polymerization, the polymer was purified by dialysis in methanol (MWCO: 15 kDa) followed by 

freeze drying in benzene to obtain poly(MA)m-graft-PEGME2k. Initially, the structural purity and the 

molecular weight of the synthesized bottlebrush polymer were evaluated by using 1H NMR 

spectroscopy and SEC. The 1H NMR spectrum of the polymer after dialysis (Figure S6.1) shows all 

relevant peak assignments and integrals; absence of monomeric double bond protons (6.12–5.56 

ppm) confirms the successful synthesis and purification of poly(MA)m–graft–PEGME2k in high yield 

(93%). Figure S6.2 shows the number and mass average molecular weight of Mn = 72400 g mol–1 and 

Mw = 86700 g mol–1, respectively, for the polymer with a monomodal molecular weight distribution 

of Đ = 1.2. 

6.2.2 Preparation of solid polymer electrolytes (SPEs) and solid polymer 

nanocomposite electrolytes (SPNEs) 

The SPEs were obtained by mixing the corresponding polymers with LiTFSI in the melt. For 

obtaining the SPNEs, different amounts of nanocrystalline TiO2 powders which correspond to the 

weight percentage of 5, 10, 15 were first dispersed in acetonitrile by using an ultrasonicator for 1 h. 

The required amounts of poly(MA)m-graft-PEGME2k polymer were slowly added to the TiO2 

dispersion. After stirring for 1 h at room temperature, LiTFSI was added to maintain a O/Li ratio of 

12. The resulting SPNEs were stirred at 60 °C to form a highly viscous blend of TiO2, poly(MA)m-

graft-PEGME2k and LiTFSI and finally dried in vacuo at 60 °C overnight. Henceforth, the electrolytes 

with 0, 5, 10, 15 wt% of TiO2 additive were labelled as SPE1, SPNE1-5, SPNE1-10 and SPNE1-15, 

respectively. After cooling down to room temperature, the electrolytes were used for the 

electrochemical measurements such as ionic conductivity, linear sweep voltammetry, lithium-ion 

transport number, and lithium plating-stripping in different device geometries. For comparison, the 

standard PEO-LiTFSI electrolyte was also prepared according to the reported literature.[19] Herein, 

the 10 wt% of TiO2 nanoparticles is dispersed in acetonitrile by using ultrasonication for 1 h. After 

sonication, the lithium salt and the corresponding polymer is added to the dispersed solution and 

stirred overnight. The electrolyte mixture was dried in the oven at 50 °C under vacuum to remove 

the solvent followed by hot pressing the electrolyte (80 °C, 3-4 t) resulting in disks for the 

electrochemical measurements. The PEO/LiTFSI and PEO/LiTFSI + 10 wt% of TiO2 were labelled 
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as SPE2 and SPNE2-10, respectively, both having a O/Li ratio of 20. The detailed characterization 

and electrochemical measurements of all the electrolytes are given in the supporting information. 

6.2.3 Preparation of LiFePO4 (LFP) cathode 

The electrode was prepared by using LFP as active material, super P carbon and conductive graphite 

as electron conducting medium and the PEO/LiTFSI as ion conducting medium with weight ratios 

of 63: 3.5: 3.5: 19.4: 10.6 (LFP: super P Carbon: graphite: PEO: LiTFSI). A cathode slurry was 

prepared by using acetonitrile and a small amount of NMP (0.5 ml) as solvents and the mixture was 

ball milled for 2 h to get a homogenous mixture. The resulting slurry was cast onto a carbon-coated 

aluminium current collector by using doctor blading and the resulting electrode was dried in vacuo 

overnight at 60 °C. After cooling down to room temperature, the electrodes were densified by a 

calendering process, punched into the size of 14 mm diameter by a disc cutter and were subsequently 

used for cell fabrication. The amount of active material (LFP) loading on the electrode is 

~2.8 mg cm-2. 

6.2.4 Lithium-ion cell fabrication and measurements 

The highly viscous SPE1 and SPNE1 electrolyte blends (70-80 μl) were drop-casted onto the cathode 

disc to form a cathode-supported electrolyte and then dried in a vacuum oven at 60 °C overnight. 

The thickness of the electrolyte is about 100-120 µm, which is measured from the cross-section SEM 

image of SPNE1-10 coated on the cathode (Scheme 6.1). After cooling down to room temperature 

the cathode-supported electrolytes were transferred into an Ar-filled glove box and symmetric and 

asymmetric CR2032 coin cells (Li/SPE1 and SPNE1s/Li and Li/SPNEs/LFP) were assembled using 

lithium metal as an anode. For comparison, similar cells were also fabricated by using SPE2 and 

SPNE-2 electrolytes containing PEO polymer with a thickness of about 120 µm. Prior to the 

electrochemical measurements all the cells were stabilized for 12 h at 70 °C and the electrochemical 

studies such as cyclic voltammetry, charge/discharge measurements and cycle performance were 

conducted at 70 °C, unless otherwise stated. The galvanostatic studies with LFP cathodes were 

operated in the potential range of 2.5-4.2 V at different current rates (0.2, 1 and 2C). 

6.3 Results and discussion 

The synthesized bottlebrush polymer, (poly(MA)m–graft–PEGME2k) and a commercially available 

linear PEO (~5,000,000 g mol-1) were used for the preparation of solid polymer electrolytes, SPE1 

and SPE2 respectively for application in solvent-free, all-solid-state Li/SPE/LFP batteries. Both 

polymers show a high thermal stability up to 300 °C. The bottlebrush polymer electrolytes are 

advantageous in showing a good ionic conductivity even at room temperature due its amorphous 

nature in comparison to the linear PEO-based electrolytes, which are semicrystalline.[12] We earlier 

reported that the bottlebrush SPEs exhibit comparable ionic conductivity values at 70 °C for both 
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O/Li ratios of 12 and 16.[12] Therefore, in the present study all the characterization and the 

electrochemical studies were carried out by using the electrolyte with O/Li ratio of 12. Thus, SPE1 

was prepared by blending poly(MA)m-graft-PEGME2k polymer and LiTFSI in the melt with an O/Li 

ratio of 12. SPE2 was obtained in a similar manner using the commercial linear PEO (SPE2, O/Li = 

20). Here, the optimum ratio of O/Li = 20 was selected for SPE2 based on the fact that this 

composition is easy to handle for device fabrication in terms of forming proper free-standing films 

and is further supported by literature reports due to its good ionic conductivity.[24,25] The ionic 

conductivities for SPE2 for different O/Li ratios (12, 16 and 20) do not differ considerably and are 

given in Table S6.1. 

Furthermore, different amounts of TiO2 nanoparticles (5, 10 and 15 wt%) were incorporated into 

SPE1 to obtain nanocomposite electrolytes denoted as SPNE1-5, SPNE1-10 and SPNE1-15. For 

comparison, a nanocomposite electrolyte SPNE2-10 (with 10 wt% TiO2 and linear PEO polymer) 

was also prepared and studied (see Table 6.1). The TiO2 nanoparticles were incorporated into the 

polymer matrix by solution processing using a dispersion method and the detailed discussion is 

given in the experimental section. In general, cells with cathode-supported electrolytes are expected 

to deliver a high discharge capacity for a high number of cycles.[26] Therefore, the cathode-supported 

electrolytes were prepared by drop-casting the different SPE1 or SPNE1s dispersions onto the LFP 

cathode. The SEM cross-section image of SPNE1-10 coated LFP (Scheme 6.1 and Figure S6.3) shows 

a good adhesion of the electrolyte on the electrode, which is expected to enhance the interfacial 

properties during the redox process. A schematic of an all-solid-state LMB including a bottlebrush 

nanocomposite SPNE is shown in Scheme 6.1. 

 
Scheme 6.1: Sketch of a Li/SPNE/LFP battery showing the composition of the nanocomposite electrolyte containing 

poly(MA)m–graft–PEGME2k bottlebrush and TiO2 nanoparticles (right) and the SEM cross section of the cathode-

supported electrolyte (left). 

6.3.1 Physicochemical and electrochemical properties of SPEs and SPNEs 

Initially, the thermal stability of SPE1, SPE2, SPNE1-5, -10, -15 (5, 10 and 15 wt% TiO2) and SPNE2-

10 were analyzed using TGA and the corresponding curves are given in the supporting information 

Figure S4. The TGA analysis reveals that all electrolyte samples exhibit a high thermal stability up to 
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300 °C (Table 6.1), which make them suitable for the application as electrolytes in solid-state LMBs. 

To further study the phase transitions in the samples, all the electrolytes as well as the pristine 

bottlebrush polymer and PEO were subject to DSC measurements as shown in Figure S6.5. Among 

them, only the pristine bottlebrush polymer (ΔHm
 = 130 J g–1), PEO (ΔHm

 = 117 J g–1), SPE2 (ΔHm
 = 

61 J g–1) and SPNE2–10 (ΔHm
 = 57 J g–1) exhibited a melting temperature in the range of 53 to 67 °C 

confirming the presence of crystalline phases in these samples. In contrast, the DSC curves of all 

electrolytes based on the bottlebrush polymer (SPE1 and SPNE1-5, -10, -15) displayed an 

amorphous nature. The addition of nanoparticles into the bottlebrush polymer electrolyte influences 

the glass transition temperature (Tg) only slightly (Table 6.1). All SPEs comprising the bottlebrush 

polymers show lower Tg values (-40 to -45 °C) compared to linear PEO based systems (-31 to -32 

°C). The lower Tg values in the former could be attributed to the unique bottlebrush architecture of 

the polymer (poly(MA)m–graft–PEGME2k) containing short side-chains of PEG with 2000 g mol–1 

(Figure S6.5). 

Table 6.1: Summary of composition and thermal properties of all the studied solid polymer electrolytes (SPEs) and their 

nanocomposites (SPNEs). 

Electrolyte Composition 
Td,5%  

/ °C 
Tg  

/ °C 
Tm / °C 

(∆H / J.g-1) 
SPE1 Poly(MA)m–graft–PEGME2k + LiTFSI (O/Li = 12) 373 –40 – 
SPE2 PEO + LiTFSI (O/Li = 20) 377 –32 60 (61) 

SPNE1-5 Poly(MA)m–graft–PEGME2k + LiTFSI (O/Li = 12) 
+ 5 wt% TiO2  

372 –43 – 

SPNE1–10 Poly(MA)m–graft–PEGME2k + LiTFSI (O/Li = 12) 
+ 10 wt% TiO2 

359 –45 – 

SPNE1-15 Poly(MA)m–graft–PEGME2k + LiTFSI (O/Li = 12) 
+ 15 wt% TiO2 

349 –40 – 

SPNE2-10 PEO + LiTFSI (O/Li = 20) + 10 wt% TiO2   380 –31 57 (57) 

The temperature dependent ionic conductivity measurements of all electrolytes were carried out 

between 25 to 80 °C using electrochemical impedance spectroscopy in symmetric cells with blocking 

stainless steel electrodes (StSt/SPEs or SPNEs/StSt). Figure 6.1shows the selected Arrhenius plots of 

SPE1, SPE2, SPNE1-10 and SPNE2-10. The data of SPNE1-5 and SPNE1-15 are given in Figure S6.6. 

All the electrolytes displayed comparable ionic conductivity values in the range of 10-3 S cm-1 at 80 

°C, but SPE1 and SPNE1-10 showed higher values at room temperature (Figure 6.1 and Table 6.2). 

It can be clearly observed from the ionic conductivity plot that SPE1 and SPNE1-10 exhibits a curvy 

Arrhenius behavior, which can be modeled by the Vogel-Tammann-Fulcher (VTF) equation for 

strong electrolytes (Eq. (6.2)) indicating a direct connection between ionic mobility and segmental 

motion of the polymer chains.[27] 
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Figure 6.1: Comparative Arrhenius plots of ionic conductivity versus temperature (25 to 80 °C) of SPE1, SPE2, SPNE1-10 

and SPNE2-10 electrolytes with VTF model fits for SPE1 and SPNE1-10. 

The fitting data of the SPE1 and SPNE1-10 electrolytes can be found in Table S6.2. Further, SPNE1-

5 and SPNE1-15 also show a similar shape of the ionic conductivity curves (Figure S6.6a) and the 

values are given in Table 6.2. Contrary to that, the SPE2 and SPNE2-10 shows a significant change 

in the slope below 50 °C due to crystallization of the PEO chains which resulted in a drastic decrease 

of the ionic conductivity below 10-5 S cm-1.[19] This phenomenon is well consistent with the 

corresponding DSC data as shown in Figure S6.5b and Figure S6.5c. Though, SPNE2-10 displays an 

ionic conductivity value (8.8·10–4 S cm-1) that is similar to that of SPNE1-10 (7.7·10–4 S cm-1) at 80 °C, 

the same SPNE2-10 exhibits a conductivity of 7.8·10–6 S cm–1 at 25 °C which is about four times lower 

compared to SPNE1-10 (3·10–5 S cm–1). Therefore, the SPNE1-10 can be assumed to have a higher 

lithium-ion diffusion at room temperature. 

Further, the electrolyte samples (SPNE1-5, -10, -15) were subjected to SEM analysis after the 

incorporation of TiO2 nanoparticles into SPE1 in order to study their morphology and the 

distribution of the nanoparticles in the polymer matrix (Figure S6.7). A typical example of SEM data 

for SPNE1-10 is shown in Figure 6.2a, where it is clearly visible that the TiO2 nanoparticles are well 

distributed throughout the polymer. This was further confirmed by EDS elemental mapping of S 

and Ti (Figure 6.2a and Figure S6.8). The elemental maps of S and Ti indicate that the lithium salt 

along with TiO2 forms a homogenous nanocomposite with the polymer matrix.  

Since we are interested to improve the mechanical properties of the SPEs by adding nanoparticles, 

we also carried out rheological studies for understanding any possible changes in the mechanical 

properties of the polymer due to the addition of TiO2. In all-solid-state LMBs, the SPEs acts as both 

the electrolyte for ion–conduction and as a separator for mechanical stability. It has been suggested 

that the common polypropylene–based separators could become obsolete and lithium dendrite 

growth can theoretically be suppressed when electrolytes exhibit shear moduli double the shear 

modulus of the lithium metal electrode.[28] Thus, the mechanical stability of the solid electrolyte is 
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one of the important parameters to inhibit lithium dendrite growth, which causes an internal short-

circuit of the electrodes. In this regard, the mechanical strength of solid polymers could be assessed 

via rheology by measuring the storage modulus G' (elastic component) and loss modulus G'' (viscous 

component). Figure 6.2b shows comparative oscillatory rheology measurements of the pristine 

bottlebrush polymer poly(MA)m–graft–PEGME2k and its counterpart containing 10 wt% of TiO2 

nanoparticles, wherein the measurements are performed at 60 °C with an increasing complex shear 

strain γ* from 0.1-5% and at a constant frequency of 1 Hz. 

 
Figure 6.2: (a) SEM image (left) and the corresponding EDS elemental mapping of S and Ti for SPNE1–10, (b) rheology 

curves of pristine poly(MA)m–graft–PEGME2k bottlebrush polymer (grey) and the poly(MA)m–graft–PEGME2k with 10 

wt% TiO2 nanoparticles (red) measured at 60 °C at a constant frequency of 1 Hz (storage modulus G' is shown as filled 

symbols, whereas, loss modulus G'' is shown as hollow symbols) and (c) linear sweep voltammograms of the SPE1 and 

SPNE1-10 measured at a scan rate of 0.1 mV s–1 70 at °C. 

The pristine bottlebrush polymer is in a low viscosity melt state with G'' (ca. 120 Pa) higher than G' 

(ca. 33 Pa) and therefore exhibits a viscous (fluid) character. After adding the nanoparticles, the 

sample shows a more elastic behavior with higher storage moduli G' compared to G'', similar to 

observations made by other groups.[29] The more solid-like character of nanocomposite favors the 

mechanical strength and dimensional stability for the use of self–standing SPEs, where the 

nanoparticles act as a hardener for the polymer melt. In the shown amplitude scan, for the 

nanocomposite, the storage modulus G' is slightly decreasing from 1115 Pa to 950 Pa for the highest 

amplitude (5%), whereas the loss modulus is slightly increasing from 669 Pa to 726 Pa over the 

course of the measurement and thus the samples can be considered in the linear viscoelastic region 
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(LVER) below 1%. Moreover, both values are more than one order of magnitude higher compared 

to the pristine bottlebrush polymer. Thus, the value of the nanocomposite is sufficient for the 

formation of stable films within the applied temperature range and, on the other hand, soft enough 

to form a good contact with the soft lithium electrode. The measured values of the nanocomposite 

in this study are comparable to the moduli obtained in the literature for free standing crosslinked 

single–ion conducting polycarbonate electrolytes consisting of dimethyl carbonate, PEO, and 

lithium salt component (G' ≈ 1400 Pa).[30] This was further supported by frequency dependence 

studies as shown in the Figure S6.9, that the incorporation of 10 wt% TiO2 nanoparticles into 

bottlebrush polymer enhances the viscoelastic behavior in comparison to the pristine polymer. Thus, 

we can infer from the rheology studies that the presence of nanoparticles in the polymer matrix 

increases the mechanical strength considerably and it can be expected to inhibit the lithium dendrite 

growth during a repeated cycling process. 

In addition to the mechanical stability, a wide and stable electrochemical potential window of the 

electrolyte is also an important prerequisite for the application in solid-state Li batteries. Therefore, 

the electrochemical stability of all the samples were evaluated by sandwiching the electrolyte between 

stainless steel and lithium electrodes (StSt/SPE1 or SPNE1s/Li). Figure 6.2c shows linear sweep 

voltammograms (LSV) of SPE1 and SPNE1-10 measured via potential sweep from 0 to 6 V vs. Li/Li+ 

at a constant scan rate of 0.1 mV s–1 at 70 °C. The corresponding LSV curves of SPNE1-5 and SPNE1-

15 are shown in Figure S6.6b, where the intercept of the two tangents between the faradaic and non–

faradaic regions of the electrolytes represents the onset potential for oxidative electrochemical 

decomposition. SPE1 starts to decompose at an onset potential of 3.8 V along with a slight increase 

in the current of about 4 µA followed by a subsequent terminal decomposition at 4.9 V. In contrast 

to this, all the nanocomposite electrolytes show an anodic stability up to 5.2 V. This enhanced 

electrochemical stability could be attributed to the high surface area and the Lewis–acid base 

interactions between the nanoparticles and the anions present in the electrolyte. Cheng et al.[18] also 

observed a similar type of behavior in TiO2-grafted poly(ethylene glycol) methyl ether methacrylate 

and non-polar stearyl methacrylate (PEGMEMA/SMA + LiTFSI) polymer electrolytes and reported 

that the nanoparticles have a strong adsorption effect on the anions in the polymer matrix, which 

reduces the anodic decomposition of anions. In addition, the homogenously dispersed nanoparticles 

in the polymer minimize the direct contact of the anion with the lithium anode and hinder 

electrode–electrolyte passivation reactions.[31] This indicates that the nanocomposites could be 

potential candidates for application as electrolyte in solid-state LMBs in combination with high 

operating voltage cathode materials for a wide temperature range. 

Further, Li-ion transport number (tLi
+) of SPE1 and SPNE1-5, -10, -15 samples were also evaluated 

to study the influence of TiO2 nanoparticles on the Li-ion transport properties utilizing a 

combination of DC polarization and AC impedance spectroscopy, according to the Bruce and 
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Vincent method. The values for tLi
+ were calculated using the eDRT reconstructed impedance 

spectra. The detailed discussion of tLi
+ measurements and the corresponding extended Distribution 

of Relaxation Times calculation (eDRT) studies are given in the supporting information (Figure 

S6.10). All the impedance data are analyzed using eDRT to achieve a better understanding of the 

diverse underlying processes; the absolute distribution function ℎ(𝜏𝜏𝑘𝑘) peaks representing individual 

processes contributing to the impedance being assigned according to the nature of the time constant 

and its variation with temperature or cycling as described in the supporting information. Among 

the different electrolytes, the SPNE1-10 showed a higher lithium-ion transport number tLi
+ of 0.22 

(Table 6.2; Figure S6.10) in comparison to the other electrolytes (tLi
+ = 0.16). This type of behavior is 

also observed and reported in PEO-based electrolytes with 10 wt% TiO2.[19] Nanoparticles present in 

the polymer matrix can act as cross–linking agents for PEO segments and thereby promote lithium 

transport routes at the boundaries of nanoparticles. 

Table 6.2: Overview of the electrochemical characteristics of all solid polymer electrolytes and their nanocomposites. 

Electrolyte SPE1 SPE2 SPNE1-5 SPNE1–10 SPNE1–15 SPNE2-10 
σ @ 25 °C / S cm–1 2.8·10–5 7.8·10-6 3.7·10–5 3.0·10–5 2.9·10–5 7.8·10-6 
σ @ 70 °C / S cm–1 4.8·10–4 5.2·10–4 6.4·10–4 5.2·10–4 5.0·10–4 6.5·10–4 
Electrochem. 
stability / V 

4.9 4.25a 5.2 5.2 5.2 ≈ 5c 

tLi
+ 0.16 0.19b 0.16 0.22 0.16 0.46d 

aElectrochemical stability of PEO-LiTFSI (SPE2) is determined by linear sweep voltammetry (LSV).[20] bLithium-ion 
transport number (tLi+) of PEO-LiTFSI (SPE2).[20] cElectrochemical stability of PEO-LiClO4 + 10 wt% TiO2 (SPNE2) is 
determined by cyclic voltammetry (CV).[29] dLithium-ion transport number (tLi+) of PEO-LiCF3SO3 + 10 wt% TiO2 
(SPNE2).[22] 

6.3.2 Electrochemical compatibility of SPE1 and SPNE1s against lithium and SEI layer 

formation 

The electrochemical stability and capability of SPEs against lithium is crucial for their application in 

LMBs. In this regard, the stability of SPE1 and SPNE1-5, -10, -15 was evaluated by galvanostatic 

cycling of symmetrical Li cells (Li/SPE1 or SPNE1s/Li) at a constant current density of 0.1 mA cm-2 

at 70 °C. All the cells were measured for 40 cycles, which corresponds to approximately 160 h each 

to study the influence of the TiO2 additive. Figure 6.3a shows a polarization test of symmetric lithium 

cells with SPE1 and SPNE1-10 and the data for SPNE1-5 and SPNE1-15 are given in Figure S6.11. 

The cells comprising SPNE1–10 and SPNE1-15 displayed an almost constant overpotential for over 

40 cycles, whereas the cells without nanoparticles (SPE1) as well as SPNE1-5 show random 

fluctuations after the 9th cycle. The observed high voltage polarization and fluctuation for the latter 

probably indicate the formation of lithium dendrite growth after a few cycles caused by a non–

uniform lithium deposition. This phenomenon was also observed in linear PEO-LiTFSI electrolytes, 

where the cells show high voltage polarization and fluctuations after a few charge/discharge cycles 
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due to inhomogeneous lithium deposition and electrochemical instability against lithium metal.[32] 

However, the constant overpotential for SPNE1-10 and SPNE1-15 indicates a possible formation of 

a stable SEI layer on the lithium metal anode. This favorable behavior was also observed for other 

composite polymer electrolytes, where the addition of nanoparticles into the polymer matrix 

decreases the interfacial resistance and enhances the formation of a stable interface between Li metal 

and the SPE.[20,33] From these results it is evident that the incorporation of 10 wt% TiO2 and above 

into the bottlebrush polymer electrolytes increases the interfacial compatibility of the SPNEs with 

lithium within this range of cycles, which promotes the uniform deposition on the electrode during 

cycling. 

 
Figure 6.3: (a) Galvanostatic cycling performance of SPE1 and SPNE1–10 in symmetric lithium cells Li/SPE/Li measured 

at 70 °C at a constant current density of 0.1 mA cm–2, (b) 1st and 5th cycle Nyquist plots and the corresponding eDRT fits 

(solid lines) of SPE1 and SPNE1–10 showing the time–dependent evolution of the interfacial resistance and (c) the 

respective absolute distribution functions ℎ(𝜏𝜏𝑘𝑘) of the impedance spectra. Peak 1 corresponds to the bulk ionic 

conductivity, peaks 2 and 3 correspond to the formation of an SEI and the charge transfer of lithium-ions from the layer 

into the lithium metal electrode, respectively. 2a can be considered a small side–peak with constant integral and position, 

whereas peak 4 is attributed to the diffusion of lithium-ions in the electrolyte. 

To further validate the influence of nanoparticles on the electrochemical stability at the interface 



6 Solid polymer nanocomposite electrolytes with improved interface properties towards battery 
application at room temperature 

 
226 

between the Li electrode and electrolyte, impedance measurements were conducted after each cycle. 

The impedance data comprising Nyquist plots as well as eDRT analysis[34] for SPE1 and SPNE1-10 

are compared for the1st and 5th cycles in Figure 6.3b, whereas the complete data for the first 40 cycles 

for all electrolytes are given in Figure S6.12 and Figure S6.13. It can be observed from Figure 6.3b 

and Figure S6.12 that the bulk resistance (left, high frequency cut–off semicircle) of SPE1 decreases 

and fluctuates with increasing cycle number (as shown in the inset of Figure S6.12a), eventually 

ending up with a nearly flat line when approaching the 40thcycle. The interfacial resistance (Ri; 

second, full semicircle) first decreases drastically, then increases and finally fluctuates within a 

certain range (Ri ≈ 1100 Ω) with increasing cycle number. This indicates irreversible continuous 

changes in the bulk structure as well as in the electrolyte–electrode interface upon cycling up to 40 

cycles. In contrast, the bulk resistance of SPNE1–10 first slightly increases and then decreases again 

during cycling as shown in Figure S6.12b. However, the interfacial resistance Ri decreases drastically 

between the first and the fifth cycle for SPNE1–10 and thereafter only less significant changes take 

place in the subsequent cycles, which indicates a stable interface between the electrode and 

electrolyte (Figure 6.3b). These results were further supported by the absolute distribution functions 

ℎ(𝜏𝜏𝑘𝑘) obtained from eDRT analysis shown in Figure 6.3c and Figure S6.12. All eDRT reconstructed 

spectra are in excellent agreement with the measured impedance data. In both electrolytes, the 

absolute resistance contribution of peak 1 (bulk ionic conductivity) decreases and no change in the 

peak position corresponding to the relaxation time-constant of 10-7 s is observed. With ongoing cycle 

number, the interfacial resistance related to peaks 2 and 3 of both electrolytes decrease in terms of 

their integral (i.e., the resistances of the corresponding charge-transfer processes decrease) and shift 

towards faster relaxation time constants (i.e., the processes accelerate). This can be interpreted as an 

increase in ion mobility as well as a more permeable SEI due to some kind of electrode annealing 

during the cycling. Interestingly, in both electrolytes the development towards a faster charge-

transfer interface process with decreased resistance turns around starting approximately from cycle 

25 onwards. From there onwards, the peaks follow the opposite trend, and the charge-transfer 

mechanism becomes more hindered and slows down again (Figure S6.12d). The fluctuation of the 

resistances is also reflected in the respective cycling curves, which is much more pronounced in the 

electrolyte without nanoparticles (Figure 6.3a). This indicates that the presence of 10 wt% of TiO2 in 

the electrolyte renders a higher stability and improvement favoring interfacial properties, most 

probably due to SEI formation. Taking all the processes into account reflected by the respective 

relative contributions in the absolute distribution function, it can be concluded that the optimum 

amount of nanoparticles can be considered as 10 wt%. With an optimum TiO2 concentration, the 

influence is significant enough for supporting the electrolyte matrix but not pronounced enough to 

have undesirable effects (e.g., agglomeration or hindering the ionic diffusion). The excellent 

interfacial compatibility of the SPNE1-10 suggests its practical viability for long term cycle 
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performance in solid-state batteries. It is well-reported in the literature that the incorporation of 

nanoparticles into the PEO exhibits good interface properties.[20,35] It was found that the interface 

impedance decreases due to uniform lithium deposition on the anode surface which inhibits lithium 

dendrite growth during long-term cycling. 

In order to further understand the SEI formation at the interface of lithium metal and SPE1 or 

SPNE1-10, ex-situ XPS studies were conducted on lithium metal electrodes by de-crimping the 

symmetric lithium cells after galvanostatic measurement for 40 cycles at 0.1 mA cm–2. In Figure 6.4 

and Figure S6.14, the high-resolution spectra measured at C1s, O1s, Li1s, F1s, N1s and S2p regions 

from Li/SPE1 and Li/SPNE1-10 interfaces are compared with as-prepared SPNE1-10 and fresh Li 

foil references. 

 
Figure 6.4: High resolution XPS spectra collected at (a) F1s, (b) O1s, (c) S2p and (d) N1s regions of Li/SPNE1-10 (red), 

Li/SPE1 (black) and references SPNE1-10 (dark yellow) and fresh Li foil (gray) samples. Gray dash lines are eye-guides, 

representing spectral features attributable to components specified close to them. The N1s spectra of Li/SPE1 and 

Li/SPNE1-10 are deconvoluted using a Shirley background and a Gaussian-Lorentzian function. 

The obtained peak maxima and the corresponding chemical species are collected in Table S6.3. As 

comparing the spectral features of Li/SPE1 and Li/SPNE1-10 interfaces with reference samples helps 

identifying the native chemical species located on the former samples as shown in C1s and Li1s 



6 Solid polymer nanocomposite electrolytes with improved interface properties towards battery 
application at room temperature 

 
228 

regions (Figure S6.14a and Figure S6.14), it also indicates the formation of new species possibly from 

the electrolyte degradation and/or SEI formation.[36,37]Figure 6.4a shows such an observation in the 

F1s region, in which both Li/SPE1 and Li/SPNE1-10 interfaces display a new feature centered at 

684.8 eV corresponding to LiF[38,39] along with an intense peak for –CF3. Similarly, both interfaces 

display prominent signals for –O-CH2, –OH/alkoxides and carbonates in the O1s region, and –SO2-

CF2
+/LixSOy in the S2p region (Figure 6.4b and Figure 6.4c), which are different from the individual 

references. In the N1s region, the reference SPNE1 shows a sharp peak centered at 399.5 eV 

attributed to the imide-N from the TFSI anion (Figure S6.14c)[38], whereas Li/SPE1 and Li/SPNE1-

10 samples display a significantly broader signal, indicating the presence of other N-based chemical 

species at the interfaces. Collectively, these observations suggest the electrolyte degradation/SEI 

formation at the electrolyte/electrode interface.  

On the other hand, the influence of difference in chemical composition between Li/SPE1 and 

Li/SPNE1-10 interfaces are evidenced by the subtle differences in their O1s, S2p and N1s spectra. 

Notably, in Figure 6.4b and Figure 6.4c, Li/SPE1 alone shows a weak but distinct band at ca. 528 eV 

and 160 eV in the O1s and S2p regions, corresponding to Li2O and Li2S, respectively. The O1s peak 

maximum is also slightly shifted towards low binding energy for Li/SPNE1-10 compared to Li/SPE1, 

suggesting a change in the relative concentration of oxygen species formed at these interfaces.[38,39] 

Another striking difference is observed in the deconvoluted N1s peaks of both Li/SPE1 and 

Li/SPNE1-10, shown in Figure 6.4d. As mentioned above, the high binding energy peak at ca. 399.5 

eV is same as observed from the reference SPNE1-10, the other low binding energy peaks at ca 398.5 

and 397.4 eV indicate N in further reduced/different chemical states such as Li-N-X and Li3N 

(decomposed Li-TFSI products), respectively.[38] Notably, Li/SPE1 shows a higher relative 

concentration of Li3N with respect to Li-N-X; however, the trend is reversed in Li/SPNE1-10, 

indicating comparatively slower degradation of Li-TFSI on the latter.[38] 

In brief, XPS measurements indicate the presence of multiple chemical components on Li electrodes 

from Li/SPE1 and Li/SPNE1-10, conceivably due to the electrolyte degradation and or SEI formation 

as suggested in many reports[37,38], supporting the eDRT analysis. Notably, the chemical nature and 

the relative concentration of these degraded products on Li/SPE1 and Li/SPNE1-10 Li-electrodes 

vastly differ and are possibly influenced by the chemical composition of the SPE1 and SPNE1-10. 

6.3.3 Electrochemical performance of solid-state batteries at 30 °C and 70 °C 

The electrochemical performance of solid-state batteries with the configuration of Li/SPE and 

SPNE/LFP were evaluated at 30 and 70 °C to elucidate the differences and possible applicability of 

the systems. First, we discuss the results obtained at 70 °C under different C-rates. The comparison 

of cycling stability of SPNE1-10 and SPNE2-10 at 70 °C are given in Figure 6.5, whereas all the 

further details of charging/discharging cycles and comparisons of initial cycles of different SPEs and 
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SPNEs are summarized in Figure S6.15 and Figure S6.16. A detailed discussion of SNPE1-5 and 

SNPE1-15 at 70 °C is given in the supporting information under Figure S6.15. Initially, SPEs 

(Li/SPE1 or SPE2/LFP) and SPNEs (Li/SPNE1-10 or SPNE2-10/LFP) were studied at 70 °C to figure 

out the influence of the samples with an optimized TiO2 content on the battery performance. Figure 

S6.16a shows the battery charge/discharge curves at 70 °C comprising SPE1, SPE2, SPNE1-10 and 

SPNE2-10 electrolytes. The cells with SPE1, SPE2, SPNE1-10 and SPNE2-10 electrolytes delivered 

initial discharge capacities of 108 mAh g-1, 134 mAh g-1, 132 mAh g-1, 151 mAh g-1, respectively at 

0.2C. After 40 to 50 cycles, the cells retained values of 72 mAh g-1, 94 mAh g-1 (at 40th cycle), 

84 mAh g-1 and 97 mAh g-1 (at 50th cycle) at 1C, respectively (Figure S6.16b and Figure 6.5a). All the 

cells displayed a typical charge/discharge redox plateau of the LFP cathode (Figure S6.16). The 

enhanced capacity of the cell with SPNE2-10 at 70 °C can be attributed to the increased ionic 

conductivity at 70 °C in the presence of TiO2 nanoparticles. 

 
Figure 6.5: Comparative studies of long-term cycling stability of SPNE1-10 and SPNE2-10 at different C-rates and 70 °C, 

(a) at 0.2C and 1C for the first 50 cycles and (b) at 2C for 400 cycles. 

To go a step further, a long–term cycle performance for 400 cycles was also conducted for SPNE1-

10 and SPNE2-10 electrolytes to evaluate the performance at a high current rate of 2C at 70 °C 

(Figure 6.5b). Initially, the cells with SPNE1-10 and SPNE2-10 showed high discharge capacities of 

96 mAh g-1, 90 mAh g-1 and retained capacity values of 60 mAh g-1 and 47 mAh g-1 even after 400 

cycles, respectively. Even though, SPNE2-10 based on linear PEO showed better performance at 0.2C 
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compared to the bottlebrush system SPNE1-10, at 2C, the order of performance changes. In general, 

the electrochemical behaviour of LFP cells depends mainly on the polymer architecture, its additives, 

operation temperature and the current rates used. It is no surprise that at a lower C-rate and at a 

higher T, one system behaves differently from the other and if the C-rate is increased and T is 

decreased, the order of performance can change. See earlier reports, for example, Tao et al[40], where 

they observed similar effects on moving from 1C to 2C for PEO-based systems with and without 

polyurethane additives. It is reported that the reduced capacity at 2C in PEO-based electrolyte is due 

to the high polarization and less compatibility between the electrode and the electrolyte.[40] The 

enhanced performance of the Li/SPNE1-10/LFP cell at 2C could be attributed to the presence of 

shorter PEG side chains in the bottlebrush polymer, which is expected to enhance the Li+-ion 

movement much better than in high molecular weight linear PEO-based systems. In addition, the 

coulombic efficiency of 99% for SPNE1-10 is high and remains constant while the cell with SPNE2-

10 shows much lower values and fluctuations after 60 cycles at 70 °C (Figure 6.5b). The homogenous 

lithium deposition on the lithium anode surface at high C-rates probably decreases the lithium 

dendrite growth in the cell with SPNE1-10 during the long-term cycling process resulting in a high 

coulombic efficiency. This data is well consistent with the lithium plating/stripping experiment of 

SPNE1-10 (Figure 6.3a). 

For a detailed study at 30 °C, only the nanocomposite electrolytes SPNE1-10 and SPNE2-10 were 

selected, and the comparative performances are depicted in Figure 6.6a. 

 
Figure 6.6: (a) Comparison of 10th charge/discharge cycles and (b) first 50 cycle performance and coulombic efficiency 

curves of SPNE1–10 vs. SPNE2-10 measured at 0.2C and 30 °C. 

Decreasing the temperature to 30 °C, the SPNE2-10 showed only a poor discharge capacity of 33 

mAh g-1 (Figure 6.6 and Figure S6.16e). This drastic decrease in the capacity can be attributed to the 

highly crystalline nature of PEO below its melting point (65 °C), which restricts the lithium-ion 

mobility during the redox process.[8] This behavior is well consistent with the DSC data (Figure S6.5). 

However, SPNE1-10 delivers a much higher discharge capacity of 97 mAh g-1 at 30 °C for the first 

cycle. The corresponding charge/discharge profiles of both cells are given in Figure S6.16d and 
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Figure S6.16e, respectively. The better performance of SPNE1-10 at 30 °C can be explained as due to 

the amorphous nature of the SPNE1-10 electrolyte at 30 °C, which allows a proper lithium-ion 

diffusion even at low temperatures. This data is well consistent with the ionic conductivity 

measurements discussed above (Figure 6.1). Recently, Aldalur et al.[8] also observed and reported a 

similar behavior with jeffamine-based amorphous SPEs and it was shown that the jeffamine-based 

cells can be operated at low temperatures, where PEO-based cells fail. However, the capacity values 

reported in this system are relatively low, for example, ⁓40 mAh g-1 (0.1C) at 40 °C. In the present 

study, the cell with SPNE1-10 at 30 °C showed overcharging in the first few cycles followed by the 

stabilization in the subsequent cycles. However, both systems exhibit fluctuations in coulombic 

efficiency, where the fluctuation is pronounced for SPNE1-10 in the initial cycles whereas it is high 

for SPNE2-10 after 30 cycles. The possible reason for the low coulombic efficiency in the initial cycles 

for Li/SPNE1-10/LFP cell at 30 °C at 0.2C may be due to the formation of soft dendrites because of 

non-uniform lithium deposition on the anode surface in the very beginning. However, a possible 

electrolyte or salt degradation at the cathode-electrolyte interface cannot be ruled out. This type of 

behaviour is also observed and reported for some PEO-based electrolytes.[41-43] It is interesting to 

note that after a few initial cycles the cell gets stabilized and exhibits a good coulombic efficiency of 

about 99% over 50 cycles (Figure 6.6b). This stabilization is not observed in the case of Li/SPNE2-

10/LFP cell at 30 °C. Nonetheless, after 50 cycles the specific capacity values of both nanocomposite 

cells (74 mAh g-1 for SPNE1-10 and 73 mAh g-1 for SPNE2-10) converge. The above results confirm 

that the bottlebrush type polymer nanocomposite electrolytes incorporating 10 wt% TiO2 are more 

attractive for application over a wide range of temperature – in addition to high temperature 

applications, where linear PEO nanocomposites also work very well. SPNE1-10 outperforms the 

linear PEO system SPNE2-10 at high C-rates making it more suitable for all-solid-state LMBs at high 

rate applications (Table 6.3). 

Table 6.3: Overview of discharge capacities delivered by Li/SPNE1-10 and SPNE2-10/LFP cells at low (30 °C) and high 

(70 °C) temperatures and different current rates. 

Electrolyte 
Initial specific 

capacity at 30 °C 
/ mAh g-1 

Initial specific 
capacity at 70 °C  

/ mAh g-1 

Specific capacity @ 
50th cycle at 70 °C  

/ mAh g-1 

Specific capacity @ 
400th cycle at 70 °C  

/ mAh g-1 
SPNE1-10 97 (0.2C) 132 (0.2C) 84 (1C) 60 (2C) 
SPNE2-10 33 (0.2C) 151 (0.2C) 97 (1C) 47 (2C) 

The improved electrochemical performance of the cells as well as the high ionic conductivity and 

improved interfacial properties using the SPNE1-10 demonstrates its high suitability in solid-state 

LMBs for both low and high temperature applications. In addition, the unique cathode-supported 

architecture of the cell enhances the lithium-ion transport pathways during the fast reaction kinetics. 

However, there is a considerable scope in improving the capacity of this cathode by minimizing the 
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thickness of the solid electrolyte with respect to a commercial separator used in conventional liquid-

based LMBs, which we are further focusing on. 

6.4 Conclusion 

In summary, we have prepared bottlebrush solid polymer nanocomposite electrolytes (SPNE1-5, -

10, -15) by adding TiO2 to poly(MA)m-graft-PEGME2k and LiTFSI and evaluated their 

electrochemical performance in all-solid-state LMBs by using a Li metal anode and LFP as a cathode 

material. All the SPNEs obtained from the bottlebrush polymer having uniformly distributed 

nanoparticles in the polymer matrix, showed an amorphous nature of the electrolyte, which favored 

the ionic conductivity of the electrolyte during the electrochemical process at low temperatures. It is 

evident that the addition of 10 wt% TiO2 nanoparticles to the electrolyte (SPNE1-10) increases the 

ionic conductivity (3·10–5 S cm–1 at 25 °C), lithium transport number (tLi
+ = 0.22) and electrochemical 

stability (5.2 V vs. Li/Li+) in comparison to the electrolyte without nanoparticles (SPE1). In addition, 

the symmetric Li cells with SPNE1-10 exhibited uniform lithium deposition indicating good 

interfacial compatibility between the electrode and electrolyte, which was further supported by 

eDRT studies and ex-situ XPS studies on the cycled lithium surface. Furthermore, a solvent casting 

approach was implemented to form a cathode–supported electrolyte promoting the reduction of the 

interfacial resistance and improving the lithium-ion kinetics applying higher C-rates. Thus, the 

nanocomposites based on bottlebrush systems perform efficiently even at 30 °C, where the linear 

PEO systems suffer from crystallization. Furthermore, when the current rate was increased to 2C the 

cell containing the bottlebrush nanocomposite electrolyte (SPNE1-10) maintained a high discharge 

capacity of 60 mAh g-1 at the 400th cycle with enhanced stability in comparison to the cell containing 

the PEO nanocomposite electrolyte (SPNE2-10). This clearly indicates that the nanoparticle 

incorporated bottlebrush solid polymer electrolytes can be considered as one of the potential 

candidates for room temperature solid-state LMBs with high operating voltage cathodes and high 

volumetric change electrodes such as sulfur cathodes, tin and silicon anodes. 
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Experimental procedure 

Materials 

All the procured chemicals were used as received during the preparation of the polymer, unless 

otherwise stated. Poly(ethylene oxide) (PEO, Mv = 5000 kg mol-1), 

bis(trifluoromethanesulfonyl)imide lithium salt (LiTFSI, 99.95%), benzene (99.7%), 

2,2'-Azobis(isobutyronitrile), lithium metal (99.9%, 380 μm) were procured from Sigma Aldrich. 

2,2'-Azobis(isobutyronitrile) was recrystallized from methanol prior to use. Dialysis membrane 

(Spectra/Por® 6, MWCO: 15 kD) was purchased from Carl Roth. Methanol (100.0%), 1,4-Dioxane 

(AR grade) and Deuterated chloroform (99.8%) was procured from VWR Chemicals, Fisher 

Scientific and Deutero, respectively. Acetonitrile and n-methyl pyrrolidine were purchased from 

Alfa Aesar and P25 (TiO2 nanoparticles) was procured from Degussa. CR2032 coin cells are used for 

the electrochemical measurements and were procured from MTI corporation/PI KEM. LiFePO4, 

Super P carbon, conductive graphite and C-coated Al current collector were also procured from MTI 

Corporation and used as received during the preparation of the cathode. 

Material characterization 
1H NMR spectra of the synthesized polymer were recorded on a Bruker Avance AC250 Spectrometer 

at a working frequency of 300 MHz by using CDCl3 (δ = 7.26 ppm) as solvent. Size exclusion 

chromatography (SEC) measurement of the brush polymer were carried out on an instrument 

having an SDV linear XL gel column (particle size = 5 µm) with separation range from 100 to 3 000 

000 Da (PSS, Mainz, Germany) equipped with a refractive index (RI) detector (1200 Series, Agilent 

Technologies). CHCl3 (HPLC grade) was used as eluting solvent as well as for dissolving the polymer. 

SEC measurement was carried out at room temperature with a flow rate of 0.5 ml min-1. Prior to the 

measurement, the sample solution was filtered through a 0.22 µm PTcoulombic efficiency filter. The 

SEC was calibrated with narrowly distributed polystyrene (PS) homo-polymers (PSS calibration kit) 

as external standard and toluene (HPLC grade) is used as internal standard. Differential scanning 

calorimetry (DSC) measurements were performed on a Mettler Toledo DSC 3 at a heating rate of 10 

K min−1 under nitrogen atmosphere. Thermogravimetric analysis (TGA) of the samples was 

recorded using Mettler Toledo TGA/DSC 3 at a heating rate of 10 K min-1 under nitrogen 

atmosphere. The samples for both DSC and TGA analysis were prepared inside the glove box to 

avoid atmospheric moisture. The rheological analysis of the pristine and 10 wt% TiO2 dispersed 

brush polymer was carried out by using rheometer MCR702 by Anton Paar with a plate–plate gap 

of 0.5 mm, measured at 60 °C and 0.5% shear strain with a frequency of 1 Hz. The surface 

morphology and the corresponding elemental mapping of all the SPNEs were analysed by Scanning 

Electron Microscopy (SEM; Zeiss LEO 1530) and Energy Dispersive X-ray Spectroscopy (EDS). 
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Prior to SEM analysis, the samples were vapor coated with a layer of carbon using Leica EM ACE600. 

Electrochemical measurements 

The ionic conductivities of SPE and SPNEs was evaluated by electrochemical impedance 

spectroscopy (EIS) employing a BioLogic VMP-300® potentiostat in the frequency range of 3 MHz 

to 1Hz with a sinusoidal amplitude of 20 mV. For this measurement the electrolytes were 

sandwiched between stainless-steel electrodes (StSt/SPE or SPNE/StSt cell) and all the cells are 

assembled in Ar-filled glove box. The temperature dependent impedance measurements were 

recorded at different temperatures ranging from 80 °C to 25 °C and the ionic conductivity (σ) values 

were calculated from the bulk resistance of the electrolyte (RΩ), thickness of the electrolyte (l) and 

the area of the electrode (A) at each temperature by using the following formula: 

𝜎𝜎 =
𝑙𝑙

𝑅𝑅Ω𝐴𝐴
. (6.1) 

The measured values for the ionic conductivity in the Arrhenius plots were modeled by the VTF Eq. 
(6.2). 

𝜎𝜎 =
𝐴𝐴
𝑅𝑅

∙  𝑒𝑒𝑒𝑒𝑒𝑒� −𝐵𝐵
𝑇𝑇−𝑇𝑇0

�, (6.2) 

with the pre-exponential factor A, B describes a pseudo-activation energy and T0 as the zero-mobility 

temperature.[1] 

The electrochemical stability was evaluated using linear sweep voltammetry at 70 °C. Therefore, 

CR2032 coin cells with asymmetric two–electrode setup (StSt/SPE1 or SPNE1/Li) were assembled. 

The stainless–steel electrode acts as working electrode and Li metal as counter and reference 

electrode. During the measurement the potential is increased from 0–6 V vs. Li/Li+ at a constant scan 

rate of 0.1 mV s–1.  

The lithium-ion transport number of the electrolytes (SPE1 and SPNE1) was studied with the 

combination of EIS and chronoamperometry (CA) in symmetric lithium cells (Li/SPE1 or 

SPNE1/Li). Before the measurements, all the cells were stabilized for 12 h at 70 °C to enhance the 

contact between the electrode and the electrolyte. After stabilization, the impedance spectra were 

recorded in the frequency range of 3 MHz to 0.1 Hz with a sinusoidal amplitude of 20 mV, followed 

by a CA measurement applying a DC potential of Ei = 50 mV until a steady-state current was 

reached. Again, impedance spectroscopy was performed after DC polarization and the lithium-ion 

transport number was calculated by using the following formula (6.3). 

𝑡𝑡Li+ =
(𝐼𝐼ss�∆𝑉𝑉 − 𝐼𝐼0𝑅𝑅i,0�)
(𝐼𝐼0�∆𝑉𝑉 − 𝐼𝐼ss𝑅𝑅i,ss�)

, (6.3) 

where, I0 and Iss are the initial and steady-state currents in response to DC polarization and ΔV is 
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the applied potential. Ri,0 and Ri,ss are the initial and steady-state interfacial resistances calculated 

from the impedance spectra of the cell before and after polarization. 

The electrochemical stability and the interfacial compatibility between SPE1 or SPNE1 and lithium 

metal was evaluated by galvanostatic cycling of symmetric Li/SPE1 or SPNE1/Li cells with a constant 

current density of 0.1 mA cm-2 at 70 °C. The duration of each cycle was 4 h and at each cycle the 

impedance was recorded to analyze the interfacial resistance. All impedance spectra measured 

during this study were reconstructed with extended Distribution of Relaxation Times (eDRT) using 

the software ec–idea, which is described elsewhere.[2,3] Fitting parameters: number of time constants: 

159, 3-fold number of measured frequencies, extend upper time constant limit by 1 decade, extend 

lower time constant limit by 1 decade, regularization parameter: 0.1. 

Ex-situ X-Ray photoelectron spectroscopy (XPS) studies on cycled lithium surfaces 

XPS analysis were carried out on Li-electrodes constituted the half-cells with either SPE1 or SPNE1-

10, which were galvanostatically cycled at 0.1 mA cm-2, at 70 °C. After de-crimping the cells, the 

samples were prepared by carefully peeling-off the SPE1 or SPNE1-10 from Li-electrodes. The latter 

was rinsed with acetonitrile to remove any remnants of the electrolyte. The dried samples were 

transferred to the experimental chamber using a stainless-steel vessel under Ar atmosphere to avoid 

moisture and air contamination. XPS spectra were measured using a PHI 5000 Versa Probe III 

system, fitted with a monochromatized Al Kα excitation source (hν = 1486.6 eV) and dual 

neutralizers (electron gun and Ar+) at 10-10 mbar pressure. For high resolution spectra, the samples 

were locally excited with a 100 µm source (diameter) and the corresponding photoemission, 

originate at 45° angle with respect to the sample surface, was collected at a multichannel analyzer 

with 55 eV pass energy, at a scan rate of 0.05 eV. All emission signals were referenced to adventitious 

C1s peak at 285 eV. The spectra were analyzed with a Multipak software pack, provided by the 

instrument manufacturers. For deconvolution of obtained high resolution spectra, a mixture of 

Gaussian and Lorentzian functions after a Shirley background correction was used without fixing 

any constrain on the peak position or FWHM; however, for N1s peak deconvolution from Li/SPE1 

and Li/SPNE1-10 samples, the high binding energy peak position and FWHM were fixed as obtained 

from the reference SPNE1-10. 
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1H NMR Spectra of the macromonomer and the bottlebrush polymer 

 
Figure S6.1: 1H NMR spectra (300 MHz, CDCl3) of the macromonomer (black) and the bottlebrush polymer poly(MA)m-

graft-PEGME2k (blue) measured after dialysis with all relevant peak assignments and integrals. 

Size exclusion chromatography (SEC) of the bottlebrush polymer 

 
Figure S6.2: SEC trace (eluent: CHCl3, PS calibration, RI detector) of the poly(MA)m-graft-PEGME2k brush polymer after 

dialysis against methanol (MWCO: 15 kD). Mp = 95700 g mol-1, Mn = 72400 g mol-1, Mw = 86700 g mol-1, Đ = 1.2. 
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Cross-section SEM image of the cathode-supported SPNE1-10 

 
Figure S6.3: Cross-section SEM images of the cathode-supported electrolyte (a) low magnification and (b) high 

magnification. 

Thermogravimetric analysis (TGA) of all polymers, SPEs and SPNEs 

 
Figure S6.4: (a) and (b) TGA thermograms of poly(MA)m-graft-PEGME2k, PEO, SPE1, SPE2, SPNE1 (with 5, 10 and 15 

wt% TiO2 nanoparticles), SPNE2-10 and LiTFSI. 

  



6 Solid polymer nanocomposite electrolytes with improved interface properties towards battery 
application at room temperature 

 
243 

Differential scanning calorimetry (DSC) of all polymers, SPEs and SPNEs  

 
Figure S6.5: DSC thermograms of (a) poly(MA)m-graft-PEGME2k, SPE1, SPNE1 with 5 and 15 wt% TiO2 nanofillers, (b) 

DSC curves of SPNE1–10 and SPNE2–10 and (c) DSC curves of PEO and SPE2. 

Ionic conductivity values  

Table S6.1: Ionic conductivity values of SPE2 with different O/Li ratios at low and high temperatures. 

Electrolyte σ at 25 °C / S cm-1 σ at 80 °C / S cm-1 
SPE2 (O/Li = 12) 3.97·10-5 1.13·10-3 
SPE2 (O/Li = 16) 1.04·10-5 7.37·10-4 
SPE2 (O/Li = 20) 7.98·10-6 7.26·10-4 

VTF fitting parameter 

Table S6.2: VTF fitting parameter. 

Electrolyte A / S cm-1 K B / K T0 / K R2 
SPE1 75.91 838.9 206.4 0.9999 
SPNE1-5 88.22 804.4 209.2 0.9999 
SPNE1-10 65.19 779.6 211.0 0.9999 
SPNE1-15 75.55 828.8 207.2 0.9999 
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Ionic conductivity and LSV of SPNE1-5 and SPNE1-15 

 
Figure S6.6: (a) Arrhenius plots of ionic conductivity versus temperature (25 to 80°C) of SPNE1-5 and SPNE1-15 

electrolytes (b) Linear sweep voltammograms of SPNE1-5 and SPNE1-15 measured with a scan rate of 0.1 mV s–1 at 70 ̊C. 

Scanning electron microscopy (SEM) of SPE1 and SPNE1s 

 
Figure S6.7: SEM images of (a) SPE1 and (b), SPNE1-5, (c) SPNE1-10, and d) SPNE1-15 (with 5, 10 and 15 wt% TiO2 

nanofillers). 
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EDS elemental mapping of SPNE1s 

 

Figure S6.8: SEM images and the corresponding EDS elemental mapping of SPNE1 with (a) 5, (b) 10 and (c) 15 wt% 

TiO2 nanofillers, respectively. 

Frequency-dependent rheology measurements of the bottlebrush polymer and its 

nanocomposite 

 
Figure S6.9: (a) Frequency scan at 60°C obtained by an oscillatory rheology measurement (strain: 0.5%) for the 

determination of the storage modulus G' (filled symbols) and loss modulus G'' (hollow symbols) of the poly(MA)m–graft–

PEGME2k brush polymer and the poly(MA)m–graft–PEGME2k brush polymer with 10 wt% TiO2 nanofillers. The unfilled 

melt exhibits a parallel curve of G' and G'' (slope around 0.8) whereas the nanocomposite shows diverging curves at higher 

frequencies. (b) shows the frequency dependence of the complex shear viscosity of both the pristine brush polymer and 

the brush polymer with nanofillers. Shear thinning is more pronounced for the nanocomposite material. 
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Lithium-ion transport number and eDRT analysis of SPE1 and SPNE1s in 

symmetric Li/SPE1 or SPNE1s/Li cells 

 
Figure S6.10: (a) to (d) Nyquist plots and the corresponding DRT fits (solid lines) of SPE1, SPNE1–5, SPNE1-10 and 

SPNE1–15 showing the impedance spectra before and after DC polarization for the determination of tLi+ measured in 

symmetric lithium cells at 70 °C (Inset: time dependence of DC polarization of all the electrolytes polarized at a potential 

of 50 mV), (e) to (h) show the respective absolute distribution functions ℎ(𝜏𝜏𝑘𝑘) of the impedance spectra of SPE1, SPNE1–

5, SPNE1-10 and SPNE1–15 before and after DC polarization at 70 °C. Peak 1 corresponds to the bulk ionic conductivity, 

peaks 2 and 3 correspond to the formation of an interfacial layer (SEI) on the lithium surface and the charge transfer of 

lithium-ions from the layer into the lithium metal electrode, respectively. 2a can be considered a small side–peak with 

constant integral and position, whereas peak 4 is attributed to the diffusion of lithium-ions in the electrolyte. 
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The lithium transport number (tLi
+) of all the samples was determined to evaluate the influence of 

the nanoparticles on the interfacial properties in a symmetric lithium Li/SPE1 or SPNE1s/Li coin 

cell setup at 70 °C, utilizing a combination of DC polarization and AC impedance spectroscopy, 

developed by Bruce and Vincent.[4] The values for tLi
+ were calculated using the eDRT reconstructed 

impedance spectra. Furthermore, the respective absolute distribution functions ℎ(𝜏𝜏𝑘𝑘) of the 

impedance spectra were compared.  

The Nyquist plots with corresponding eDRT fits (solid lines) of SPE1 and SPNE1–10 are illustrated 

in Figure S6.10, each before and after DC polarization. Additionally, the time-dependent current 

during DC polarization until steady state (Iss) applying a potential of 50 mV of both electrolytes is 

shown in the inset. All DRT reconstructed spectra are in excellent agreement with the measured 

impedance data. The bulk resistance values (diameter of the left, higher frequency cut–off 

semicircle) before and after chronoamperometry (CA) of both electrolytes (SPE1 and SPNE1-10) do 

not differ significantly from each other (Rb ≈ 200 Ω for SPE1 and Rb ≈ 300 Ω for SPNE1–10). In 

addition, the SPNE1–10 exhibits a drastic decrease in interfacial resistance (diameter of the second 

semicircle) with the resistance values of Ri,0 ≈ 680 Ω and Ri,ss ≈ 360 Ω in comparison to SPE1 

(Ri,0 ≈ 2920 Ω and Ri,ss ≈ 2660 Ω), which can be attributed to the addition of TiO2 nanoparticles into 

the polymer matrix. Moreover, both electrolytes show reduced resistance after the polarization 

experiment, which indicates the processes taking place on the interface, such as an increase in surface 

area as well as pits on the lithium surface. The calculated lithium transport numbers are slightly 

varied with the incorporation of TiO2 nanoparticles into the SPE1 as shown in the Table 6.1, but in 

the expected range for PEO based SPEs.[5] Depending on the TiO2 concentration, the highest tLi
+ was 

measured at 10 wt% in the present study (tLi
+ = 0.16 for SPE1 and tLi

+ = 0.22 for SPNE1–10). It is also 

reported in the literature that the enhancement in tLi
+ is due to the presence of nanoparticles that 

acts as cross–linking agents for PEO segments and thereby promote lithium transport routes at the 

boundaries of the ceramic particles.[6] Besides that, other studies revealed increasing transport 

numbers with decreasing diameter of particles[7] or increasing acidity of the nanoparticles[8]. To 

achieve a better understanding of the processes, the absolute distribution functions ℎ(𝜏𝜏𝑘𝑘) 

corresponding to the impedance measurements are shown in Figure S6.10e and Figure S6.10g. Peak 

1 is located at the fastest relaxation time constants and is caused by the bulk ionic conductivity.[2,5] It 

remains constant during the experiment which was expected. The resistance integrals of peak 2 and 

3 decrease to the same extent after DC, indicating their correlation with interfacial phenomena at 

the electrodes which is also reflected in the decrease of Ri. In analogy to a previous study[2], the peaks 

can be attributed to the formation of an interfacial layer such as a SEI on the lithium surface and the 

charge transfer of lithium-ions from the layer into the lithium metal electrode, respectively. 2a can 

be considered a small side–peak with constant integral and position. Both contributions (peaks 2 

and 3) to the overall interfacial resistance can be separated elegantly using eDRT analysis even 
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though only one semicircle is visible in the Nyquist plots. The peak series at higher time constants τ 

(denoted as peak 4) is attributed to the diffusion of lithium-ions in the electrolyte reflected by the 

diffusive branch at the low frequency end of the second semicircle in the impedance spectrum 

(Figure S6.10a and Figure S6.10c). For SPE1, the DC polarization has no visible influence, and the 

peaks nearly overlap with one exception: the peak at the highest time constant is much narrower and 

slightly shifted to lower τ values after DC. Probably the ion diffusion is accelerated as a result of the 

higher ion accumulation due to the high polarization voltage.[2] For SPNE1–10 (Figure S6.10c), the 

relative contribution of peaks 2 and, especially, peak 3 is significantly less compared to SPE1 (Figure 

S6.10a). The peak integrals of peak 1 (bulk ionic conductivity) and peak 4 (ion diffusion) are in the 

same order of magnitude for SPE1 and SPNE1–10. Before polarization, for SPNE1–10 the 

contribution of peak 2 amounts to about 30% and the contribution of peak 3 is only about 15% of 

the corresponding peaks in SPE1. After polarization, the intensity of peak 3 is almost halved again 

in SPNE1–10, while for SPE1 only a small decrease can be noticed. In absolute numbers, the decrease 

amounts approximately to the same values, which means that the improving effect could be the same 

for both electrolytes regardless the addition of nanoparticles. In summary, it appears that the 

resistive behavior of the formed SEI has reduced and favorably changed during the CA step and that 

the TiO2 allows for a better contact between the electrolyte and the electrode by the active surface 

groups, decreasing the resistance for the Li+-ions to access the Li metal.[9] As the eDRT is showing, 

the peak positions regarding interfacial processes (2 and 3) are shifted to lower characteristic time 

constants in SPNE1–10 compared to SPE 1 which means that the processes are faster. This supports 

the theory of improved Li+ transport in the presence of ceramic nanoparticles.[10] Interestingly, the 

integrals of two peaks in the diffusive peak series 4 increased during the CA step and shifted to higher 

time constants, whereas the other part at lower time constants are slightly decreased. This could 

possibly be attributed to a higher diffusive resistance[10] of the SPNE1 and needs to be further 

investigated. 

SPE1 with 5 wt% TiO2 nanoparticles (SPNE1–5) shows comparable results to SPE1 in both the 

Nyquist plots as well as the absolute distribution functions ℎ(𝜏𝜏𝑘𝑘) (Figure S6.10b and Figure S6.10f, 

respectively). Both impedance spectra before and after DC polarization (inset) are almost identical. 

The bulk resistance amounts to around 320 Ω and the interfacial resistance is slightly decreased from 

Ri,0 ≈ 3000 Ω to Ri,ss ≈ 2970 Ω after CA. ℎ(𝜏𝜏𝑘𝑘) shows the same peak sequence and positions 

compared to SPE1. At this low concentration the effect of the nanoparticles is obviously not 

pronounced enough to cause a significant change in the interfacial properties of the electrolyte.  

The addition of 15 wt% TiO2 to SPE1 (SPNE1–15) leads to an CA-induced increase in the bulk 

resistance (Rb,ss ≈ 430 Ω and Rb,0 ≈ 420 Ω) and is almost doubled compared to SPNE1–10. Also, the 

interfacial resistance (Ri,0 ≈ 140 Ω and Ri,ss ≈ 217 Ω) increases upon polarization step (Figure S6.10d 

and Figure S6.10h). Compared to all other electrolytes, SPNE1-15 shows the lowest interfacial 
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resistance and the strongest influence of the nanoparticles. The increased bulk and interfacial 

resistances after the CA step are accompanied by increased integrals and time constants of the 

corresponding peaks in the ℎ(𝜏𝜏𝑘𝑘) function. As a result, all peak positions regarding interfacial 

processes (2 and 3) of SPNE1–10 and SPNE1–15 are shifted to lower time constants when compared 

to SPE1 and SPNE1–5. 

Galvanostatic cycling of symmetric Li/SPNE1/Li cells 

 
Figure S6.11: (a) and (b) Galvanostatic cycling performance curves of SPNE1–5 and SPNE1–15 measured at a constant 

current density of 0.1 mA cm-2 at 70 °C. 
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Nyquist plots and eDRT studies of galvanostatically cycled symmetric Li/SPE1 or 

SPNE1-10/Li cells  

 
Figure S6.12: (a) and (b) Nyquist plots and the corresponding extended DRT fits (solid lines) of SPE1 and SPNE1–10 

showing the time–dependent evolution of the interfacial resistance of both electrolytes measured up to 40 plating/stripping 

cycles. Inset (a) shows magnification of Z′ = 0 to 250 Ω showing the first semicircle corresponding to bulk resistance and 

inset (b) Z′= 0 to 500 Ω for SPNE1-10, (c) and (d) show the respective absolute distribution functions ℎ(𝜏𝜏𝑘𝑘) of the 

impedance spectra of SPE1 and SPNE1 – 10. Peak 1 corresponds to the bulk ionic conductivity, peaks 2 and 3 correspond 

to the formation of an interfacial layer (SEI) on the lithium surface and the charge transfer of lithium-ions from the layer 

into the lithium metal electrode, respectively. 2a can be considered a small side–peak with constant integral and position, 

whereas peak 4 is attributed to the diffusion of lithium-ions in the electrolyte. 
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Nyquist plots and eDRT studies of galvanostatically cycled symmetric Li/SPNE1-5 

and SPNE1-15 /Li cells  

 
Figure S6.13: (a) and (b) Nyquist plots and the corresponding DRT fits (solid lines) of SPNE1–5 and SPNE1–15 (Inset: 

Cycle 1 of SPNE1–15), respectively showing the time-dependent evolution of the interfacial resistance of both the 

electrolytes measured up to 40 plating/stripping cycles at 70 °C, (c) and (d) show the respective absolute distribution 

functions ℎ(𝜏𝜏k) of the impedance spectra of SPNE1–5 and SPNE1–15. Peak 1 corresponds to the bulk ionic conductivity, 

peaks 2 and 3 correspond to the formation of an interfacial layer (SEI) on the lithium surface and the charge transfer of 

lithium-ions from the layer into the lithium metal electrode, respectively. 2a can be considered a small side–peak with 

constant integral and position, whereas peak 4 is attributed to the diffusion of lithium-ions in the electrolyte. 
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XPS studies on lithium metal surface after 40 cycles in Li/SPE1 and SPNE1-10/Li 

cells 

 
Figure S6.14: High resolution XPS spectra collected at (a) C1s, (b) Li1s and (c) N1s regions of Li/SPNE1–10 (red), Li/SPE1 

(black) and references SPNE1–10 (dark yellow) and fresh Li foil (gray) samples. Gray dash lines are eye-guides, 

representing spectral features attributable to components specified close to them. 
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XPS binding energy values 

Table S6.3: XPS binding energy values obtained from the high-resolution spectra and corresponding individual species. 

Spectral region Binding energy / eV Assigned species 

C1s 

293 
288-290 

286.7 
285 

-CF3 
-OCO2-; -COOR 

-O-CH2- 
-CH2- 

Li1s 
55.3 
54 

-Li2CO3/Li-COOR 
-Li2O 

F1s 
688.8 
684.8 

-CF3 
-LiF 

O1s 
533 

531-531.7 
528.3 

-O-CH2- 
-OCO2-;-OH/alkoxide 

-Li2O 

S2p 
169 

167.7 
160.3 

-SO2-CF3 
-SO2-CF2

+/LixSOy 

-Li2S 

N1s 
399.5 
398.5 
397.4 

-N(SO2)2-CF3 
-Li-N-X 

-Li3N 
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Galvanostatic cycling of Li/SPE1 or SPNE1s/LFP cells  

 
Figure S6.15: (a), (b) Comparative cycle performance and (c), (d) the coulombic efficiency curves of LFP cells with SPE1, 

SPNE1–5, –10 and –15 measured at different C-rates (0.1C and 1C) at 70 °C. 

The electrochemical performance of the solid-state batteries, Li/SPE1 or SPNE1s/LFP were 

evaluated by using different electrolytes with and without nanoparticles in order to study the 

influence of TiO2 nanoparticles on the battery performance. Figure S6.15a and Figure S6.15c shows 

the comparative cycle performance curves of the batteries measured at 70 °C with SPE1, SPNE1-5, -

10 and -15 electrolytes, respectively. The first three cycles were measured at a 0.2C rate and 

subsequently switched to 1C. The cells with SPE1 and SPNE1-10 electrolytes delivered high 

discharge capacities of 108 mAh g-1, and 132 mAh g-1 at a 0.2C rate while the cells with SPNE1-5 and 

SPNE1-15 electrolytes delivered discharge capacities of 140 mAh g-1 and 125 mAh g-1, respectively. 

The cell with 5 wt% TiO2 additive (SPNE1-5) delivered an initially better discharge capacity in 

comparison to the other cells. This behavior is due to the enhanced ionic conductivity of the 

electrolyte, which is well consistent with the ionic conductivity measurements. After the initial three 

cycles, the cells containing SPE1, SPNE1-5, -10 and -15 were switched to 1C and delivered high 

discharge capacities of 86 mAh g-1, 99 mAh g- 1, 104 mAh g-1, 98 mAh g-1 and retained the capacities 

of 72 mAh g-1 (in the 40th cycle), 75 mAh g-1, 84 mAh g-1 and 77 mAh g-1 in the 50th cycle, 
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respectively.  

The fact that SPNE1-10 delivered highest discharge capacity at the applied current rates and proves 

a good electrochemical stability and stable interface among the investigated nanocomposites. As 

discussed for low temperatures (30 °C) in the manuscript 10 wt% TiO2 incorporated into the polymer 

matrix can be considered as an optimum in balancing electrochemical stability, capacity, and 

reaction kinetics. Moreover, all the cells fabricated using nanocomposites electrolytes, SPNE1-5, -

10, -15 showed excellent coulombic efficiency of about 99%, whereas the SPE1cells (without TiO2) 

displays a very low and fluctuating coulombic efficiency as shown in Figure S6.15b and Figure 

S6.15d. Though, the cathode–supported electrolyte has an advantage of improving the interfacial 

contact between the cathode and the electrolyte, the cell with the polymer electrolyte (SPE1) are 

prone to oxidation at the interface which consumes more lithium-ions through parasitic reactions. 

Moreover, the polymer matrix becomes soft at 70 ̊C (supported by results from the rheology) and 

cannot inhibit the penetration of lithium dendrite through the polymer matrix that leads to a short 

circuit of the cell within a few cycles. This phenomenon is mainly due to the oxidation of the 

electrolyte at higher potentials during the charging process, which leads to the formation of 

irreversible products.[11] This data is well consistent with the linear sweep voltammetry (LSV) of 

SPE1 (Figure 6.2c), wherein the electrolyte starts decomposing at a potential of about 3.8 V. 

However, the LSV of SPNE1-10 showed a high oxidation stability up to 5.2 V, which is within the 

limit of the operating potential of the LFP cathode. This type of behavior is already observed in PEO-

LITFSI based electrolytes, wherein the Li/PEO/LFP cell exhibits overcharging due to poor 

mechanical stability leading to internal short-circuit of the cell.[12] Thus, the addition of nanoparticles 

has an advantage of increasing the ionic conductivity, mechanical stability of the electrolyte and also 

inhibits the lithium dendrite growth by homogenous deposition of lithium on the surface of 

anode.[13,14] This is further supported by CV analysis by measuring the Li/SPNE1-10/LFP cell at a 

scan rate of 0.1 mV s-1 (Figure S6.17). It is clearly observed from the CV profile that the cell displayed 

only one redox peak corresponding to the oxidation and reduction of the LFP cathode without any 

side reactions. During the subsequent cycles, there is no considerable change in the CV profile 

indicating a good chemical stability of the electrode with the SPNE1-10 electrolyte. This infers that 

the dispersion of 10 wt% TiO2 nanoparticles into the bottlebrush polymer electrolyte plays an 

important role in improving the electrochemical stability and also lithium-ion diffusion by 

inhibiting the side reactions between the electrode and the electrolyte. 
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Galvanostatic charge-discharge profiles and cycling performance of Li/SPEs or 

SPNEs/LFP cells 

 
Figure S6.16: (a) Comparative charge/discharge profiles of the Li/SPEs or SPNEs/LFP cell measured at a 0.2C rate at 70 °C 

(b) cycle performance curves of Li/SPEs/LFP cells, (c) and (d) comparative cycle performance and coulombic efficiency 

curves of Li/SPEs or SPNEs/LFP cells measured at different temperatures (30 °C and 70 °C), (e) and (f) are the 

charge/discharge profiles of Li/SPNEs/LFP cell measured at a 0.2C rate at 30 °C. 
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Cyclic voltammetry (CV) of Li/SPNE1-10/LFP cells 

 
Figure S6.17: Cyclic voltammogram of SPNE1–10 measured at 70 °C with a scan rate of 1 mV s-1. 
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Abstract 

A series of polymethacrylates and polyacrylates carrying diester sidechain moieties with varying 

alkyl spacer lengths are designed, synthesized, and evaluated as solid polymer electrolytes (SPEs) in 

lithium metal batteries (LMBs). These amorphous polymers with glass transition temperatures in 

the range of -58 to +32°C are tested as SPEs in combination with LiTFSI or LiFSI. At the optimum 

salt concentration of 25 wt%, ionic conductivities up to 10-4 S cm-1 at 70°C are achieved. These SPEs 

reveal high lithium transport numbers (0.5-0.7) and high electrochemical stability (5.4 V vs. Li/Li+) 

as determined by LSV. In combination with an ultrathin polyimide membrane and 10 wt% TiO2 

nanoparticles, dendrite-free plating/stripping at 40 and 70 °C is realized in symmetrical Li|SPE|Li 

cells. Detailed extended Distribution of Relaxation Times (eDRT) analysis of impedance 

measurements is employed for understanding the diverse cell processes. In solvent-free LMBs 

comprising of a polyimide membrane soaked with nanocomposite polyester electrolyte, a lithium 

metal foil as anode and an optimized LiFePO4 cathode, very high initial specific discharge capacities 

of 152 mAh g- 1 (at 0.2C, 70°C), excellent capacity retention of 94% after 100 cycles (at 1C, 70°C) and 

negligible capacity fading even at 2C (96% retention after 300 cycles) are demonstrated. These novel 

polyester-based SPEs exhibit also high cycling stability at 40 °C, making them highly attractive for 

room temperature applications. 
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7.1 Introduction 

The increasing demand for electrical energy storage technologies with both high gravimetric as well 

as volumetric energy density for the application in electric vehicles, mobile electronic devices or 

stationary batteries used as buffer systems for renewable energy sources is a huge driving force in 

the lithium battery research.[1–3] Additionally, hybrid and electric vehicles play a critical role in 

reducing global greenhouse gas emissions, since fossil-fuel based transport is estimated to contribute 

to 14% of the 49 Gt CO2 eq produced annually. However, lithium dendrite formation in the presence 

of flammable organic electrolytes in the conventional, commercially available LIBs still limits their 

usage in pure lithium anodes due to their high energy density and safety concerns.[4] Furthermore, 

the incompatibility of organic solvents (carbonates) with pure lithium metal anodes (theoretical 

capacity up to 3860 mAh g-1) and novel cathodes such as sulfur demands the development of novel 

solid-state electrolytes towards high-capacity lithium metal batteries (LMB) with improved safety. 

Here, solid polymer electrolytes (SPE) are a viable alternative, and they can overcome the drawbacks 

of conventional liquid electrolytes to realize all solid-state LMBs. In an SPE, a lithium-ion providing 

salt is dissolved and dissociated in a matrix/host polymer, providing sufficient lithium-ion 

conductivity to run a battery while electrically insulating the anode vs. the cathode. 

In this context, poly(ethylene oxide) (PEO) and its copolymers have been intensively studied as host 

polymers in SPEs since the pioneering work of Armand et al. in the early 1970s: PEO possesses a 

high dielectric constant (εr ≈ 5), is a strong solvent for a variety of Li-salts such as LiTFSI or LiFSI 

and features a high degree of chain flexibility (which is reflected by its low glass transition 

temperature Tg around -50°C).[5,6] However, the major drawbacks of PEO are its high degree of 

crystallinity, leading to low ionic conductivities and limited applicability below its melting 

temperature (Tm: ca. 50 - 60 °C, σRT ≈ 10-7 S cm-1), its low lithium transport number (LTN, tLi
+ ≈ 0.1–

0.2) as well as its comparably low electrochemical stability window (< 4.0 V vs. Li/Li+).[7] Some of 

these issues could be addressed by using nanofiber- or nanoparticle-reinforced electrolytes based on 

bottlebrush architectures.[8,9] 

While most of the recently published studies still focus on ether-based PEO and its copolymers, there 

is a high interest for “Beyond PEO” SPEs consisting of weakly Li+-coordinating systems. Some 

examples are poly(acrylonitrile) (PAN)[10,11], polycarbonates[12–14] and polyesters[12,15,16]. In this 

context, carbonyl groups show weaker interactions with Li+-ions, allowing for significantly enhanced 

LTNs compared to PEO.[2,7,17] Among these, polyesters are an outstandingly interesting and up to 

now insufficiently studied host polymer class for the application as SPEs in lithium metal batteries. 

One of the rare examples is commercial poly(methyl methacrylate) and poly(butyl acrylate) reported 

by Florjańczyk et al., who used them as polymer-in-salt electrolytes as well as copolymers with 

acrylonitrile, achieving promising lithium-ionic conductivities.[10] Unfortunately, no 

charge/discharge capacities or rate capability tests in a battery setup were reported. 
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Compared to polycarbonates, polyesters feature drastically improved temperature stability with 

negligible tendency towards depolymerization in the presence of lithium salts with highly 

nucleophilic anions.[18,19] However, linear main chain polyesters such as polycaprolactone (PCl) 

suffer from very high crystallinity, impeding ionic conductivity at ambient temperatures and thus 

limiting their practical applicability in LMBs. Further modifications comprising copolymers with 

plasticizing comonomers, crosslinked gel polymer electrolytes and nanocomposite electrolytes to 

suppress the crystallinity were only partially successful up to now.[12,20–22] 

Sidechain polyesters can overcome these drawbacks by combining amorphous low-Tg polymer 

backbones with the weak Li+-ion coordination of ester groups towards high ionic conductivity. This 

motivated us to design and analyze new sidechain polyesters with more than one ester moiety per 

repeating unit as novel polymer systems for solid-state electrolytes. Herein, we present an elegant 

design as well as a fundamental and detailed comparative study comprising seven novel, completely 

amorphous polyesters bearing pendant diester sidechains attached to two different backbones. We 

selected polymethacrylate (PMA)- and polyacrylate (PA), differing drastically in their backbone 

segment mobility. All these polymers contain three ester units in each of their repeating units, one 

of them part of the PMA or PA backbone and two of them as part of the diester sidechain. We varied 

not only the backbone chemistry (methacrylate vs. acrylate), but also the length of the two alkyl 

spacers, the first one (CH2)x between the backbone and the pendant esters as well as the second one 

(CH2)y in between the sidechain ester groups, respectively (Figure 7.1). Moreover, we studied the 

structure-property-relationships in terms of the thermal parameters (especially Tg), ionic 

conductivity, lithium-ion transport number, electrochemical stability, and the compatibility with 

elemental lithium electrodes (Li plating/stripping experiments). Further, we successfully fabricated 

LMBs in the Li|SPE|LiFePO4 (LFP) architecture and studied all relevant battery characteristics after 

fine-tuning the SPE by adding TiO2 nanoparticles and using ultrathin polyimide membranes to 

stabilize the soft electrolyte. For improved performance, we adapted the cathode composition to suit 

the specific requirements of the SPE. During stable LMB cycling, we obtained highly promising 

results with very little capacity fading for more than 100 cycles at 1C and a discharge capacity of 

more than 130 mAh g-1 at 70 °C. 
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Figure 7.1: Design concept of polymethacrylate (PMA)- and polyacrylate (PA)-based polyesters with diester sidechains 

and schematic application as host polymers in solid polymer electrolytes (SPEs), combined with a lithium salt, in a 

lithium metal battery. The ester groups within the repeating units are separated by the (CH2)x- as well as the (CH2)y-

spacers. All seven novel polyesters are denoted in the general form P(M)Ax.y. 

7.2 Results and discussion 

7.2.1 Syntheses of diester monomers and their polyesters 

The design principle of our sidechain diester polymers focuses on the incorporation of three ester 

groups per repeating unit of the polymer chain to ensure a high ester group concentration. To vary 

and optimize the glass transition temperature (Tg) and also to study its influence on the Li+-

coordination/transport via the ester groups, the (CH2)x- and (CH2)y-spacers between the individual 

ester groups in sidechain were systematically varied. The tunability and influence of the Tg is further 

finetuned by employing two different backbones, polyacrylate (PA) and polymethacrylate (PMA) 

(Figure 7.1). The corresponding polymer notations PAx.y and PMAx.y indicate the type of backbone 

as well as the number of (CH2)x and (CH2)y spacer groups in each system. 

Scheme 7.1 displays all chemical syntheses performed in this work towards polymethacrylates and 

polyacrylates carrying diester-functionalities. The relevant characterization data of the polymers are 

summarized in Table 7.1. We synthesized seven monomers by a standard-type esterification between 

an alcohol and an acyl chloride in the presence of an organic nitrogen base (e.g., triethylamine or 

pyridine). 2-hydroxyethylmethacrylate (HEMA), 2-hydroxyethylacrylate (HEA) and 4-

hydroxybutyl acrylate (HBA) could be purchased commercially in very high purity. Therefore, we 

conducted the syntheses of monomers MA2.0, MA2.1, MA2.2, A4.2 and A4.4 using a slight excess 

(CH2)4

(CH2)y, y = 2,4 

(CH2)x , 
x = 2,4,6

(CH2)y , y = 0,1,2

Polymethacrylates
PMA2.0
PMA2.1
PMA2.2
PMA4.2
PMA6.2

Polyacrylates
PA4.2
PA4.4
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of the corresponding diester chlorides (Scheme 7.1a), which gave monomers in high purity and 

without observation of any crosslinking due to double functionalization. 

HO OH
4

+ Cl

O

O

O

y

(b)

(a) MA2.0: R=CH3, x=2, y=0
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MA2.2:  R=CH3, x=2, y=2 
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Scheme 7.1: Procedures for the syntheses utilizing ester-forming condensation reactions between acyl chloride and alcohol 

to yield (a) methacrylate-monomers with first-spacer length x = 2, MA2.0, MA2.1 and MA2.2 as well as acrylate-based 

monomers with first-spacer length x = 4, A4.2 and A4.4, respectively; and (b) methacrylate-monomers with first-spacer 

length x = 4 and 6, MA4.2 and MA6.2, respectively; as well as (c) the procedure for the free radical polymerization of all 

(meth)acrylate-monomers to yield the corresponding polymers. 

Table 7.1: Overview of the synthesized (meth)acrylate-polymers and the reference polymers PBA1, PBA2 and 

commercially purchased PCl including their molecular weight distribution properties determined by SEC as well as their 

polymerization conversions determined by 1H NMR (except PCl). 

Polymer 
notation 

Mp,SEC
a  

/ g mol-1 
Mn,SEC

a  
/ g mol-1 

Mw,SEC
a  

/ g mol-1 
Conversion pb  

/ % 
Tg

c

/ °C 
Td,5%

d

/ °C 

Diester 
sidechain 
polyesters 

PMA2.0 27100 15600 33100 88 32 224 
PMA2.1 35400 16500 46900 87 0 228 
PMA2.2 35100 19100 50000 85 -7 262 
PMA4.2 25900 13700 33400 88 -37 280 
PMA6.2 78200 49300 256600 82 -44 289 
PA4.2 144100 96800 262900 > 99 -42 349 
PA4.4 7600 6900 17400 93 -58 362 

Reference 
polyesters 

PBA1 34500 10700 34100 > 99 -50 295 
PBA2 69900 21500 89800 > 99 -50 295 

PCl 155900 114200 169400 -
-62

(Tm
c = 56 °C)

389 

aSEC eluent: THF + TBAB (0.25 wt%), PS calibration, RI detector. SEC curves: Figure S7.9. bDetermined by 1H NMR. 
cDetermined by DSC (2nd heating run, rate: 10 K min-1, argon atmosphere, sealed crucibles purged with nitrogen) (Figure 
S7.10). dDetermined by TGA (30-700 °C, rate: 10 K min-1, nitrogen atmosphere, 70 µl aluminum oxide ceramic crucibles) 
(Figure S7.11). 
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In the case of MA4.2 and MA6.2, the butyl- and hexyl-analogues to 2-hydroxyethylmethacrylate 

(HEMA) were not commercially available, which is why the corresponding monomers were 

synthesized in a two-step procedure starting from the terminal-functionalized diols (Scheme 7.1b). 

For the methacrylate monomer MA6.2, first a tenfold excess of 1,6-hexanediol was reacted with 

methacryloyl chloride to suppress the side-reaction towards a double acryl-functionalized 

crosslinking agent. The diester moiety with a diester spacer-length of y = 2 was then introduced by 

a second esterification. However, this order came along with little amounts of a double methacrylate-

functionalized crosslinking-agent and partly led to gel-like crosslinked polymers. Therefore, the 

order was reversed in the synthesis of MA4.2, where the intermediate product 4-hydroxybutyl 

methyl succinate (4HBMS) could be purified by distillation in high vacuum, leading to an 

extraordinarily pure monomer MA4.2. In the course of our work, we found that triethylamine (TEA) 

is prone to undergo side-reactions to a small extent, leading to highly light-absorbing, yellow to 

dark-brown impurities being formed during the esterification. The latter could not be removed by 

any of the common purification methods, neither applied to the monomer nor the final polymer. 

However, when we switched to pyridine as organic base, we obtained colorless monomers and 

polymers. 

As the four monomers with y = 2 are succinate derivatives, it seems noteworthy at this point that 

succinate-based plasticizer compounds have recently been explored in a solventless synthesis 

pathway fueled by a feedstock of renewable platform molecules. This route might also be adapted to 

our succinate-based monomers.[23] Furthermore, Veith et al. demonstrated the preparation of 

methacrylates as well as acrylates from bio-renewable resources with a specific focus on 

lignocellulose.[24] Combining these two approaches could possibly allow for the complete transfer of 

the polymer synthesis presented herein towards ecological green-chemistry methods. 

7.2.2 Solid polymer electrolytes and their thermal properties 

All the seven monomers were converted into polymers using free radical polymerization (FRP) in 

1,4-dioxane at 75 °C with azobisisobutylonitrile (AIBN) as initiator (Scheme 7.1c). For the 

methacrylate polymers (Table 7.1) we obtained conversions of 80–90% and comparable molecular 

weight distributions (Mn ca. 14–20 kg mol-1) as well as dispersities (2.1–2.8), except for PMA6.2 with 

an extraordinarily increased molecular weight. We found gel-formation for all methacrylate 

monomers in FRP when the monomer concentration exceeded 20 wt%; therefore, a typical 

concentration of 10 wt% was applied. The SEC curves of all synthesized polymers are displayed in 

Figure S7.9. PMA6.2 shows a significantly broader distribution and increased molecular weight 

because we could not fully avoid the double methacrylate-functionalization of 1,6-hexanediol and 

observed a slight degree of crosslinking/gelation during polymerization. In the case of the acrylate 

monomers, we generally observed significantly higher conversions than for the methacrylates: For 
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PA4.2 no remains of monomer could be detected in 1H NMR after 24 h. For PA4.4, we obtained ca. 

93% conversion, which is higher than for all polymerized methacrylates. Mn and Đ values of acrylates 

and methacrylates are in principle very comparable and mainly depend on the applied monomer 

concentration during polymerization. 

In addition to these seven novel polymers, we also included three reference polyesters in this study 

comprising two sidechain poly(butyl acrylates) (PBA1 and PBA2) with significantly different 

molecular weights as well as a main chain polyester (commercial polycaprolactone PCl). These 

reference materials were introduced to learn about the influence of the sidechain diester substituents 

on the Tg as well as the ionic conductivity. From PBA1 to PBA2, the monomer concentration in FRP 

was purposefully increased from 9 to 17 wt% to obtain two different molecular weights, amounting 

to Mn = 11 (PBA1) and Mn = 22 kg mol-1 (PBA2). This can be explained by the concept of kinetic 

chain length which is valid for FRP and predicts a linear correlation between monomer-

concentration and the overall rate of polymerization and by that also the molecular weight.[25] The 

thermal transitions were studied using DSC (Figure S7.10) and thermal stability was analyzed using 

TGA (Figure S7.11). None of the newly synthesized diester polymers show any melting transitions, 

but all exhibit low Tg values in the range of +32 to -58°C. In contrast, the main chain polyester, PCl 

is highly crystalline with a Tm of 56°C. As PBA1 and PBA2 show the same Tg, the impact of the 

molecular weight on the Tg within the Mn variation in this study can be neglected. Polyacrylates are 

well known for their significantly lower glass transition temperature as well as increased thermal 

stability compared to their polymethacrylate analogues.[26] Regarding the thermal stability, we found 

Td,5% values of ca. 350 °C for polyacrylates, while the ones of the polymethacrylates were in the range 

of 225 °C–290 °C (Table 7.1, Figure S7.11). The significant influence of the diverse polymer 

structures on the thermal properties becomes obvious and can be used to tune the electrochemical 

behavior for subsequent testing in battery applications. 

The polyesters were converted to electrolytes by adding different amounts of LiTFSI or LiFSI 

denoted as T and F in the sample abbreviations and, in some cases, 10 wt% TiO2 nanoparticles (NP). 

The latter were added to stabilize the soft SPEs and enhance the electrolyte-electrode compatibility 

in the (battery) testing involving non-blocking electrodes. As an example, PA4.2-25F-NP denotes 

an SPE based on the PA4.2 polymer mixed with 25 wt% LiFSI and 10 wt% TiO2 nanoparticles. We 

like to mention that in our SPEs we adjusted absolute salt concentrations measured in wt%, meaning 

that all constituents of a SPE mixture always sum up to 100 wt%. As expected from amorphous host 

polymers, all the SPEs prepared from them also remain amorphous with an increase in Tg  from host 

polymer to SPE (ΔTg) in the range of 10 to 20°C (Table 7.3). 

7.2.3 FT-IR studies, ionic conductivity and linear sweep voltammetry of SPEs 

For a first comparative study, we chose PMA4.2 (Tg: -37 °C) as a prototype diester polymer to screen 
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for the optimum salt concentration and determine the influence of the salt on the ionic conductivity 

(σ) and the glass transition temperatures (Tg). This screening was furthermore performed to check 

if there exists a regime with a second conductivity maximum at very high salt concentrations, which 

is often referred to as the polymer-in-salt domain (> 50 wt% salt), next to the common salt-in-

polymer regime (< 50 wt% salt). This is an important information, since there are reports about very 

high conductivities in the polymer-in-salt regime for SPEs based on, e.g., main chain 

polycarbonates[2], blends of polycaprolactone and PEO[27], acrylonitrile/butyl acrylate 

copolymers[10,28], or ionic rubbers consisting of polypropylene oxide (PPO)/polyethylene oxide 

(PEO) mixtures[29,30]. The ionic conductivities at 40 °C and 70 °C as well as the glass transition 

temperatures (incl. ΔTg = Tg,Electrolyte–Tg,polymer) of the PMA4.2 SPEs with a LiTFSI salt content of 10, 

25, 50, 70 and 80 wt% are displayed in Table 7.2 and Figure 7.2. 

Table 7.2: Comparison of the Tg values of the host polymer as well as of the electrolyte mixtures (incl. ΔTg) and the ionic 

conductivity s at 40 °C and 70 °C for a systematic variation of salt concentration from 10 to 80 wt% LiTFSI for the polymer 

PM4.2 as a prototype host polymer. 

Electrolyte* Tg
a / °C ΔTg

b / °C σ cat 40 °C / S cm-1 σ cat 70 °C / S cm-1 
PMA4.2-10T -27 +10 8.1∙10-7 7.8∙10-6 
PMA4.2-25T -15 +22 1.0∙10-6 1.2∙10-5 
PMA4.2-50T -2 +35 2.6∙10-7 6.3∙10-6 
PMA4.2-70T 6 +43 6.9∙10-8 2.4∙10-6 
PMA4.2-80T 7 +44 2.2∙10-8 2.3∙10-7 

* T: LiTFSI (wt%). aDetermined by DSC (2nd heating run, rate: 10 K min-1, argon atmosphere, sealed crucibles purged with 
nitrogen) (Figure S7.10). bTg(electrolyte)–Tg(polymer); PMA4.2 has a Tg of -37°C. cDetermined by EIS + VTF fit, average 
of at least three PEIS measurements (Arrhenius plots: Figure S7.12, VTF plots: Figure S7.13, VTF parameters: Table S7.4). 

The respective Arrhenius plots of the PEIS measurements as well as the corresponding VTF fits are 

displayed in Figure S7.12a, while the VTF fitting parameters including their activation energies Ea 

and the VTF plots can be found in Table S7.4 and Figure S7.13a, respectively. 

We found the maximum ionic conductivity at 25 wt% of salt amounting to 1.0∙10-6 S cm-1 at 40 °C 

and 1.2∙10-5 S cm-1 at 70 °C, respectively. Furthermore, the Tg shows a continuous increase with salt 

addition and runs into a saturation regime at high concentrations. It can be estimated that the 

highest ionic conductivity is found at the optimum trade-off between charge-carrier concentration 

and polymer segmental mobility governed by Tg, both increasing with the amount of lithium salt. 
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Figure 7.2: (a) Screening of salt concentration: Ionic conductivity (red circles, at 40 and 70 °C, respectively) and glass 

transition temperature Tg (blue squares) vs. weight portion of LiTFSI in PMA4.2-based SPEs. (b) Lithium-ion coordination 

by carbonyl oxygens of PMA4.2: FT-IR spectra (ca. 1580–1800 cm-1, sum-normalized, dotted lines) of PMA4.2-based SPEs 

and pristine PMA4.2 (gray) showing ν(C=O) at ca. 1730 cm-1, ν(C=O∙∙∙∙Li+) at ca. 1700 cm-1 and ν(S=O)TFSI- at ca. 1630 cm-

1. Double-peak Gaussian nonlinear fits are displayed as cumulative fit (solid lines) as well as deconvoluted peaks as shaded 

areal plots. fLi+: integral fraction of ν(C=O∙∙∙∙Li+) vs. ν(C=O∙∙∙∙Li+) + ν(C=O). Dashed gray lines: Shift of peak wavenumbers 

due to increased salt concentration. (c) Ionic conductivity screening of the polymer electrolytes (hollow red circles: 40 °C, 

filled red circles: 70 °C) and Tg of the pristine host polymer (hollow blue squares) and the SPE (filled blue squares) of 

different acrylate and methacrylate sidechain diester host polymers and the reference polymers PCl and PBA1 (chemical 

structures below). (d) Lithium-ion coordination by carbonyl oxygens of alkyl acrylates: comparing PBA1 (black) and PA4.4 

(red), each as pristine polymer (full line) as well as SPE with 25 wt% LiTFSI (dotted line, incl. Double-peak Gaussian 

nonlinear fits as full line). 

The importance of an adequate and efficient drying procedure of the electrolytes cannot be 

underestimated. To remove the solvent, which is originally necessary to homogenously mix the 

polymer and the lithium salt (here acetonitrile), we initially applied common drying conditions (80 

°C vacuum drying furnace overnight). The SPEs with salt contents above 50 wt% showed ca. 5–

15 wt% of solvent remaining in the electrolyte after this drying procedure, as determined by 1H 

NMR. These electrolytes delivered up to three orders of magnitude higher ionic conductivities than 

their completely dried analogues. To obtain results comparable with each other, we completely 

removed the solvent in the electrolytes by drastically harsher conditions: typically, by drying at 

110 °C in high vacuum for at least three days. The then very brittle materials showed a higher Tg and 
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accordingly decreased ionic conductivity. After some days, crystalline macro-phase-separated 

domains of the LiTFSI were visible in most of the high salt loading mixtures. These findings raise 

serious questions about whether some of the published polymer-in-salt electrolytes (PISE)[2,31,32] are 

in fact completely dry systems without any solvent residues, which stands in line to the previous 

results by Paolella and Zaghib.[18] Neither any of our diester polymers nor the reference polymers, 

poly(butyl acrylate) (PBA) and polycaprolactone (PCl), have their maximum ionic conductivity at 

salt concentrations above 25 wt%. Moreover, they do not exhibit any second maximum in ionic 

conductivity in the PISE regime as suggested by Forsyth et al.[32], whenever the electrolytes were 

dried completely, and the absence of any residual solvent was confirmed by 1H NMR spectroscopy. 

To understand the possible mechanism of Li+-coordination in these novel polymers, the distribution 

of free as well as lithium-coordinated carbonyl units was investigated by FT-IR spectroscopic studies 

in the wavenumber region between 1800 and 1580 cm-1, covering the stretching vibration of the C=O 

bond as depicted in Figure 7.2b (measured data: dotted lines) using the polymer electrolytes 

PMA4.2-Tn (n = 10-80 wt%) and pristine PMA4.2 polymer as typical examples for this study. In 

analogy to literature reports on electrolytes based on various polyesters, polyacrylates, 

polycaprolactones and polycarbonates, we could find a single sharp peak at ca. 1730 cm-1 for the 

pristine PMA4.2 polymer.[15,33,34] Upon salt addition, an additional, overlapping peak with increasing 

intensity at approx. 1700 cm-1 appears that can be attributed to carbonyl units experiencing the 

proximity of Li+. Similarly, the ν(S=O) stretching vibration originating from the TFSI--anion at ca. 

1630 cm-1 was observed at high salt content.[15,35] 

We performed a deconvolution process involving double-peak Gaussian nonlinear fitting of the 

carbonyl vibrations at 1730 and 1700 cm-1 and calculated the molar fraction fLi
+

 of the carbonyl units 

registering the vicinity of Li+-ions (cumulative fit: solid lines, contributing single peaks: shaded areal 

peaks; Figure 7.2b). The complete mathematical background for the deconvolution is provided in 

the supporting information (see characterization), Table S7.1 and Eq. (7.1) and Eq. (7.2). After 

addition of only 10 wt% LiTFSI, ca. 31 mol% of the ester units appear at 1700 cm-1 (fLi
+

 = 31%). Since 

the intrinsic molar ratio of total ester groups vs. Li+ in PMA4.2-10T amounts to approx. 28:1 and 

considering the maximum possible coordination number for Li+-ions amounting to 5–6 in all 

solvents[36], it appears unlikely that the peak shift is only caused by direct Li+-coordination of the 

carbonyls. We can rather assume that there is some electrochemical influence of the electrophilic 

cations onto a sphere of a larger number of carbonyls than would be possible by direct complexation. 

PMA4.2-25T with a value of fLi
+

 = 45% exhibits the highest conductivity in this series. Upon further 

addition of LiTFSI, an increasing shift of IR intensity towards the Li+-influenced carbonyl peak is 

observed (fLi
+

 increasing up to 88%). Simultaneously, we found a decline in ionic conductivity of 

almost two orders of magnitude (at 40 °C) from PMA4.2-70T (black) to PMA4.2-80T (blue), while 

the Tg values of these electrolytes remain roughly constant (Figure 7.2a). From this, we concluded 
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that for high ionic conductivity, not only a low Tg and a sufficient concentration of Li+-ions is crucial, 

but also the presence of both unoccupied as well as Li+-influenced carbonyl groups each in sufficient 

and balanced amounts. Therefore, it is no surprise the highest conductivities can be found at 25 wt% 

LiTFSI, where the molar ratio of both carbonyl species is roughly in balance (fLi
+ = 45%). These 

results are comparable to the ones of Itoh et al., who also found their highest Li+-conducting 

polyester SPEs approximately at this salt concentration.[33] Furthermore, we could observe a slight 

shift of the carbonyl stretch vibration to higher wavenumbers with increasing salt concentration, 

which we attribute to the increasing electron-withdrawing influence of the strong Lewis acid Li+ in 

proximity to the polymer backbone, raising the spring constants of the C=O double bond (depicted 

as dashed gray lines in Figure 7.2b). At the same time, the ν(S=O) stretching vibration of the TFSI--

anion can be found at lower wavenumbers, indicating increased negative charge accumulation 

within the anion.[37] 

Since we found 25 wt% to be the best salt concentration for PMA4.2 as well as for PCl as reference 

polymer, we fixed this salt concentration for all further experiments. Table 7.3 gives a detailed 

overview of all solid polymer electrolytes (SPE) prepared containing 25 wt% LiTFSI and their most 

important thermal properties (including Tg values of the pure polymers) together with the 

electrochemical data relevant for the application in lithium-ion batteries. The corresponding DSC 

and TGA thermal plots of the polymers and the SPEs are displayed in Figure S7.10 and Figure S7.11, 

respectively. Additionally, the interdependence of the ionic conductivities at two selected 

temperatures, 40 and 70 °C and the corresponding Tg values of these SPEs as well as the neat 

polymers are plotted in Figure 7.2c (Arrhenius plots: Figure S7.12, VTF plots: Figure S7.13, VTF 

parameters: Table S7.4). 
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Table 7.3: Overview of all fabricated solid polymer electrolyte (SPE) mixtures using 25 wt% LiTFSI as Li-conducting salt 

in this study including the reference polymers (without addition of nanoparticles). The data comprise the Tg of the host 

polymer as well as of the electrolyte mixture (incl. ΔTg) and the ionic conductivity at 40 °C and 70 °C. 

Electrolyte* Tg
a Polymer / °C Tg

a Electrolyte /°C 
ΔTg

c  

/ °C 
σd at 40 °C  

/ S cm-1 
σd at 70 °C 

/ S cm-1 
PMA2.0-25T 32 42 +10 7.1∙10-11 7.0∙10-8 
PMA2.1-25T 0 23 +23 2.1∙10-8 1.9∙10-6 
PMA2.2-25T -7 0 +7 9.1∙10-8 4.0∙10-6 
PMA4.2-25T -37 -15 +22 1.0∙10-6 1.2∙10-5 
PMA6.2-25T -44 -23 +21 1.9∙10-6 2.1∙10-5 
PA4.2-25T -42 -28 +14 8.0∙10-6 6.6∙10-5 
PA4.4-25T -58 -40 +18 2.0∙10-5 1.1∙10-4 
PCl-25T -62 (Tm

b = 56 °C) -36 (Tm
b = 46 °C) +26 2.8∙10-5 1.2∙10-4 

PBA1-25T -50 -17 +33 1.2∙10-6 9.6∙10-6 
*T: LiTFSI (wt%). aDetermined by DSC (2nd heating run, rate: 10 K min-1, argon atmosphere, sealed crucibles purged with 
nitrogen) (Figure S7.10). bCalculated by integration of the 2nd DSC run melting peaks (Figure S7.10). cTg(electrolyte)–
Tg(polymer). dDetermined by EIS + VTF fit, average of at least three PEIS measurements (Arrhenius plots: Figure S7.12, 
VTF plots: Figure S7.13, VTF parameters: Table S7.4). 

For all herein presented sidechain diester polymer electrolytes as well as the references, the ionic 

conductivity is with no exception directly coupled to the glass transition temperature, i.e., the 

segmental motions of the polymer. Along with the addition of LiTFSI, the Tg of every SPE increases 

with respect to its pristine polymer, but to different extents (e.g., PMA2.1-25T: +23 °C vs. PMA2.2-

25T: +7 °C). To understand the influence of spacer lengths in these sidechain diesters, we kept 

constant the methacrylate polymer backbone and the length of the spacer x = 2 within a first series 

but varied the length of the second spacer y = 0, 1, and 2 (PMA2.0-25T, PMA2.1-25T and PMA2.2-

25T, respectively). Going from y = 0 to y = 2 in this series, the ionic conductivity shows 1.5 orders 

of magnitude increase along with a drastic decrease in Tg from 42 to 0°C. The extraordinarily high 

Tg increase for PMA2.1 (compared to its pristine polymer) upon mixing with LiTFSI can be 

explained by the strong acidity of the malonate diester group, leading to a partially deprotonated 

(i.e., ionic) structure with enhanced Coulombic interactions in the presence of the strong Lewis base 

TFSI-. However, switching to y = 2 drastically reduces the Tg, accompanied by a steep increase in 

ionic conductivity. From that we conclude that very short diester spacer lengths (<2) are rather 

detrimental to high conductivities. 

Keeping a constant diester spacer length of y = 2, we then varied the length of the first spacer between 

polymer backbone and the diester group, comprising x = 2 (PMA2.2-25T), x = 4 (PMA4.2-25T) and 

x = 6 (PMA6.2-25T). With longer x-spacers, we observed a further increase in ionic conductivity 

accompanied by a decrease in glass transition, which seems to run into saturation. This is reflected 

in the fact that the difference in Tg between PMA2.2-25T and PMA4.2-25T is significantly larger 

than that between PMA4.2-25T and PMA6.2-25T. Thus, PMA6.2-25T is the electrolyte within the 

polymethacrylate-based series having the lowest Tg of -23°C and the highest s amounting to 1.9 ∙ 10-
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6 S cm-1 at 40°C. However, the obtained ionic conductivities of these solvent-free diester 

polymethacrylates must be improved for a possible application in lithium metal batteries at ambient 

temperatures. 

Comparing the electrolytes based on polymethacrylates (PMA) vs. polyacrylates (PA), the variation 

in the polymer backbone reflects the change in Tg. From PMA4.2-25T to PA4.2-25T, we observed a 

drop in Tg from -15 °C to -28 °C along with almost one order of magnitude increase in σ (PMA4.2-

25T: 1.0⸳10-6 S cm-1 vs. PA4.2-25T: 8.0⸳10-6 S cm-1 at 40 °C). Introducing an even longer diester spacer 

y = 4 in PA4.4-25T, we were able to further decrease the Tg to -40 °C and therefore enhance the ionic 

conductivity over the whole measured temperature range reaching an appreciably high σ of 

2.0⸳10-5 S cm-1 at 40°C and 1.1⸳10-4 S cm-1 at 70°C. Due to its very low Tg, pristine PA4.4 is a low-

viscous polymer. Mixed with 25 wt% LiTFSI it becomes a soft material at the lower edge of the term 

solid polymer electrolyte, which was the reason not to extend this investigation to even longer spacer 

units (such as a PA6.6), for which we expect even less viscosity and higher conductivities at the cost 

of mechanical properties. 

Regarding the reference SPE based on a main chain polyester, PCl-25T, we observed slightly higher 

ionic conductivity at 70 °C as well as at 40 °C compared to PA4.4-25T, but ca. one order of magnitude 

less conductivity at 25 °C (Figure S7.12g), while the glass transition temperature of PCl-25T (-36 °C) 

is a bit higher than the one of PA4.4-25T (-40 °C). The temperature-dependent Arrhenius plot in 

Figure S7.12g shows a very drastic drop in conductivity of PCl-25T below ca. 40 °C. This discrepancy 

can be attributed to the high degree of crystallinity in PCl, while all diester polymers presented herein 

are completely amorphous (Table 7.1, Figure S7.10). Despite its higher Tg, PCl shows slightly 

increased ionic conductivity compared to PA4.4-25T once the crystalline domains are melted. In 

analogy to Ebadi et al. we conclude that the structure of linear polymers clearly promotes Li+ 

conductivity taking place by interchain hopping.[39] On the contrary, sidechains restrict interchain 

coordination and hopping between coordination sites, leading to limited Li+ diffusion and 

conductivity. In branched systems with sidechains, the conductivity mostly takes place by a 

correlated movement with the macromolecular solvent, which is less compared to direct interchain 

hopping. This may indicate that linear, unbranched main chain polyesters are intrinsically better 

suited for lithium-ion conduction than their counterparts with side-groups or sidechains, at least if 

crystallinity does not play any role. This finding is comparable to the field of polyethers, where linear, 

main chain PEO homopolymers up to now show the highest measured conductivities (within SPEs) 

at temperatures above Tm of the crystalline domains. 

The second reference polymer PBA1 is a polyester with short butyl-substituents. Mixed with LiTFSI, 

PBA1-25T behaves analogously to all other sidechain polyesters in this study and has a conductivity 

approximately the same as PMA4.2-25T (sharing almost the same Tg). However, PBA1 shows the 

most drastic increase in Tg upon salt addition (-50 °C for pristine to -17 °C at 25 wt% LiTFSI). The 
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reason for this might be that in PBA all ester groups are placed very close to the polymer backbone. 

In contrast, two third of the esters in diester sidechain polymers based on PMA and PA are found in 

the periphery of the sidechains, leading to a less pronounced effect of the salt addition on the 

segmental motions of the polymer. In PCl, all ester groups are part of the polymer backbone – 

therefore, one should also expect a very high Tg increase upon mixing with 25 wt% LiTFSI (∆Tg: 

26°C). Contrarily, the increase is mitigated by the strong plasticizing effect of the salt addition, 

drastically reducing the polymers crystallinity, which is also confirmed by the corresponding DSC 

curves (Figure S7.10). 

Furthermore, we performed FT-IR studies (Figure 7.2d) on PA4.4-25T as well as PBA1-25T and 

examined the distribution of free as well as Li-coordinated carbonyl oxygens in the same way as in 

Figure 7.2b. In analogy to PMA4.2-25T, we found a fLi
+

 of ca. 50% for both electrolytes according to 

a spectrum deconvolution process (fLi
+

(PA4.2-25T) = 51%, fLi
+

(PBA1-25T) = 47%). The larger spatial dilution 

of carbonyl groups (all attached closely to the backbone) in PBA1-25T leads to a reduced number of 

carbonyls experiencing the proximity of Li+-ions, which explains its slightly lower fLi
+. 

In contrast to polyethers, polyesters and other carbonyl-based SPEs typically show LTNs (tLi
+) well 

above 0.5, which is commonly attributed to the decreased intensity of the polymer-Li+-

interactions.[2,27] We determined tLi
+ according to the method first described by Bruce and Vincent 

for some selected electrolytes from each category, PMA4.2-25T, PA4.2-25T, and PCl-25T in 

symmetric lithium electrode cells.[38] Figure S7.14a-c show the individual Nyquist plots of EIS 

measurements using symmetrical Li|SPE|Li cells, each measured before and after 

chronoamperometric polarization at 10 mV and 70 °C. All studied SPEs exhibit high tLi
+-values 

amounting to 0.7. 

Furthermore, we evaluated the electrochemical stability of these three electrolytes against elemental 

Li by linear sweep voltammetry (LSV, Figure S7.16). Usually, the voltage onset is calculated by 

drawing tangents at the threshold of the faradaic current increase. From Figure S7.16, the 

electrochemical stability towards a metallic Li anode can be deduced as between 4.8 and 5.5V. 

Aldalur et al. suggested a threshold voltage value for the oxidative stability of electrolyte systems at 

the cathode based on an arbitrary faradaic current of I = 0.1 mA cm-2.[40] Using this definition, we 

found high electrochemical stability up to 5.4 V for PMA4.2-25T as well as PA4.4-25T. However, a 

real electrochemical stability window can only be discussed in terms of the performance of the 

electrolyte in combination with the used anode and the cathode (see section 7.2.5). For simplicity, 

we have now tested these SPEs only with LFP as a cathode, which can be later extended to higher 

voltage cathodes. On the basis of a rough estimation, the LSV data suggest a better electrochemical 

stability for PMA4.2-25T and PA4.4-25T compared to PCl-25T by ca. 0.2 V. 
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7.2.4 Lithium plating/stripping and SEI layer formation 

For subsequent lithium plating/stripping experiments as well as for battery characterizations, only 

the polyacrylates (PA4.2 and PA4.4) with the highest ionic conductivities at 25 wt% LiTFSI were 

selected (Figure 7.3). However, due to the very low viscosity of pristine PA4.4 at room temperature, 

we used an 8 µm ultrathin, porous polyimide (PI) membrane (porosity < 19%) and soaked it with 

PA4.2-25T for the fabrication of symmetric Li|SPE|Li coin cells to allow for minimized electrode 

distance (electrolyte thickness) and to ensure mechanical integrity of the cell. The ionic conductivity 

in a cell with non-blocking electrodes is not only determined by the bulk impedance, but to the same 

extent also by the thickness of the electrolyte. Wan et al. recently demonstrated the benefits of a 

drastically reduced thickness in terms of a five orders of magnitude increased modulus, significantly 

enhanced ionic conductivity and superior cycling stability using this 8 µm PI-membrane soaked 

with PEO/LiTFSI compared to the plain electrolyte.[41] Furthermore, Wu et al. summarized and 

reviewed the importance of very thin (< 25 µm) solid-state electrolyte membranes in realizing high 

gravimetric and volumetric energy densities.[42] 
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Figure 7.3: Galvanostatic cycling (70 °C, 0.53 mA cm-2) of Li|SPE|Li symmetric cells with PA4.2-25T (black), PA4.2-25T-

NP (blue), PA4.2-25F-NP (red) and PA4.4-25F-NP (green) (electrolytes soaked into 8 µm PI membranes). (a) 

Overpotential vs. cycle number (top) and corresponding interfacial resistances Ri determined by EIS experiments after 

every 25 cycles (bottom). Inset: magnification between cycles 68 and 80. The measurement was purposely stopped after 

230 cycles for PA4.2-25F-NP (red). (b) Nyquist plots (triangles are measured points) and the corresponding eDRT fits 

(solid lines) of the electrochemical impedance spectra at cycle 0 (prior to cycling) and cycle 125 and (c) corresponding 

eDRT plots at cycle 125. Gray and yellow squares indicate peak regions. 

The galvanostatic cycling at 70 °C and a current density of 0.53 mA cm-2 of symmetric lithium cells 

with PA4.2-25T (Figure 7.3a, black) showed increasing overpotential reaching ca. 400 mV vs. Li/Li+ 

within 60 cycles, followed by random switching between very low (short-circuit at ca. 56 cycles) and 

very high overpotentials and the final failure of the cell by short-circuiting. This can be explained by 

poor mechanical integrity of the electrolyte (especially at 70 °C), leading to internal deformations 
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and repeated on- and off contact between electrolyte and electrodes, as well as non-ideal solid 

electrolyte interphase (SEI) formation allowing for the growth of lithium dendrites. This is also 

confirmed by the evolution of the interfacial resistance Ri measured by EIS (depicted beneath the 

galvanostatic voltage profiles in Figure 7.3a), which jumps accordingly between very high (up to 

1.5 kΩ cm-2) and very low values. 

To overcome these problems, we added 10 wt% of TiO2 nanoparticles to the electrolyte to obtain 

PA4.2-25T-NP (Figure 7.3a, blue). The final composition of the nanocomposite is 67.5 wt% 

polymer, 22.5 wt% LiTFSI, and 10 wt% TiO2 nanoparticles. The presence of a small amount of 

inorganic nanofillers (“ceramic-in-polymer”, e.g. TiO2 and Al2O3) in a SPE is found to improve its 

mechanical stability, decrease polymer crystallinity, enhance ionic conductivity by weakening the 

interactions between host polymer donor groups and Li+-ions, inhibit lithium dendrite growth and 

increase the interfacial compatibility between electrolyte and electrodes.[9,43] Our own recent work, 

in which we compared PEO-based SPEs to their nanocomposite analogues with different amounts 

of TiO2 nanoparticles, fully supports the above arguments.[9] These findings indicate that lithium 

dendrite growth can be successfully suppressed in hybrid ceramic-in-polymer composite materials, 

comprising soft but highly Li+-conducting polymers as well as nanosized ceramic fillers such as TiO2 

nanoparticles.  

The introduction of nanoparticles influences the electrolyte properties only to a very small degree: 

PA4.2-25T-NP shows a minimally increased Tg (PA4.2-25T: -28 °C vs. PA4.2-25T-NP: -27 °C), 

decreased σ (PA4.2-25T: 8.0∙10-6 S cm-1 vs. PA4.2-25T-NP: 7.1∙10-6 S cm-1) and a slightly lower tLi
+ 

(PA4.2-25T: 0.7 vs. PA4.2-25T-NP: 0.6). The relatively small reduction of LTN value upon 

nanoparticle addition was reported before and attributed to networks of the inorganic particles on 

the molecular level, to which Li+ predominantly coordinates, which reduces the Li+-mobility and 

therefore the LTN.[44,45] In galvanostatic cycling (Figure 7.3a), the addition of nanoparticles in the 

PA4.2-25T-NP cells leads to a decrease in overpotential to ca. 100 mV with no signs of poor electrode 

contact. This leads to the conclusion that the nanoparticles help to increase the mechanical integrity 

of the electrolyte and improve surface contact between electrodes and electrolyte, thus preventing 

the drastic increases in interfacial resistance. However, cell-failure due to poor SEI formation and 

short-circuiting by lithium dendrites cannot fully be avoided by only the TiO2 nanoparticles additive 

in PA4.2-25T, as short-circuiting still occurs after ca. 85 cycles – which is about 25 cycles later than 

for PA4.2-25T (Figure 7.3). Table 7.4 summarizes the thermal properties, ionic conductivities, and 

Li transport number of the nanocomposite electrolytes. 
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Table 7.4: Overview of the SPE mixtures optimized for Li and LFP electrode contact, containing 10 wt% TiO2 nanoparticles 

(NP), comprising the Tg of the host polymer as well as of the electrolyte mixtures (incl. ΔTg), σ (ionic conductivity) at 40 °C 

and 70 °C and tLi+ (LTN). 

Nanocomposite 
electrolyte* 

Tg
a Polymer 

/ °C 
Tg

a Electrolyte 
/ °C 

∆Tg
b  

/ °C 
σc at 40 °C  

/ S cm-1 
σc at 70 °C  

/ S cm-1 
tLi

+,d at 
70 °C 

PA4.2-25T-NP 
-42 

-27 +15 7.1∙10-6 5.8∙10-5 0.6 
PA4.2-25F-NP -10 +32 4.7E∙10-6 6.0∙10-5 0.5 
PA4.4-25F-NP -58 -24 +34 1.1E∙10-5 9.1∙10-5 0.5 

*T: LiTFSI (wt%), F: LiFSI (wt%), NP: TiO2 (10 wt%). aDetermined by DSC (2nd heating run, rate: 10 K min-1, argon 
atmosphere, sealed crucibles purged with nitrogen) (Figure S4). bTg(electrolyte)–Tg(polymer). cDetermined by EIS + VTF 
fit, average of at least three PEIS measurements (Arrhenius plots: Figure S7.12, VTF plots: Figure S7.13, VTF parameters: 
Table S7.4). dDetermined using the method of Bruce and Vincent, also described in the supporting information.[38] CA + 
EIS measurements for tLi+ determination: Figure S7.14. 

Encouraged by some recent reports[44,46] about significant benefits of LiFSI in SEI formation, we also 

tested LiFSI salt instead of LiTFSI while keeping all concentrations constant (67.5 wt% polymer, 

22.5 wt% LiTFSI, and 10 wt% TiO2 nanoparticles), thus obtaining PA4.2-25F-NP (Figure 7.3a, red). 

According to the literature, the FSI- anion reacts at the elemental lithium surface under formation 

of LiF, which then builds up a less resistive and better electrode-protecting interphase film compared 

to other lithium salts. By this, we could achieve a low overpotential (< 80 mV) and low interfacial 

resistance Ri (< 100 Ω cm-2, Figure 7.3a red) as well as a much more stable and reliable galvanostatic 

cycling performance. The almost identical EIS Nyquist plots before and after the 

chronoamperometric polarization of PA4.2-25F-NP (Figure S7.14e) compared to PA4.2-25T and 

PA4.2-25T-NP indicate very fast and efficient SEI formation when a combination of LiFSI and TiO2 

nanoparticles is applied in the SPE.  

Based on the successful optimization towards the highly stable electrolyte PA4.2-25F-NP, we applied 

the same SPNE composition to our highest-conducting system based on PA4.4, leading to PA4.4-

25F-NP (Figure 7.3a, green). Thereby, we obtained stable and reliably cyclable cells with a further 

decreased overpotential (< 40 mV), which we attribute mostly to the very low Tg of the electrolyte. 

In contrast to the liquid-like behavior of pristine PA4.4, the electrolyte mixture PA4.4-25F-NP is a 

sticky, self-standing mass at room temperature and can be handled easily in the cell fabrication. We 

obtained very flat steady-state currents for PA4.2-25F-NP and PA4.4-25F-NP after ca. 50 minutes 

in the chronoamperometric step with symmetrical lithium cells. However, PA4.2-25F-NP (tLi
+: 0.5) 

and PA4.4-25F-NP (tLi
+: 0.5) exhibit a small decrease in tLi

+ compared to PA4.2-25T (tLi
+: 0.7) (Table 

7.4, Figure S7.14c-e). This may be explained by the significantly lower van-der-Waals volume of the 

corresponding FSI anion and therefore higher mobility of the anion as well as lower viscosity of the 

electrolyte.[47] PA4.4-25F-NP occasionally shows measurement artifacts in form of sharp spikes 

during the measurement, which we attribute to short periods in which the cell lost electrical contact 

and not to any processes involving the electrolytes or electrodes. 
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Figure 7.3b shows the corresponding Nyquist plots of the EIS measurements before cycling (cycle 0) 

and after 125 cycles for all four measured electrolytes, PA4.2-25T, PA4.2-25T-NP, PA4.2-25F-NP 

and PA4.4-25F-NP. Nyquist plots of the EIS measurements taken every 25 cycles (corresponding to 

the Ri data points depicted in Figure 7.3a) are additionally presented in Figure S7.15a,c,e,g. In the 

case of PA4.2-25T (black), the huge difference in interfacial resistance (diameter of the second, right-

hand semicircle) as well as the bulk electrolyte resistance (diameter of the first, left-hand semicircle) 

before and after cycling becomes visible. This is also reflected in the eDRT plots (extended 

Distribution of Relaxation Times) of the impedance measurements after 125 cycles, displayed in 

Figure 7.3c (for all 25-cycle-intervals refer to Figure S7.15b,d,f,h). We have recently applied the 

eDRT technique in our group successfully in the investigation of PEO-based SPE systems for fitting 

the measured data points as well as to analyze the involved processes.[9,48,49] The eDRT technique is a 

very powerful mathematical method without any a priori assumptions to investigate electrical 

processes in electrochemical systems, which are hidden in impedance data. These curves show the 

distribution of relaxation times belonging to the individual electrochemical processes contributing 

to the overall complex resistance. In the absolute, non-normalized h-DRT plot, the integral of an 

individual peak directly amounts to the impedance of this process while the peak position is 

determined by the time constant τ of the process (faster processes appear at lower time constants). 

The higher the overall impedance (= sum of all individual processes) of the measured cell, the higher 

is the overpotential needed for cycling the cell. 

Peak 1 can be assigned to the bulk ionic conductivity, which is typically the fastest process (τ = 10-

7 s) occurring in an electrochemical cell. Comparing the electrolytes, PA4.2-25T shows the highest 

impedance as well as the highest time constant for this process. While the addition of TiO2 

nanoparticles in PA4.2-25T-NP (blue) speeds up the process (lower t) and reduces the bulk 

resistance, there are almost no additional improvements when LiTFSI is exchanged by LiFSI in 

PA4.2-25F-NP (red). Very interestingly, the bulk ionic conductivity (Peak 1) of PA4.4-25F-NP 

(green) appears at an almost one order of magnitude lower relaxation time constant. This indicates 

a significantly faster process, while the impedance of the bulk ionic conductivity (reflected by the 

eDRT-integral) is almost identical. 

Peak 3 corresponds to the charge transfer process between electrodes and electrolyte and shows 

drastic improvements from PA4.2-25T over PA4.2-25T-NP, PA4.2-25F-NP to PA4.4-25F-NP in 

terms of reduced time constants as well as extremely reduced impedances. The additional side-peaks 

3a and 3b are dominantly appearing in PA4.2-25T and PA4.2-25T-NP, where the impedance of peak 

3 is comparably high, and can be considered mathematical artifacts due to spectral leakage. This 

effect is predominantly observed at low frequencies in combination with limited observation times 

during the PEIS experiment.[50] Figure S7.15b, the time-dependent shifts of Peak 1 and Peak 3 to 

higher time constants and larger integrals for PA4.2-25T become clearly visible, especially in 
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contrast to PA4.2-25F-NP (Figure S7.15f). This underlines unambiguously the important roles of 

both the nanofillers as well as the improved SEI formation based on LiFSI instead of LiTFSI 

regarding the charge transfer processes. 

The peaks in peak region 2 (Figure 7.3c) and their corresponding electrochemical processes are 

harder to identify. It seems that there are at least two separate processes with different time constants 

(τ = 10-4.5 s and 10-5.7 s, respectively), which are most prominently pronounced in PA4.2-25T. 

Literature suggests that processes at time constants faster than the charge transfer process (peak 3) 

and slower than the bulk ionic conductivity (peak 1) can be attributed to the Li+ conductivity through 

the Solid Electrolyte Interphase (SEI).[51,52] This SEI peak is much less intense for PA4.2-25T-NP, 

even less for PA4.2-25F-NP, and almost negligible for PA4.4-25F-NP. This indicates the formation 

of a higher and faster conducting SEI due to the addition of nanoparticles and, even more, due to 

the application of LiFSI. 

Peaks 4 and 5 are based on the non-ideal capacitive branch at very low frequencies due to internal 

diffusion effects. Moreover, peak 5 is distorted due to the lacking data points at very low frequencies 

(not for PA4.4-25F-NP). Both are not relevant in this context. 

7.2.5 Electrochemical performance of lithium metal batteries at 40 and 70°C 

Among the studied nanocomposite electrolytes, PA4.4-25F-NP excels in terms of both fast ionic 

conductivity and interphase formation. Therefore, PA4.4-25F-NP was soaked into an 8 µm thick PI 

membrane and then applied in LiFePO4|SPE|Li solid-state lithium metal battery cells. Thereby, the 

cathode composition was varied to adapt to the challenges involved in an all-solid-state Li metal 

battery by adjusting the relative amounts of LiFePO4 (LFP) as active material, LiFSI as Lithium-

source, carbon black (CB) and conductive graphite (CG) as electronic conductors and a polymer or 

polymer mixture (PVDF and PA4.4) as binder. Supporting information and Table S7.2 display the 

detailed preparation and composition of the three LFP cathodes (LFP1: LFP/CB/CG/PVDF, LFP2: 

LFP/CB/CG/PA4.4/LiFSI, LFP3: LFP/CB/CG/PA4.4+PVDF/LiFSI). As a starting point, we adapted 

the LFP1 composition from published data.[53] Figure 7.4a shows the rate capability curves of the 

cells measured at different C-rates and 70 °C using calendered cathodes of LFP1 and LFP3, while the 

calendering process could not be performed with LFP2 due to the high softness and the sticky nature 

of the material. For all the three cathode types we could confirm high initial discharge capacities 

(143–152 mAh g-1) and excellent rate stability at low C-rates (0.2C) (Table S7.2). All the studied 

cathode compositions in combination with the PA4.4-25F-NP electrolyte deliver very close to 100% 

Coulombic efficiency. However, there is a distinct decrease in performance from LFP3 to LFP2 and 

LFP1 on increasing the C-rate. For example, at 1C (70°C), the initial specific capacity decreases from 

135 to 90 mAh g-1 on switching from LFP3 to LFP1 (Figure 7.4c). 
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Figure 7.4: Electrochemical performance of LFP|PA4.4-25F-NP|Li battery cells at 70 °C (electrolytes soaked into 8 µm PI 

membranes): (a) Cycling performance at various C-rates (0.2, 0.5, 1 and 2C), using LFP cathodes with different 

compositions: LFP1: LFP/CB/CG/PVDF (calendered), LFP2: LFP/CB/CG/PA4.4/LiFSI (non-calendered), LFP3: 

LFP/CB/CG/PA4.4+PVDF/LiFSI (calendered). Absolute values are given in Table S7.2. (b) Charge/discharge voltage 

profiles at 0.2 and 2C. (c) Long-term cycling performance in terms of discharge capacity and Coulombic efficiency at 1C 

(top) and 2C (bottom, only LFP3 cathode). (d) SEM images of the LFPx cathodes in pristine state (top) and after a 

calendering procedure. Yellow dashed rings designate cracks and holes in the surface morphology. 
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In LFP1, well-established poly(vinylidene fluoride) (PVDF) was used as polymer binder, allowing 

for stable long-term cycling at 1C (Figure 7.4c) with very little capacity fading. The presence of PVDF 

in the electrolyte is reported to help dissociating the lithium salt by coordinating lithium-ions with 

fluorine atoms which enhances the overall ionic conductivity.[54] The absolute value of the discharge 

capacity – especially at high C-rates (initially ca. 90 mAh g-1 at 1C, ca. 80 mAh g-1 after long-term 

cycling) – are quite comparable to the reports about lithium metal batteries using polyester and/or 

polycarbonate SPEs and only PVDF as binder in the cathode by Mindemark et al.[20] All battery 

experiment discharge capacities are listed in Table S7.3. For a better understanding of the variations 

in the electrochemical behavior, all prepared cathodes were subject to morphological analysis. SEM 

images of LFP1 (Figure 7.4e left) reveal a cathode surface morphology with a high number of cracks 

and holes which persisted even after a tedious calendering procedure. 

When we exchanged the PVDF binder using PA4.4 in LFP2, the discharge capacity increased to ca. 

100 mAh g-1 at 1C. The capacity loss within the first 20 cycles also increased, while the overall 

capacity remained high. Moreover, pinholes were still visible on the cathode (Figure 7.4e). 

By far the best results could be achieved using LFP3 with an initial capacity of ca. 150 mAh g-1 (0.2C, 

70 °C) and almost zero capacity loss within the first five cycles (Figure 7.4a). Furthermore, Figure 

7.4b shows very low voltage hysteresis for LFP3, indicative of only little internal losses and high ionic 

conductivity. Based on a mixture of PVDF and PA4.4, the LFP3 cathode material shows both 

increased mechanical stability as well as lithium-ion conductivity in terms of a synergistic 

optimization. At long-term cycling for 100 cycles (at 1C, 70 °C) we observed only modest capacity 

fading from a starting value of 135 mAh g-1 and > 99% coulombic efficiency (Figure 7.4c). In an 

additional long-term run for over 300 cycles at 2C, still very high capacity retention of ca. 92% was 

observed (Figure 7.4d). Furthermore, Figure 7.4b shows a very low voltage hysteresis for LFP3, 

indicative of only little internal losses and high ionic conductivity. These results emphasize the 

importance of adapting the cathode composition to suit the specific needs of a novel SPE material. 

Moreover, the importance of a successful calendering process to obtain a smooth electrode film 

without any noticeable pinholes and cracks (Figure 7.4e, left) cannot be underestimated for the 

realization of all solid-state lithium metal batteries. 

For understanding the performance of the newly developed SPEs in combination with the optimized 

LFP3 cathode at lower temperatures, we measured both Li symmetrical cells and full batteries at 

40 °C. We achieved stable and reliable lithium plating and stripping results with the PA4.4-25F-NP 

SPE (Figure 7.5, green) for 140 cycles, while PA4.2-25F-NP showed cell failure after ca. 25 cycles 

(Figure 5a, red). In a full battery setup with LFP3|PA4.4-25F-NP|Li at 0.1 C and 40 °C (Figure 5b), 

we obtained an initial discharge capacity of 123 mAh g- 1. The cell retained 96% of its initial capacity 

after the 50th cycle with an excellent Coulombic efficiency of about 99% at an operation temperature 

of 40°C. 
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Figure 7.5: Electrochemical performance of PA4.2-25F-NP and PA4.4-25F-NP SPEs at 40 °C (electrolytes soaked into 8 µm 

PI membranes): (a) Top: Galvanostatic cycling of Li|SPE|Li symmetric cells with PA4.4-25F-NP (green) and PA4.2-25F-

NP (red) at 40 °C at a current density of 0.53 mA cm-2. The inset shows a magnification between cycles 25 and 36. Bottom: 

Corresponding interfacial resistances Ri determined by EIS experiments after every 20 cycles (bottom). The measurement 

was purposely stopped after 140 cycles for PA4.4-25F-NP (green). (b) Long-term cycling performance of LFP3|PA4.4-25F-

NP|Li battery cells in terms of discharge capacity (left axis) and coulombic efficiency (right axis) at 0.1C. The measurement 

was purposely stopped after 50 cycles. 

The presented results can be considered very promising, especially in terms of the extraordinary 

stability at fast cycling rates of 1C-2C as well as stable operation at 40°C. As the applied PI membrane 

features less than 19% of open pores per area, the conductivity and capacity of the cells could be 

further optimized by increasing the porosity of the membrane. 

7.3 Conclusion 

The drawbacks of conventional lithium-ion batteries relying on organic liquid electrolytes – most 

prominently safety hazards due to flammability, restricted electrochemical compatibility with high-

capacity Lithium metal anodes and limited mechanical integrity – may be overcome by the 

utilization of solvent-free solid polymer electrolytes. In this work, we present an unexplored class of 

polymethacrylate- and polyacrylate-based polymers with pendant sidechain diester functionalities, 

which we successfully applied in SPEs after suitable adaptation of the polymer structure as well as 

using necessary additives. Simple acyl chloride-/alcohol-esterification allows for the synthesis of the 

methacrylate-/acrylate-monomers, from which the polymers are easily accessible in high purity by 

free radical polymerization. By this means, we synthesized a total of seven different polymers with 

varying (CH2)-spacer lengths between the carbonyl units in the sidechain to examine the structure-

property-relationship between chemical structure and electrochemical performance. 

Exemplarily mixing one of the polymers (PMA4.2) with different amounts of LiTFSI, we first 

performed a screening of the optimum salt concentration and found a maximum in ionic 

conductivity at 25 wt% salt content. FT-IR studies revealed that for high ionic conductivity, both 

uncoordinated as well as Li+-influenced carbonyl units need to be present in roughly equal molar 
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ratio. It was also found that longer spacers as well as polyacrylate backbones (in comparison to 

polymethacrylate backbone) in all cases led to a decrease in Tg, accompanied by a correlated increase 

in ionic conductivity. Moreover, we obtained lithium transport numbers ranging between 0.5 and 

0.7, which is significantly higher than for typical polyether-based electrolytes (0.1-0.2). One of the 

electrolytes, PA4.4-25T, showed the highest conductivity of 2.0·10-5 S cm-1 at 40 °C (1.1·10-4 S cm-1 at 

70 °C), which is also reflected by the lowest Tg amounting to -40° C. 

The addition of 10 wt% TiO2 nanoparticles to the SPE helped to improve the electrode-electrolyte 

contact and prevented steep increases in overpotential during cycling. As an additional measure, 

LiTFSI was exchanged by LiFSI, which is known to support the solid electrolyte interphase formation 

due to the in situ formation of LiF. By this, we could fully avoid cell failure caused by lithium dendrite 

short-circuiting and obtained stable and reliable long-term lithium plating and stripping in 

symmetrical lithium cells. The addition of TiO2 nanoparticles gave ceramic-in-polymer 

nanocomposite electrolytes which then allowed for the utilization of our softest (lowest Tg) polymer 

PA4.4. We could successfully fabricate LFP|SPE|Li batteries using PA4.4-25F-NP as electrolyte as 

well as an optimized polymer binder (mixture of PVDF and PA4.4) for the LFP-based cathode. 

Thereby, we obtained stable battery cycling, both at 40 at 70 °C. At 70°C, we achieved an initial 

capacity of 150 mAh g-1 at 0.2C, with very little capacity fading for more than 300 cycles at 2C and 

92% capacity retention. Measuring at 40 °C, the cells still delivered over 123 mAh g-1 at 0.1 C with 

96% retention after the 50th cycle, which is very promising for room temperature applications. It 

could be shown that a concerted study and mutual adaptation as well as optimization of both SPE 

and the cathode are fundamentally necessary to evaluate the potentials of novel polymer systems in 

all-solid-state LMBs. 

Future scientific work could expand the class of polyacrylates with pendant diester groups in terms 

of derivatives with further reduced Tg, for example by even longer spacer units. Moreover, an 

increased porosity of the spacer membrane as well as further optimizations of the cathode 

composition and the use of other cathode materials may also help to improve the ionic conductivity, 

cycling performance and specific capacity of the cells. The successful application of SPEs in future 

high-performance lithium metal batteries strongly relies on the fundamental understanding of all 

factors involved in a full battery setup, comprising lithium-ion conductivity, electrode-electrolyte 

compatibility, and electrochemical stability. With this study we hope to add a significant 

contribution to the overall research in “Beyond-PEO” polymer electrolytes and lithium metal 

batteries. 
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Syntheses 

Materials 

All commercially purchased chemicals were used as received unless otherwise stated. 1,4-Butanediol 

(>99%) and 1,6-Hexanediol (97%) were purchased from Acros Organics. Triethylamine (>99.5%), 

Pyridine (>99%), 2-Hydroxyethylmethacrylate (HEMA, >99%), Methyl-2-chloro-2-oxoacetate 

(96%), Methyl-3-chloro-3-oxopropionate (97%), Methyl-4-chloro-4-oxobutyrate (97%), 4-

Hydroxybutyl acrylate (>97%), Butyl acrylate (BA, >99%), Polycaprolactone (PCl), 

Methyladipoylchloride (97%), Bis(trifluoromethylsulfonyl)amine lithium salt (LiTFSI, 99.95%, trace 

metal basis) and lithium ribbon (99.9%, trace metal basis, 380 µm) were purchased from Sigma 

Aldrich. 2,2′-Azobis(2-methylpropionitrile) (AIBN) was purchased from Sigma Aldrich and 

purified by recrystallization in methanol before use. Methacryloyl chloride (97%) was purchased 

from Sigma Aldrich and purified by vacuum distillation. Bis(fluorosulfonyl)imide lithium salt 

(LiFSI, 98%) was purchased from TCI. Diethyl ether (>=99.5%, analytical reagent grade), Methanol 

(>=99.9%, analytical reagent grade), 1,4-Dioxane (>=99.8%, analytical reagent grade) and 

Acetonitrile (>=99.9%, HPLC gradient grade) were purchased from Fisher Scientific. 

Dichloromethane (>=99.5%, stabilized with 0.2% Ethanol) and n-Hexane (>=98%) were purchased 

from VWR Chemicals. P25 (TiO2 nanoparticles, 21 nm primary particle size) was procured from 

Degussa. CR2032 coin cell cases (20d x 3.2t mm) with gaskets, wave springs and stainless–steel 

spacers were purchased from MTI corporation/PI KEM. LiFePO4, Super P carbon, conductive 

graphite and C-coated Al current collector were procured from MTI. ipPORETM track-etched 

hydrophilic Polyimide (PI) membranes (pore size: 0.20 µm, pore density: 6.00⸳108 cm-2, thickness: 

8 µm) were purchased from it4ip (Belgium). 

Characterization 

1H NMR spectroscopy 
1H NMR spectra were recorded on a Bruker Avance AC250 Spectrometer at a working frequency of 

300 MHz. The obtained spectra (64 scans) were calibrated to the corresponding residual solvent peak 

with CDCl3 (δ = 7.26 ppm) or DMSO-d6 (δ = 2.50 ppm), respectively. Chemical shifts are given in 

ppm, coupling constants (J) are reported in hertz (Hz, and multiplicity is indicated as follows: s 

(singlet), d (doublet), t (triplet), q (quartet), p (quintuplet), hept (septuplet) or m (multiplet). 

Size exclusion chromatography (SEC) 

SEC was measured utilizing a Waters 515 HPLC pump and THF with 0.25 wt% 

tetrabutylammonium bromide (TBAB) as eluent at a flow rate of 0.5 mL min−1. 100 μL of polymer 

solution (1−2 mg ml−1) are injected by a 707 Waters autosampler into a column setup comprising a 
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guard column (Agilent PLgel Guard MIXED-C, 5cm × 0.75 cm, particle size 5 μm) and two 

separation columns (Agilent PLgel MIXED-C, 30 cm × 0.75 cm, particle size 5 μm). Polymer size 

distributions were monitored by a Waters 414 refractive index detector. Polystyrene (PS) standard 

was used for calibration and 1,2-dichlorobenzene was used as an internal reference. 

Differential scanning calorimetry (DSC) 

DSC thermograms were obtained using a Mettler Toledo DSC 3. The samples were sealed within 

aluminum crucibles. The temperature program comprised two cycles of cooling down to −80 °C and 

subsequent heating up to 150 °C or 200 °C at a cooling/heating rate of 10 K min-1. For the third cycle, 

a cooling/heating rate of 40 K min−1 was chosen. Glass transition temperatures (Tg) are derived as 

inflection points of the transition temperature and melting points (Tm) are obtained as the peak 

maximum of the melting peak in the second heating curve. 

Thermogravimetric analysis (TGA) 

TGA thermograms were recorded on a Mettler Toledo TGA/DSC 3. Samples (ca. 10-20 mg) were 

placed in aluminum oxide ceramic crucibles (70 μl) and heated from 30 to 700 °C at a heating rate 

of 10 K min−1 under nitrogen atmosphere. 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

Infrared (IR) absorption experiments were recorded on a PerkinElmer Spectrum 100 FTIR 

spectrometer. The spectra were recorded from solids in attenuated total reflectance mode in the form 

of transmission data normalized between 0 and 100. The data were initially transformed to 

absorbance data between 0 and 1. 

The deconvolution process using a (double-peak) Gaussian nonlinear fitting was performed by a 

Levenberg Marquardt Iteration Algorithm (4 parameters for each of both peaks). In the case of 

pristine polymers without salt-addition, a single-peak fit was performed. The following equation was 

fitted to the normalized absorbance data: 

𝑦𝑦 = 𝑦𝑦0 +
𝐴𝐴

𝑤𝑤 ∙ � 𝜋𝜋
4 ∙ ln 2

∙ 𝑒𝑒𝑒𝑒𝑒𝑒�−4∙ln 2∙(𝑥𝑥−𝑥𝑥c)2

𝑤𝑤2 �, (7.1) 

with xc as the expected value (center), w2 as the variance, y0 as y-axis offset and A as the area of the 

distribution function. Within each fitted curve, the y0 y-axis offset was set constant for both peaks. 

Furthermore, within each fitted curve the xc expected value of the peak (distribution) was manually 

picked to the visible peak center and set fixed for the fitting. Towards higher salt contents, the peak 

wavenumbers shift towards higher values. The molar fraction of carbonyl units registering the 

influence (proximity) of Li+ cations (Li+-“coordinated” carbonyls) fLi+ was calculated as ratio of the 

peak area AC=O-Li
+

  of the shifted peak vs. peak area of both peaks AC=O-Li
+

 + AC=O 
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𝑓𝑓Li+ =
𝐴𝐴C=O−Li+

𝐴𝐴C=O−Li+ + 𝐴𝐴C=O
. (7.2) 

Table S7.1: Fitting parameters and calculated fLi+ value for the double-/single-peak Gaussian nonlinear fitting of the FTIR 

curves for the PMA4.2 salt screening as well as the comparison of PBA1-25T and PA4.4-25T. 

 1st peak (C=O) 2nd peak (C=O-Li+)  

Sample y0 
xc 

(fixed) 
A w y0 

xc 
(fixed) 

A w fLi
+ 

PMA4.2 
0.00090 

±0.00004 
1725 

0.801 
±0.006 

38.7 
±0.3 

- - - - 0 

PMA4.2-
10T 

0.00084 
±0.00003 

1730 
0.559 

±0.004 
34.7 
±0.3 

0.00084 
±0.00003 

1703 
0.255 

±0.004 
34.2
±0.7 

0.3
1 

PMA4.2-
25T 

0.00124 
±0.00005 

1730 
0.401 

±0.006 
32.8 
±0.6 

0.00124 
±0.00005 

1703 
0.325 

±0.006 
30.9
±0.6 

0.4
5 

PMA4.2-
50T 

0.00133 
±0.00005 

1730 
0.245 

±0.007 
30.0 
±0.9 

0.00133 
±0.00005 

1703 
0.460 

±0.007 
30.3
±0.5 

0.6
5 

PMA4.2-
70T 

0.00176 
±0.00006 

1727 
0.196 

±0.008 
25.7 
±1.2 

0.00176 
±0.00006 

1706 
0.416 

±0.009 
28.0
±0.7 

0.6
8 

PMA4.2-
80T 

0.00221 
±0.00009 

1735 
0.061 

±0.014 
30.3 
±6.4 

0.00221 
±0.00009 

1715 
0.451 

±0.015 
33.7
±1.0 

0.8
8 

PA4.4-
25T 

0.001 
±0.00003 

1732 
0.382 

±0.014 
28.7 
±0.7 

0.001 
±0.00003 

1703 
0.396 

±0.014 
30.1
±0.7 

0.5
1 

PBA1-
25T 

0.00096 
±0.00003 

1731 
0.419 

±0.008 
26.2 
±0.4 

0.00096 
±0.00003 

1702 
0.369 

±0.008 
28.9
±0.5 

0.4
7 

Scanning electron microscopy (SEM) 

The surface morphology was analyzed using a Zeiss LEO 1530 scanning electron microscope. 

General procedures 

The esterification of an alcohol and an acyl chloride[1,2] 

The alcohol and a sterically hindered organic nitrogen-base (e.g., triethylamine, pyridine) are 

dissolved in dichloromethane (DCM, ca. 2x weight of alcohol). The mixture is dried for ca. 30 min 

by addition of a small amount of CaH2 under stirring and consequently filtered over a short neutral 

Al2O3-column into a flame-dried, argon-filled Schlenk round-bottom flask. The mixture is heavily 

stirred and cooled to 0 °C by an ice bath. Meanwhile, the acyl chloride is weighed out quickly 

(moisture sensitive), dissolved in ca. 4-fold excess of DCM and put into a dropping funnel. From 

there, it is dropwise added to the cooled alcohol/base mixture under heavy stirring. After a few 

minutes, a white solid precipitate becomes visible due to the formation of the insoluble nitrogen-

base hydrochloride salt. After all acyl chloride is added, the ice bath is removed, and the solution is 

stirred overnight. Complete conversion is confirmed by 1H NMR. 
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In the synthesis of 4HBMS and 6HHM, a diol (double-functionalized alcohol) is to be mono-

esterified at only one side. Therefore, a 10-fold excess of diol and a twofold excess of base with respect 

to the acyl chloride is applied to minimize double-functionalization. The excess diols as well as the 

nitrogen-base/corresponding hydrochloride salt are highly water-soluble and can therefore easily be 

removed during the washing procedure. In the case of all other esterifications with only one 

hydroxy-group, excess chloride and nitrogen-base is utilized to ensure complete alcohol conversion. 

Non-reacted acyl chloride hydrolyzes immediately upon contact with water to form the 

corresponding carboxylic acid, which is also highly water-soluble and can easily be removed by 

washing with water. 

For the purification, the DCM volume is roughly doubled by the addition of n-Hexane to precipitate 

most of the nitrogen-base hydrochloride salt. The mixture is filtered through a paper filter which is 

then rinsed with n-Hexane. After removal of the solvent at the rotary evaporator, the crude product 

is re-dissolved in ca. 10-fold excess of DCM and then washed three times, each time in a way that 

organic and aqueous phase have roughly the same volume: first with a saturated aqueous solution of 

NH4Cl (weakly acidic to protonate excess organic base) and then twice with deionized (DI) water. 

After each washing step, the aqueous phase is additionally extracted three times with a small amount 

of DCM. Thereafter, the combined organic phases are dried with MgSO4, filtered through a paper 

filter, and dried at the rotary evaporator to yield the product ester in high purity. 

The free radical polymerization of acrylate and methacrylate monomers 

The purified monomers and recrystallized 2,2′-Azobis(2-methylpropionitrile) (AIBN) are weighed 

out, combined, and dissolved in 1,4-Dioxane. The mixture is filtered through a short column filled 

with neutral Al2O3 to remove all traces of stabilizer (originating from the acrylate/methacrylate 

compounds) directly into a flame-dried Schlenk round-bottom flask equipped with a magnetic stir 

bar. The flask is sealed by a ribbon stopper und degassed by bubbling argon gas via a syringe through 

the solution for ca. 30 min under stirring. The polymerization is started by rapid heating to 75 °C 

(pre-warmed heater) under heavy stirring. The polymerizations are always run overnight and 

terminated after at least 20 h by cooling down to room temperature. Conversion is determined by 
1H NMR spectroscopy. 

For all polymers, 1 mol% of AIBN with respect to the monomer is applied. The monomer 

concentration is varied and optimized individually for the various monomers. 

For the purification, most of the solvent is removed to obtain a highly viscous polymer solution, 

which is dropwise precipitated in stirred n-Hexane and/or Et2O and/or MeOH (sequentially). The 

solvent is then decanted (in the case of very fine precipitation, centrifugation is applied to enhance 

the solid/liquid separation). Thereafter, the polymer is re-dissolved in DCM, filtered through a paper 

filter, and dried first at the rotary evaporator and then in the drying furnace at 90 °C in high vacuum 
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overnight. 

4-hydroxybutyl methyl succinate (4HBMS), 4-(methacryloyloxy)butyl methyl succinate 

MA4.2 & poly[4-(methacryloyloxy)butyl methyl succinate] PMA4.2 

Synthesis of 4-hydroxybutyl methyl succinate (4HBMS) 

The synthesis was performed in analogy to the general procedure of the esterification of an acyl 

chloride and an alcohol described in the main article. Therefore, 1,4-Butanediol (100 g, 1.110 mol, 

10.0 eq.), Triethylamine (30.62 g, 0.303 mol, 2.73 eq.) and Methyl-4-chloro-4-oxobutyrate (21.34 g, 

0.142 mol, 1.23 eq.) were deployed. 

Yield: 23.64 g (81%), yellow oil. 

After the general workup procedure, rests of di-substituted ester could be observed in 1H NMR. 

Therefore, the product was further purified by distillation (Tbath: 150 °C, Tbridge: 120 °C, p: 4.8⸳10-

6 bar). 

Yielddistilled: 20.09 g (69%), colorless liquid. 
1H NMR (300 MHz, DMSO-d6) δ 4.43 (t, J = 5.1 Hz, 1Ha), 4.02 (t, J = 6.6 Hz, 2Hb), 3.59 (s, 3Hc), 3.40 

(td, J = 6.3, 5.1 Hz, 2Hd), 2.55 (d, J = 1.7 Hz, 4He), 1.66 – 1.51 (m, 2Hf), 1.45 (dd, J = 8.0, 1.0 Hz, 2Hg). 

Synthesis of 4-(methacryloyloxy)butyl methyl succinate MA4.2 

The synthesis was performed in analogy to the general procedure of the esterification of an acyl 

chloride and an alcohol described in the main article. Therefore, 4-hydroxybutyl methyl succinate 

(4HBMS; 7.620 g, 0.037 mol, 1.00 eq.), Triethylamine (7.55 g, 0.075 mol, 2.00 eq.) and distilled 

Methacryloyl chloride (5.851 g, 0.056 mol, 1.5 eq.) were deployed. The workup procedure was 

extended by three additional washing cycles in n-Hexane against DI-water. 

Yield: 9.25 g (91%), pale-yellow clear liquid. 
1H NMR (300 MHz, DMSO-d6) δ 6.02 (dq, J = 2.0, 1.0 Hz, 1Ha), 5.68 (p, J = 1.6 Hz, 1Hb), 4.16 – 4.08 

(m, 2Hc), 4.08 – 4.00 (m, 2Hd), 3.59 (s, 3He), 2.55 (s, 4Hf), 1.88 (dd, J = 1.6, 1.0 Hz, 3Hg), 1.74 – 1.57 

(m, 4Hh). 

Synthesis of poly[4-(methacryloyloxy)butyl methyl succinate] PMA4.2 

The polymerization was performed in analogy to the general procedure of the free radical 

polymerization of acrylate and methacrylate monomers described in the main article. Therefore, 4-

(methacryloyloxy)butyl methyl succinate MA4.2 (9.270 g, 34.0 mmol, 1.00 eq.) and AIBN (0.056 g, 

0.34 mmol, 0.01 eq.) were deployed. The reactants were dissolved in 1,4-Dioxan (85 g) to adjust a 

monomer-concentration of ca. 10 wt%. After 24 h, ca. 88% conversion was obtained. The polymer 

was purified by precipitation in Et2O and n-Hexane. 
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Yield: 5.91 g (64%); clear, amorphous yellow viscous polymer 
1H NMR (300 MHz, DMSO-d6) δ 3.98 (m, J = 39.5 Hz, 4Ha), 3.59 (s, 3Hb), 2.56 (s, 4Hc), 1.63 (s, 4Hd), 

0.76 (m, 5He).  

SEC: Mn = 13700 g mol-1, Mp = 25900 g mol-1, Đ = 2.43. 

DSC: Tg = -37 °C, no Tm 

TGA: T5% = 280 °C 

Figure S7.1: 1H NMR spectra of 4HBMS (top), MA4.2 (mid) and PMA4.2 (bottom) including integrals and peak 

assignments. 

6-hydroxyhexyl methacrylate (6HHM), 6-(methacryloyloxy)hexyl methyl succinate

MA6.2 & poly[6-(methacryloyloxy)hexyl methyl succinate] PMA6.2

Synthesis of 6-hydroxyhexyl methacrylate (6HHM) 

The synthesis was performed in analogy to the general procedure of the esterification of an acyl 

chloride and an alcohol described in the main article. Therefore, 1,6-Hexanediol (101.06 g, 

0.855 mol, 10.00 eq.), Triethylamine (17.30 g, 0.171 mol, 2.00 eq.) and distilled 

Methacryloyl chloride (9.04 g, 0.086 mol, 1.01 eq.) were deployed. 

Yield: 13.87 g (86%), pale-yellow oil. 
1H NMR (300 MHz, DMSO-d6) δ 6.01 (dq, J = 1.9, 1.0 Hz, 1Ha), 5.67 (p, J = 1.6 Hz, 1Hb), 4.36 (t, J = 
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5.1 Hz, 1Hc), 4.08 (t, J = 6.6 Hz, 2Hd), 3.40 – 3.29 (m, 2He), 1.87 (dd, J = 1.6, 1.0 Hz, 3Hf), 1.68 – 1.53 

(m, 2Hg), 1.48 – 1.23 (m, 6Hh). 

Synthesis of 6-(methacryloyloxy)hexyl methyl succinate MA6.2 

The synthesis was performed in analogy to the general procedure of the esterification of an acyl 

chloride and an alcohol described in the main article. Therefore, 4-hydroxyhexyl methacrylate 

(6HHM; 4.675 g, 0.025 mol, 1.00 eq.), Triethylamine (5.08 g, 0.050 mol, 2.00 eq.) and Methyl-4-

chloro-4-oxobutyrate (5.38 g, 0.036 mol, 1.43 eq.) were deployed. 

Yield: 5.01 g (66%), yellow oil. 
1H NMR (300 MHz, DMSO-d6) δ 6.01 (dq, J = 2.0, 1.0 Hz, 1Ha), 5.67 (p, J = 1.6 Hz, 1Hb), 4.08 (t, J = 

6.5 Hz, 2Hc), 4.00 (t, J = 6.5 Hz, 2Hd), 3.59 (s, 3He), 2.55 (s, 4Hf), 1.87 (dd, J = 1.6, 1.0 Hz, 3Hg), 1.68 

– 1.51 (m, 4Hh), 1.33 (p, J = 4.4, 3.6 Hz, 4Hi).

Synthesis of poly[6-(methacryloyloxy)hexyl methyl succinate] PMA6.2 

The polymerization was performed in analogy to the general procedure of the free radical 

polymerization of acrylate and methacrylate monomers described in the main article. Therefore, 6-

(methacryloyloxy)hexyl methyl succinate MA6.2 (4.450 g, 14.8 mmol, 1.00 eq.) and AIBN (0.024 g, 

0.15 mmol, 0.01 eq.) were deployed. The reactants were dissolved in 1,4-Dioxan (20 g) to adjust a 

monomer-concentration of ca. 20 wt%. After 24 h, ca. 82% conversion was obtained. The polymer 

was purified by precipitation in MeOH. 

Yield: 3.17 g (71%); clear, amorphous yellow/brown viscous polymer 
1H NMR (300 MHz, DMSO-d6) δ 4.00 (s, 2Ha), 3.88 (s, 2Hb), 3.58 (s, 3Hc), 2.54 (s, 4Hd), 1.56 (s, 4He), 

1.33 (s, 4Hf), 1.04 – 0.56 (m, 5Hg). 

SEC: Mn = 49300 g mol-1, Mp = 78200 g mol-1, Đ = 5.21. 

DSC: Tg = -44 °C, no Tm 

TGA: T5% = 289 °C 
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Figure S7.2: 1H NMR spectra of 6HHM (top), MA6.2 (mid) and PMA6.2 (bottom) including integrals and peak 

assignments. 

2-(methacryloyloxy)ethyl methyl oxalate MA2.0 & poly[2-(methacryloyloxy)ethyl methyl 

oxalate] PMA2.0 

Synthesis of 2-(methacryloyloxy)ethyl methyl oxalate MA2.0 

The synthesis was performed in analogy to the general procedure of the esterification of an acyl 

chloride and an alcohol described in the main article. Therefore, 2-hydroxyethyl methacrylate 

(HEMA; 10.040 g, 0.077 mol, 1.00 eq.), Triethylamine (15.34 g, 0.152 mol, 1.97 eq.) and Methyl-2-

chloro-2-oxoacetate (12.250 g, 0.100 mol, 1.30 eq.) were deployed. In the washing steps during 

workup, the product was dissolved in Et2O instead of DCM. 

Yield: 15.47 g (93%), pale-yellow liquid. 
1H NMR (300 MHz, DMSO-d6) δ 6.03 (dt, J = 2.0, 1.0 Hz, 1Ha), 5.69 (h, J = 1.6 Hz, 1Hb), 4.57 – 4.46 

(m, 2Hc), 4.41 – 4.32 (m, 2Hd), 3.82 (s, 3He), 1.87 (dd, J = 1.6, 1.0 Hz, 3Hf). 

Synthesis of poly[2-(methacryloyloxy)ethyl methyl oxalate] PMA2.0 

The polymerization was performed in analogy to the general procedure of the free radical 

polymerization of acrylate and methacrylate monomers described in the main article. Therefore, 2-

(methacryloyloxy)ethyl methyl oxalate MA2.0 (15.211 g, 70.4 mmol, 1.00 eq.) and AIBN (0.116 g, 
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0.71 mmol, 0.01 eq.) were deployed. The reactants were dissolved in 1,4-Dioxan (125 g) to adjust a 

monomer-concentration of ca. 10 wt%. After 24 h, ca. 88% conversion was obtained. The polymer 

was purified by precipitation in n-Hexane. 

Yield: 11.53 g (76 %); clear, amorphous yellow rigid polymer 
1H NMR (300 MHz, DMSO-d6) δ 6.03 (dt, J = 2.0, 1.0 Hz, 1Ha), 5.69 (h, J = 1.6 Hz, 1Hb), 4.57 – 4.46 

(m, 2Hc), 4.41 – 4.32 (m, 2Hd), 3.82 (s, 3He), 1.87 (dd, J = 1.6, 1.0 Hz, 3Hf). 

SEC: Mn = 15600 g mol-1, Mp = 27100 g mol-1, Đ = 2.12. 

DSC: Tg = 32 °C, no Tm 

TGA: T5% = 224 °C 

Figure S7.3: 1H NMR spectra of MA2.0 (top) and PMA2.0 (bottom) including integrals and peak assignments. 

2-(methacryloyloxy)ethyl methyl malonate MA2.1 & poly[2-(methacryloyloxy)ethyl 

methyl malonate] PMA2.1 

Synthesis of 2-(methacryloyloxy)ethyl methyl malonate MA2.1 

The synthesis was performed in analogy to the general procedure of the esterification of an acyl 

chloride and an alcohol described in the main article. Therefore, 2-hydroxyethyl methacrylate 

(HEMA; 10.010 g, 0.077 mol, 1.00 eq.), Triethylamine (15.07 g, 0.149 mol, 1.94 eq.) and Methyl-3-

chloro-3-oxopropionate (12.270 g, 0.090 mol, 1.17 eq.) were deployed. In the washing steps during 
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workup, the product was dissolved in Et2O instead of DCM. 

Yield: 13.92 g (79%), pale-yellow liquid. 
1H NMR (300 MHz, DMSO-d6) δ 6.04 (dq, J = 1.9, 1.0 Hz, 1Ha), 5.71 (p, J = 1.6 Hz, 1Hb), 4.40 – 4.32 

(m, 2Hc), 4.32 – 4.26 (m, 2Hd), 3.63 (s, 3He), 3.55 (s, 2Hf), 1.88 (dd, J = 1.6, 1.0 Hz, 3Hg). 

Synthesis of poly[2-(methacryloyloxy)ethyl methyl malonate] PMA2.1 

The polymerization was performed in analogy to the general procedure of the free radical 

polymerization of acrylate and methacrylate monomers described in the main article. Therefore, 2-

(methacryloyloxy)ethyl methyl malonate MA2.1 (13.920 g, 60.5 mmol, 1.00 eq.) and AIBN (0.100 g, 

0.61 mmol, 0.01 eq.) were deployed. The reactants were dissolved in 1,4-Dioxan (130 g) to adjust a 

monomer-concentration of ca. 10 wt%. After 24 h, ca. 87% conversion was obtained. The polymer 

was purified by precipitation in n-Hexane. 

Yield: 10.75 g (77 %); clear, amorphous yellow/brown rigid polymer 
1H NMR (300 MHz, DMSO-d6) δ 4.30 (s, 2Ha), 4.11 (s, 2Hb), 3.67 (d, J = 2.1 Hz, 3Hc), 3.59 – 3.48 (m, 

2Hd), 2.10 – 1.58 (m, 3He), 0.85 (d, J = 53.3 Hz, 2Hf). 

SEC: Mn = 16500 g mol-1, Mp = 35400 g mol-1, Đ = 2.83. 

DSC: Tg = 0 °C, no Tm 

TGA: T5% = 228 °C 
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Figure S7.4: 1H NMR spectra of MA2.1 (top) and PMA2.1 (bottom) including integrals and peak assignments. 

2-(methacryloyloxy)ethyl methyl succinate MA2.2 & poly[2-(methacryloyloxy)ethyl 

methyl succinate] PMA2.2 

Synthesis of 2-(methacryloyloxy)ethyl methyl succinate MA2.2 

The synthesis was performed in analogy to the general procedure of the esterification of an acyl 

chloride and an alcohol described in the main article. Therefore, 2-Hydroxyethyl methacrylate 

(HEMA; 10.030 g, 0.077 mol, 1.00 eq.), Triethylamine (16.00 g, 0.158 mol, 2.05 eq.) and Methyl-4-

chloro-4-oxobutyrate (15.200 g, 0.101 mol, 1.31 eq.) were deployed. In the washing steps during 

workup, the product was dissolved in Et2O instead of DCM. 

Yield: 15.27 g (81%), pale-yellow liquid. 
1H NMR (300 MHz, DMSO-d6) δ 6.03 (dq, J = 2.1, 1.0 Hz, 1Ha), 5.70 (dq, J = 1.6 Hz, 1Hb), 4.28 (s, 

4Hc), 3.58 (s, 3Hd), 2.62 – 2.53 (m, 4He), 1.88 (dd, J = 1.6, 1.0 Hz, 3Hf). 

Synthesis of poly[2-(methacryloyloxy)ethyl methyl succinate] PMA2.2 

The polymerization was performed in analogy to the general procedure of the free radical 

polymerization of acrylate and methacrylate monomers described in the main article. Therefore, 2-

(methacryloyloxy)ethyl methyl succinate MA2.2 (15.270 g, 62.5 mmol, 1.00 eq.) and AIBN (0.102 g, 

0.62 mmol, 0.01 eq.) were deployed. The reactants were dissolved in 1,4-Dioxan (120 g) to adjust a 
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monomer-concentration of ca. 10 wt%. After 24 h, ca. 85% conversion was obtained. The polymer 

was purified by precipitation in n-Hexane. 

Yield: 11.15 g (73 %); clear, amorphous yellow/brown viscous polymer 
1H NMR (300 MHz, DMSO-d6) δ 4.23 (s, 2Ha), 4.09 (s, 2Hb), 3.60 (s, 3Hc), 2.58 (s, 4Hd), 1.77 (s, 3He), 

0.86 (d, J = 53.3 Hz, 2Hf). 

SEC: Mn = 19100 g mol-1, Mp = 35100 g mol-1, Đ = 2.62. 

DSC: Tg = -7 °C, no Tm 

TGA: T5% = 262 °C 

Figure S7.5: 1H NMR spectra of MA2.2 (top) and PMA2.2 (bottom) including integrals and peak assignments. 

4-(acryloyloxy)butyl methyl succinate A4.2 & poly[4-(acryloyloxy)butyl methyl 

succinate] PA4.2 

Synthesis of 4-(acryloyloxy)butyl methyl succinate A4.2 

The synthesis was performed in analogy to the general procedure of the esterification of an acyl 

chloride and an alcohol described in the main article. Therefore, 4-Hydroxybutyl acrylate (11.530 g, 

0.080 mol, 1.00 eq.), Pyridine (12.74 g, 0.161 mol, 2.01 eq.) and Methyl-4-chloro-4-oxobutyrate 

(14.520 g, 0.096 mol, 1.21 eq.) were deployed. In the washing steps during workup, the product was 
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dissolved in Et2O instead of DCM. 

Yield: 13.15 g (64%), clear colorless liquid. 
1H NMR (300 MHz, DMSO-d6) δ 6.33 (dd, J = 17.3, 1.8 Hz, 1Ha), 6.17 (dd, J = 17.2, 10.1 Hz, 1Hb), 

5.94 (dd, J = 10.2, 1.8 Hz, 1Hc), 4.11 (t, J = 6.0 Hz, 2Hd), 4.04 (t, J = 6.0 Hz, 2He), 3.59 (s, 3Hf), 2.55 

(s, 4Hg), 1.64 (hept, J = 2.9 Hz, 4Hh). 

Synthesis of poly[4-(acryloyloxy)butyl methyl succinate] PA4.2 

The polymerization was performed in analogy to the general procedure of the free radical 

polymerization of acrylate and methacrylate monomers described in the main article. Therefore, 4-

(acryloyloxy)butyl methyl succinate A4.2 (13.150 g, 50.9 mmol, 1.00 eq.) and AIBN (0.084 g, 

0.51 mmol, 0.01 eq.) were deployed. The reactants were dissolved in 1,4-Dioxan (15 g) to adjust a 

monomer-concentration of ca. 50 wt%. After 24 h, full conversion (>99%) was obtained. The 

polymer was purified by precipitation in Et2O and n-Hexane. 

Yield: 12.36 g (94 %); clear, amorphous colorless low-viscous polymer 
1H NMR (300 MHz, DMSO-d6) δ 4.02 (s, 4Ha), 3.58 (s, 3Hb), 2.54 (s, 4Hc), 1.60 (s, 4Hd). 

SEC: Mn = 96800 g mol-1, Mp = 144100 g mol-1, Đ = 2.71. 

DSC: Tg = -42 °C, no Tm 

TGA: T5% = 349 °C 
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Figure S7.6: 1H NMR spectra of A4.2 (top) and PA4.2 (bottom) including integrals and peak assignments. 

4-(acryloyloxy)butyl methyl adipate A4.4 & poly[4-(acryloyloxy)butyl methyl adipate] 

PA4.4 

Synthesis of 4-(acryloyloxy)butyl methyl adipate A4.4 

The synthesis was performed in analogy to the general procedure of the esterification of an acyl 

chloride and an alcohol described in the main article. Therefore, 4-Hydroxybutyl acrylate (13.603 g, 

0.094 mol, 1.00 eq.), Pyridine (15.64 g, 0.198 mol, 2.10 eq.) and Methyl-6-chloro-6-oxohexanoate 

(Methyladipoylchloride; 19.310 g, 0.108 mol, 1.15 eq.) were deployed. In the washing steps during 

workup, the product was dissolved in Et2O instead of DCM. 

Yield: 24.31 g (90%), clear colorless liquid. 
1H NMR (300 MHz, DMSO-d6) δ 6.33 (dd, J = 17.2, 1.8 Hz, 1Ha), 6.17 (dd, J = 17.2, 10.2 Hz, 1Hb), 

5.94 (dd, J = 10.2, 1.8 Hz, 1Hc), 4.11 (t, J = 6.0 Hz, 2Hd), 4.03 (t, J = 6.0 Hz, 2He), 3.58 (s, 3Hf), 2.37 – 

2.22 (m, 4Hg), 1.73 – 1.58 (m, 4Hh), 1.56 – 1.44 (m, 4Hi). 

Synthesis of poly[4-(acryloyloxy)butyl methyl adipate] PA4.4 

The polymerization was performed in analogy to the general procedure of the free radical 

polymerization of acrylate and methacrylate monomers described in the main article. Therefore, 4-

(acryloyloxy)butyl methyl adipate A4.4 (18.300 g, 63.9 mmol, 1.00 eq.) and AIBN (0.105 g, 
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0.564 mmol, 0.01 eq.) were deployed. The reactants were dissolved in 1,4-Dioxan (275 g) to adjust a 

monomer-concentration of ca. 5 wt%. After 24 h, ca. 93% conversion was obtained. The polymer 

was purified by precipitation in n-Hexane and MeOH. 

Yield: 15.92 g (87 %); clear, amorphous colorless very-low-viscous polymer 
1H NMR (300 MHz, DMSO-d 

6) δ 4.00 (s, 4Ha), 3.56 (s, 3Hb), 2.28 (s, 4Hc), 1.55 (s, 8Hd,e).

SEC: Mn = 6900 g mol-1, Mp = 7600 g mol-1, Đ = 2.52.

DSC: Tg = -58 °C, no Tm 

TGA: T5% = 362°C

Figure S7.7: 1H NMR spectra of A4.4 (top) and PA4.4 (bottom) including integrals and peak assignments. 

Poly(butyl acrylate) PBA1 & PBA2 

Synthesis of poly(butyl acrylate) 1 PBA1 

The polymerization was performed in analogy to the above described general procedure of the free 

radical polymerization of acrylate and methacrylate monomers. Therefore, butyl acrylate (15.030 g, 

117.3 mmol, 1.00 eq.) and AIBN (0.192 g, 1.17 mmol, 0.01 eq.) were deployed. The reactants were 

dissolved in 1,4-Dioxan (150 g) to adjust a monomer-concentration of ca. 9 wt%. After 24 h, full 
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conversion was obtained. As no further impurities could be detected, the product was only dried 

during workup. 

Yield: 15.01 g (>99 %); clear, amorphous colorless low-viscous polymer 
1H NMR (300 MHz, Chloroform-d) δ 4.04 (t, 2Ha), 2.29 (s, 1Hb), 1.90 (s, 1Hc), 1.60 (p, J = 7.1 Hz, 

3Hd+e), 1.38 (h, J = 7.2 Hz, 2Hf), 0.95 (t, J = 7.3 Hz, 3Hg). 

SEC: Mn = 10700 g mol-1, Mp = 34500 g mol-1, Đ = 3.19. 

DSC: Tg = -50 °C, no Tm 

TGA: T5% = 295 °C 

Synthesis of poly(butyl acrylate) 2 PBA2 

The polymerization was performed in analogy to the above described general procedure of the free 

radical polymerization of acrylate and methacrylate monomers. Therefore, butyl acrylate (15.080 g, 

117.7 mmol, 1.00 eq.) and AIBN (0.191 g, 1.17 mmol, 0.01 eq.) were deployed. The reactants were 

dissolved in 1,4-Dioxan (75 g) to adjust a monomer-concentration of ca. 17 wt%. After 24 h, full 

conversion was obtained. As no further impurities could be detected, the product was only dried 

during workup. 

Yield: 15.04 g (>99 %); clear, amorphous colorless low-viscous polymer 
1H NMR (300 MHz, Chloroform-d) δ 4.16 – 3.91 (t, 2Ha), 2.27 (s, 1Hb), 1.90 (s, 1Hc), 1.59 (p, J = 7.2 

Hz, 3Hd+e), 1.36 (h, J = 7.6 Hz, 2Hf), 0.93 (t, J = 7.4 Hz, 3Hg). 

SEC: Mn = 21500 g mol-1, Mp = 69900 g mol-1, Đ = 4.17. 

DSC: Tg = -50 °C, no Tm 

TGA: T5% = 295 °C 
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Figure S7.8: 1H NMR spectra of PBA1 (top) and PBA2 (bottom) including integrals and peak assignments. 

Electrochemical measurements 

Preparation of solid polymer electrolytes (SPE) 

The respective amounts of polymer and salt were weighed out separately and dissolved each in a 

small amount of dry acetonitrile. In the case of LiTFSI, this was carried out quickly under air, while 

for the highly hygroscopic LiFSI the procedure was performed under argon in an inert glovebox 

atmosphere. 

☐ For pristine SPE, both solutions were then mixed in small sample vials and the solvent was

removed under stirring on a hotplate (70 °C).

☐ In the case of TiO2 nanoparticles (P25) ceramic-in-polymer SPEs, a corresponding amount

of 10 wt% of the nanopowder was weighed out and dispersed in dry acetonitrile (ca. 150 mg

P25 to ca. 5 mL CH3CN) using an ultrasonicator for ca. 2h. The solutions of polymer and

lithium salt (summing up to the remaining 90 wt%) were slowly added to the P25 dispersion

under stirring. Consequently, the solvent was removed on a hotplate (70 °C) until a highly

viscous mass was obtained (in the case of LiFSI this was performed inside the glovebox).

In the case of the LiFSI mixtures, a custom-made glass evacuation chamber on top of the stirrer was 

used for solvent-removal inside the glovebox. All samples were finally dried in a drying oven outside 
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the glovebox at at least 80 °C in high vacuum for at least one day and after that stored in the glovebox 

until electrochemical test cells were fabricated. 

Electrochemical characterization 

All electrochemical experiments were carried out on a BioLogic VMP-300® potentiostat using the 

measurement software EC-Lab V11.26. All impedance spectra measured during this study were 

reconstructed with extended Distribution of Relaxation Times (eDRT) using the software ec–idea, 

which is described elsewhere.[3,4] Fitting parameters: Number of time constants: 159, 3-fold number 

of measured frequencies, extended upper time constant limit by 1 decade, extended lower time 

constant limit by 1 decade, Regularization parameter: 0.1. 

The temperature-dependent measurements were performed inside a Vötsch VT 4002® temperature 

chamber. All preparations and cell fabrication were conducted in an argon-filled inert glovebox 

utilizing a copper catalyst for gas purification (H2O < 0.1 ppm and O2 < 1 ppm). 

Ionic conductivity 

The ionic conductivities of all SPES were determined by electrochemical impedance spectroscopy 

(EIS) in the frequency range of 3 MHz to 1Hz with a sinusoidal amplitude of 20 mV. Therefore, the 

electrolytes were sandwiched between stainless-steel electrodes (StSt|SPE|StSt). The temperature-

dependent impedance was recorded at temperatures ranging from 80 °C to 25 °C and the ionic 

conductivity values (σ) were calculated from the bulk resistance of the electrolyte (RΩ), thickness of 

the electrolyte (l) and the area of the electrode (A) at each temperature as follows: 

𝜎𝜎 =
𝑙𝑙

𝑅𝑅Ω𝐴𝐴
. (7.3) 

The ionic conductivity values in the Arrhenius plots were fitted by a VTF fit: 

𝜎𝜎 =
𝐴𝐴

√𝑅𝑅
∙  𝑒𝑒𝑒𝑒𝑒𝑒

� −𝐸𝐸a
𝑅𝑅(𝑇𝑇−𝑇𝑇0)�

, (7.4) 

where A is a pre-exponential factor, Ea describes the activation energy, R is the universal gas constant 

and T0 is the zero-mobility temperature.[5,6] 

Electrochemical stability (LSV) 

The electrochemical stability was examined using linear sweep voltammetry at 70 ˚C. Therefore, 

CR2032 coin cells with an asymmetric two-electrode setup (StSt|SPE|Li) were assembled. The 

stainless-steel plate acts as working electrode and the Li metal foil as counter and reference electrode. 

During the measurement, the potential is swept from 0 to 6 V vs. Li/Li+ at a constant scan rate of 0.1 

mV s–1. 
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Fabrication of the symmetric Li|SPE|Li cells 

Outside of the glovebox, discs of 14 mm diameter were punched out of a porous 8 µm track-etched 

PI membrane (19 % porosity) and clamped within a self-made holder providing free access to both 

sides. The membrane was soaked and impregnated on both sides with a solution of the SPE in 

acetonitrile and then put into a vacuum drying furnace (still inside the holder) where it was dried 

over night at 80 °C. The dried disc was then transferred into the glovebox and sandwiched between 

two discs of lithium metal foil (thickness: 380 µm, diameter: 14 mm). Finally, the coin cell is 

assembled and sealed. 

Lithium transport number (tLi
+) 

The lithium-ion transport number (tLi+) of the electrolytes was studied using a combination of EIS 

and chronoamperometry (CA) in symmetric lithium cells (Li|SPE|Li), referred to as the Bruce and 

Vincent method.[7] Prior to the measurements the cells were stabilized for 12 h at 70 °C to optimize 

the contact between the electrode and the electrolyte. Thereafter, impedance spectra were recorded 

in the frequency range of 3 MHz to 0.1 Hz with a sinusoidal amplitude of 20 mV, followed by a CA 

interval applying a DC potential of Ei = 50 mV until steady-state current was obtained. After the DC 

polarization, another impedance spectrum was recorded. The lithium-ion transport number was 

then calculated according to the following formula: 

𝑡𝑡Li+ =
(𝐼𝐼ss�∆𝑉𝑉 − 𝐼𝐼0𝑅𝑅i,0�)
(𝐼𝐼0�∆𝑉𝑉 − 𝐼𝐼ss𝑅𝑅i,ss�)

, (7.5) 

where I0 and Iss are the initial and steady-state currents, respectively, within the CA step, while ΔV is 

the applied potential. Ri,0 and Ri,ss are the initial and steady-state interfacial resistances calculated 

from the impedance spectra of the cell before and after polarization. 

Galvanostatic cycling / lithium plating and stripping 

Lithium plating and stripping was investigated by galvanostatic cycling of symmetric Li|SPE|Li cells 

with a constant current density of 0.53 mA cm-2 at 70 °C and at 40 °C. The duration of each cycle 

was 2 h (1h each for charge/discharge, respectively). After every 25 cycles at 70°C and after every 20 

cycles at 40 °C, the impedance was measured to analyze the interfacial resistance. 

Preparation of the LiFePO4 (LFP) cathodes and battery cells 

The electrode was prepared using 

☐ standard LFP as the active material,  

☐ Super P carbon and conductive graphite as the electron conducting medium and 

☐ Polyvinylidene fluoride (PVDF; in LFP1), PA4.4 (in LFP2) or PA4.4+ PVDF (in LFP3) as 

the ion conducting matrix. 
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The cathode mixtures were prepared using acetonitrile (CH3CN) and N-Methyl-2-pyrrolidone 

(NMP) as solvents. The weight proportions of all components are displayed in Table S2. The 

mixtures were ball milled for 2 h to get homogenous slurries and subsequently cast onto a carbon-

coated aluminum current collector by doctor blading. The resulting electrode film was dried in vacuo 

overnight at 80 °C. After cooling down to room temperature, the electrodes were densified by a 

calendering process, punched into discs of 14 mm diameter by a disc cutter and then applied in the 

cell fabrication. The absolute mass of active material (LFP) loading in the cathodes is also provided 

in the Table S7.2. 

Table S7.2: Cathode compositions of LFP1, LFP2 and LFP3 comprising components and composition, calendering 

procedure, solvents and absolute LFP mass loading. 

 Components Composition Calendering 
CH3CN + 
NMP / ml 

LFP 
loading 

/ mg 

LFP1 LFP|CB|CG|PVDF 80|7|3|10 yes 3.5 3.7 

LFP2 LFP|CB|CG|PA4.4|
LiFSI 

63|4.9|2.1|7.5|22.5 no 3 + 0.5 5.2 

LFP3 LFP|CB|CG|PA4.4|
PVDF|LiFSI 

63|4.9|2.1|5.25|9|15.75 yes 2 + 1.5 4.0 

Outside of the glovebox, discs of 14 mm diameter were punched out of a porous 8 µm track-etched 

PI membrane (19 % porosity), placed on a glass slide and heated to 100 °C on a hot plate. Meanwhile, 

a 14 mm cathode (prepared as described above) was placed in the bottom part of a CR2032 coin cell. 

The heated PI membrane is then soaked with a thin layer of the PA4-25F-NP SPE dissolved in 

acetonitrile, after which the solvent is partly removed for ca. 2 minutes. The porous membrane is 

then placed onto the cathode facing it with the electrode-coated side. Care is taken to avoid solvent 

reaching the cathode slurry. After the coin cell is placed onto the hot plate, the now top (uncoated) 

side of the PI membrane is then also impregnated with electrolyte solution. This half cell setup is 

placed in the vacuum oven over night at 80 °C to remove all acetonitrile traces. After that, it is 

transferred into the glovebox, where a disc of lithium metal foil (thickness: 380 µm, diameter: 

14 mm) is placed on top of the membrane. Finally, the coin cell is assembled and sealed. 

Battery cell cycling 

Galvanostatic cycling of the assembled battery cells was performed between 2.5 and 4.2 V in different 

experiments: Rate capability performance tests were carried out using cells with LFP1, LFP2 and 

LFP3 cathodes at 70 °C for C-rates of 0.2, 0.5, 1.0, 2.0, 1.0, 0.5 and 0.2 in this order (5 cycles each). 

Long-term cycling was performed using cells with LFP1, LFP2 and LFP3 cathodes at 70 °C and 1C 

for 100 cycles and additionally with LFP3 cells at 70 °C and 2C for 300 cycles. Moreover, long-term 

cycling using cells with a LFP3 cathode was performed at 40 °C and 0.1C for 50 cycles.  
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Table S7.3: Initial discharge capacities of the Li|PA4.4-25F-NP|LFPx battery cells with three different cathode 

compositions (LFP1, LFP2, LFP3) at various C-rates. 

C-rate LFP1 / mAh g-1 LFP2 / mAh g-1 LFP3 / mAh g-1 
0.2 143 145 152 
0.5 121 122 136 
1 91 101 118 
2 66 76 105 

0.2 134 132 144 

SEC 
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 PMA2.0
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Figure S7.9: SEC curves (eluent: THF + 0.25 wt% TBAB, PS standard) of (a) all (meth)acrylate diester polymers synthesized 

in this work and (b) PBA1 and PBA2 reference polymers. 
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Figure S7.10: DSC curves (2nd heating and cooling, 10 K min-1) of (a) PMA2.0 and PMA 2.0-25T, (b) PMA2.1 and PMA2.1-

25T, (c) PMA2.2 and PMA2.2-25T, (d) PMA4.2, PMA 4.2-10T and PMA4.2-25T, (e) PMA4.2-50T, PMA4.2-70T and 

PMA4.2-80T, (f) PMA6.2 and PMA6.2-25T, (g) PA4.2, PA4.2-25T and PA4.2-25T-NP, (h) PA4.4 and PA4.4-25T, (i) PCl 

and PCl-25T and (j) PA4.2-25F-NP and PA4.4-25F-NP. 
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Figure S7.11: TGA curves of (a) all methacrylate-based diester polymers and (b) all acrylate based diester polymers 

(including reference polymers PBA1 + PBA2) synthesized in this study. 
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Ionic conductivity – Arrhenius plots 
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Figure S7.12: Arrhenius-plots of the ionic conductivity and corresponding VTF fits of (a) PMA4.2 SPEs with different 

amounts of LiTFSI salt (10, 25, 50, 70 and 80 wt%, screening of salt concentration), (b) PMA2.0-25T, PMA2.1-25T and 

PMA2.2-25T (screening of the diester spacer length y), (c) PMA2.2-25T, PMA4.2-25T and PMA6.2-25T (screening of the 

spacer length x between polymer backbone and diester group), (d) PA4.2-25T and PMA4.2-25T (methacrylate vs. acrylate 

backbone), (e) PA4.2-25T and PA4.2-25T-NP (influence of the TiO2 nanoparticles), (f) PA4.2-25T and PA4.4-25T 

(influence of additional Tg decrease by larger diester spacer), (g) comparison of the highest-conducting diester in this study 

PA4.4-25T with the reference SPEs PCl-25T and PBA1-25T and (h) PA4.2-25F-NP and PA4.4-25F-NP (LiFSI instead of 

LiTFSI). 
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Ionic conductivity – VTF plots 
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Figure S7.13: Values of the Ionic conductivity as VTF plots including their VTF fits for (a) PMA4.2 SPEs with 10, 25, 50, 

70 and 80 wt% LiTFSI, (b) PMA2.0-25T, PMA2.1-25T, PMA2.2-25T, PMA6.2-25T, (c) PA4.2-25T, PA4.2-25T-NP, PA4.4-

25T, PBA1-25T and (d) PA4.2-25F-NP and PA4.4-25F-NP. 

Table S7.4: Slope and activation energies Ea derived from the VTF fits displayed in Figure S7.13 for all polymers measured 

in this work. 

Electrolyte Slope / K Ea / kJ mol-1 
PMA4.2-10T 1286.5 10.7 
PMA4.2-25T 1220.4 10.1 
PMA4.2-50T 1195 9.9 
PMA4.2-70T 1092.4 9.1 
PMA4.2-80T 1472.1 12.2 
PMA2.0-25T 873.23 7.3 
PMA2.1-25T 923.26 7.7 
PMA2.2-25T 1338.9 11.1 
PMA6.2-25T 1302.5 10.8 
PA4.2-25T 1249.1 10.4 
PA4.2-25T-NP 1230.6 10.2 
PA4.4-25T 1221.5 10.2 
PBA1-25T 996.16 8.3 
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Lithium transport number 

 
Figure S7.14: Nyquist plots (squares are measured points) and the corresponding eDRT fits (solid lines) of EIS 

measurements using symmetrical Li|SPE|Li cells, measured before and after chronoamperometrical polarization at 10 mV 

and 70 °C for the determination of the lithium transport number tLi+ (inset: current vs. time during the CA polarization) 

for (a) PCl-25T, (b) PMA4.2-25T, (c) PA4.2-25T, (d) PA4.2-25T-NP, (e) PA4.2-25F-NP and (f) PA4.4-25F-NP. The value 

of tLi+ determined by the method after Bruce and Vincent is displayed. 
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Galvanostatic cycling/lithium plating and stripping 
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Figure S7.15: Nyquist plots (squares are measured points) and the corresponding eDRT fits (solid lines) of EIS 

measurements using symmetrical Li|SPE|Li cells, measured before (cycle 0) and during galvanostatic cycling after every 25 

cycles until failure of the cell as well as the corresponding e-DRT plots for (a/b) PA4.2-25T, (c/d) PA4.2-25T-NP, (e/f) 

PA4.2-25F-NP and (g/h) PA4.4-25F-NP. 
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Linear sweep voltammetry (LSV) 

 
Figure S7.16: (a) Linear sweep voltammetry profiles (0-6 V vs. Li/Li+) of PA4.4-25T, PMA4.2-25T and PCl-25T SPEs. (b) 

Magnified LSV profiles of (a). 
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 Appendix 

All preparations, cell assembling, and disassembling were performed in a MBRAUN LABstar 50® 

argon-filled glove box equipped with a copper catalyst for gas purification and an activated-carbon 

filter for solvent adsorption unless otherwise stated (H2O < 0.1 ppm and O2 < 1 ppm). All 

electrochemical measurements were performed on a BioLogic VMP300® potentiostat working with 

the software EC-Lab V11.33. The precise description of the measurement protocols is based on this 

software. CR2032 (20 mm diameter, 3.2 mm height) type coin cells were used, consisting of a bottom 

case, a top case with gasket, an electrode|solid polymer electrolyte (SPE)|electrode assembly, and a 

wave spring to apply uniform pressure on the cell. The temperature was controlled by a Vötsch VT 

4002® climate chamber and an Memmert UF75plus® oven. The cells were closed and hermetically 

sealed by pressing at room temperature using an electric pressure-controlled coin cell crimping 

machine (MSK-160D, MTI)  

8.1 Preparation of solid polymer electrolytes (SPEs) and LFP cathodes 

8.1.1 Preparation of SPEs in the melt 

Mixtures of polymer and lithium salt were molten in a glass vial on a hot plate using a magnetic 

stirring bar at 90 °C (for linear PEGs) and 150 °C (for graft copolymers) for at least one hour until a 

homogenous transparent melt was obtained. For the electrochemical characterizations, 10-30 µl of 

the melt were transferred to the cell (cavity of the spacer) using a Gilson MICROMAN® E with a 

capillary piston. 

8.1.2 Preparation of SPEs in solution 

For pristine SPEs, both solutions in dry acetonitrile were mixed in small sample vials and the solvent 

was removed under stirring on a hotplate (70 °C). In the case of TiO2 nanoparticles (P25) ceramic-

in-polymer SPEs, a corresponding amount of 10 wt% of the nanopowder was dispersed in dry 

acetonitrile using an ultrasonicator for ca. 1 h. The solutions of polymer and lithium salt (LiTFSI) 

(summing up to the remaining 90 wt%) were slowly added to the P25 dispersion under stirring. The 

solvent was removed on a hotplate (70 °C) until a highly viscous mass was obtained (in the case of 

LiFSI inside the glovebox). All samples were finally dried under vacuum at ≥ 80 °C for at least one 

day and stored in the glovebox until electrochemical test cells were fabricated. 

8.1.3 Preparation of LFP cathodes 

LFP cathodes, consisting of different amounts of LiFePO4 as active material, super P carbon (CB) 

and conductive graphite (CG) as electron conducting media, and poly(vinylidene fluoride) (PVDF) 

as well as different types of SPEs as ion conducting matrix. The cathode mixtures were prepared 
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using acetonitrile and N-Methyl-2-pyrrolidone (NMP) as solvents. The mixtures were ball milled 

for 2 h to get homogenous slurries and subsequently cast onto a carbon-coated aluminum current 

collector by doctor blading. The resulting electrode film was dried in vacuo overnight at 60 °C (PEO-

based SPEs) and 80 °C (Beyond PEO SPEs). After cooling down to room temperature, the electrodes 

were densified by a calendering process, punched into discs of 14 mm diameter by a disc cutter and 

then applied in the cell fabrication. The absolute mass (in mg) of active material (LFP) loading in 

the cathodes is calculated for each cell prior to cell fabrication, assembly, and measurement as the 

mass fraction (wt%) of the absolute mass of the dry cathode disc. The value is also given with respect 

to the active surface area of the cathode (in mg cm-2) 

8.2 Electrochemical measurements 

8.2.1 Ionic conductivity using EIS 

The overall ionic conductivities σ of all SPEs were determined via electrochemical impedance 

spectroscopy in potentiostatic mode (PEIS). Symmetrical stainless steel StSt|SPE|StSt CR2032 coin 

cells (l ≈ 130 to 500 µm, Aactive ≈ 3.1 to 13 mm2) in two-electrode configuration were assembled and 

hermetically sealed. The SPE was transferred in a 0.2 to 0.4 cm hole of a 130 µm thick Kapton® (or 

500 µm thick Teflon®) spacer, defining the active surface area (Aactive) of the cell. This was located on 

a 500 µm thick stainless steel blocking electrode with a diameter of d = 15.5 mm located in the top 

case with gasket. Another stainless steel blocking electrode with the same diameter and thickness 

was then placed on top of the electrolyte-spacer assembly, followed by the wave spring and the 

bottom case. Before (without SPE and Kapton® spacer) and after each measurement the overall 

thickness was measured to monitor the electrolyte thickness (l). The assembly is shown in Figure 

8.1. 
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Figure 8.1: Assembly of a symmetrical StSt|SPE|StSt blocking electrode cell setup in two-electrode configuration with a 

l ≈ 130 µm thick Kapton® spacer and Aactive ≈ 13 mm2 for PEIS measurement. 

After transferring the cells to the climate chamber/oven, they were mounted into a custom-made 

coin cell rack and connected to the potentiostat. PEIS measurements were performed by applying a 

sinusoidal potential of Va = 20 mV with frequencies from fi = 3 MHz to ff = 1 Hz. 7 steps per decade 

Nd were recorded in logarithmic spacing including a wait period before each frequency of pw = 0.2 s 

and an average measure per frequency of Na = 5. Drift correction was applied within an E range 

of -10 - 10 V (resolution: 305.18 µV) and a medium bandwidth (damping factor) of 5. The 

temperature program consisted of an initial annealing/equilibration step at 60 °C for tr = 3 h to 

ensure a good contact between the electrodes and the electrolyte. During that time an open circuit 

voltage (OCV, cell is disconnected from the power amplifier without any possible current flow 

from/to the cell or potential applied to the cell) measurement was performed (Ewe was recorded every 

dtr = 60 s). Subsequently, impedance spectra were recorded at 60 °C, 80 °C, 70 °C, 60 °C, 50 °C, 

40 °C, 30 °C and 25 °C, including an annealing period at the specified temperature of 1.5 h before 

each measurement for thermal equilibration. The temperature ramp duration between the PEIS 

measurements and annealing steps was 15 min. Each SPE was measured in at least three independent 

experiments. 

8.2.2 Lithium transport number using chronoamperometry and EIS 

Symmetrical lithium Li|SPE|Li CR2032 coin cells (l ≈ 8 to 130 µm, A ≈ 13 to 29 mm2) in two-

electrode configuration were assembled and hermetically sealed (Figure 8.2). The SPE was either 

transferred in a 0.4 cm (Aactive ≈ 13 mm2) hole of a 130 µm thick Kapton® spacer (a) or soaked and 
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impregnated inside a l ≈ 8 µm thick track-etched porous polyimide (PI) membrane (porosity ≈ 19%, 

Aactive ≈ 29 mm2) (b). For the latter, a solution (or dispersion in the case of TiO2 NP-containing SPEs) 

of the SPE in acetonitrile was drop-cast on both sides of the membrane clamped within a self-made 

holder followed by a drying step in the vacuum oven overnight at 80°C. This was placed on a 380 µm 

thick lithium non-blocking electrode with a diameter of d = 14 mm as well as a 500 μm thick stainless 

spacer located in the top case with gasket. Another lithium non-blocking electrode with the same 

diameter and thickness was then placed on top of the electrolyte-spacer or electrolyte-membrane 

assembly, followed by a 500 μm thick stainless spacer (for equal distribution of the spring pressure), 

the wave spring and the bottom case. 

 
Figure 8.2: Assembly of symmetrical Li|SPE|Li non-blocking electrode cell setups in two-electrode configuration with (a) 

a l ≈ 130 µm thick Kapton® spacer (Aactive ≈ 13 mm2) and (b) a l ≈ 8 µm thick track-etched porous polyimide (PI) membrane 

(porosity ≈ 19%, Aactive ≈ 29 mm2) soaked with SPE for PEIS and CA measurement. 

After transferring the cells to the climate chamber/oven, they were mounted into a custom-made 

coin cell rack and connected to the potentiostat. The measurement sequence consists of three steps. 

Initial PEIS measurements were performed by applying a sinusoidal potential of Va = 20 mV with 

frequencies from fi = 3 MHz to ff = 0.1 Hz. 7 steps per decade Nd were recorded in logarithmic 

spacing including a wait period before each frequency of pw = 0.2 s and an average measure per 

frequency of Na = 5. Drift correction was applied within an E range of -10 to 10 V (resolution: 

305.18 µV) and a medium bandwidth (damping factor) of 5. Subsequent chronoamperometric (CA) 

measurements were conducted by applying a direct current (DC) potential of Ei = 10 to 50 mV vs. 

Li/Li+ for 1-3 h with an E range of -2.5 to 2.5 V (resolution: 100 µV) and a medium bandwidth 

(damping factor) of 5. The current I was recorded every dl = 20 µA and dt = 10 s and the initial value 
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I0  (measured at t = 0) is found to decrease monotonically to a steady-state value Iss as a function of 

time. The temperature program consisted of an initial annealing/equilibration step at 70 °C for 

tr = 12 h to ensure a good contact between the electrodes and the electrolyte. During that time an 

OCV measurement was performed (Ewe was recorded every dtr = 60 s). 

8.2.3 Stability against lithium metal using galvanostatic cycling without potential 

limitation 

Lithium plating/stripping was measured in symmetrical Li|SPE|Li CR2032 coin cells (l ≈ 8-130 µm, 

Aactive ≈13-29 mm2) in two-electrode configuration, prepared, mounted, and connected according to 

8.2.2. The temperature program consisted of an initial annealing/equilibration step at 70 °C for 

tr = 12 h to ensure a good contact between the electrodes and the electrolyte. During that time an 

OCV measurement was performed (Ewe was recorded every dtr = 60 s). For measurements at 40 °C, 

the cells were cooled down to 40 °C within tr = 12 h. After equilibration, the measurement sequence 

started with an initial PEIS measurements using the same measurement conditions as in 8.2.2 to 

obtain an impedance spectrum before the application of a faradaic current to the cell (cycle 0). The 

cell was subsequently charged and discharged at a constant current density of j = 0.1 and 

0.53 mA cm-2 for t = 1 h (2 h for one cycle), respectively and the voltage was recorded every t = 5 s 

or Ewe = 10 mV. The E range was set between -2.5 and 2.5 V (resolution: 100 µV) and the I range was 

set to 0.1 mA with a medium bandwidth (damping factor) of 5. After every 25 cycles at 70°C and 

after every 20 cycles at 40 °C, the impedance was measured to analyze the cell resistance. 

8.2.4 Electrochemical stability using linear sweep voltammetry and cyclic voltammetry 

The LSV measurements were performed in an asymmetrical Li|SPE|StSt non-blocking electrode cell 

setup in two-electrode configuration with a l ≈ 130 µm thick Kapton® spacer (Aactive ≈ 13 mm2) to 

determine the electrochemical stability of the SPEs. StSt serves as working electrode (WE), whereas 

Li serves as counter (CE) and reference (RE) electrode. The coin cells were assembled and 

hermetically sealed (Figure 8.3). The SPE was transferred in a 0.4 cm hole of a 130 µm thick Kapton® 

spacer. This was placed on a 380 µm thick lithium non-blocking electrode with a diameter of 

d = 14 mm as well as a 500 μm thick stainless steel spacer located in the top case with gasket. A 

500 μm thick stainless steel blocking electrode was then placed on top of the electrolyte-spacer 

assembly, followed by the wave spring and the bottom case. 
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Figure 8.3: Assembly of an asymmetrical Li|SPE|StSt non-blocking electrode cell setup in two-electrode configuration with 

a l ≈ 130 µm thick Kapton® spacer (Aactive ≈ 13 mm2) for LSV measurement. StSt serves as WE (Power 1, Sense 1), whereas 

Li serves as CE and RE (Power 2, Sense 2, Sense 3) electrode. 

After transferring the cells to the climate chamber/oven, they were mounted into a custom-made 

coin cell rack and connected to the potentiostat. The measurement was conducted at 70 °C by 

scanning the WE potential from Ei = 0 V to EL = 6.0 V vs. Li/Li+ with constant sweeping rate of 

dE/dt = 0.1 mV s-1. The current I was recorded every dI = 5 µA or tI = 5 s with an E range 

of -10 to 10 V (resolution: 333.33 μV), I range: Auto, and a medium bandwidth (damping factor) of 

8. The temperature program consisted of an initial annealing/equilibration step at 70 °C for tr = 12 h 

to ensure a good contact between the electrodes and the electrolyte. During that time an OCV 

measurement was performed (Ewe was recorded every dtr = 60 s). 

CV studies were conducted in asymmetrical (a) Li|SPE|Cu and (b) Li|SPE|LFP non-blocking 

electrode cells in two-electrode configuration with a l ≈ 130 µm thick Kapton® spacer (Aactive ≈ 13 to 

113 mm2) as depicted in Figure 8.4. The coin cells were assembled and hermetically sealed. The SPE 

was transferred in a ((a), SPE melt inside the glovebox) 0.4 cm and ((b), SPE solution/dispersion 

outside the glovebox) 1.2 cm hole of a 130 µm thick Kapton® spacer (SPE solution/dispersion in 

acetonitrile drop-cast onto the ∼40 µm thick LFP cathode disc to form a cathode-supported 

electrolyte, cf. 8.2.5). Setup (b) was dried in vacuum at 80 °C overnight. The electrolyte-spacer 

assembly was placed (inside the glovebox) on a (a) 250 µm thick copper blocking electrode with a 

diameter of d = 16 mm and (b) 380 µm thick lithium non-blocking electrode with a diameter of 

d = 14 mm as well as a 500 μm thick stainless steel spacer located in the top case with gasket. A (a) 

380 µm thick lithium non-blocking electrode with a diameter of d = 14 mm and (a and b) a 500 μm 

Top case

Lithium, ⌀: 14 mm

Kapton®, ⌀outer/inner: 16/4 mm 

Bottom case

Spring

StSt, ⌀: 15.5 mm

130 µm

Sense 2
Sense 3
Power 2

Power 1
Sense 1

380 µm

SPE

StSt, ⌀: 15.5 mm



8 Appendix 

 
327 

thick stainless steel spacer was then placed on top, followed by the wave spring and the bottom case. 

 
Figure 8.4: Assembly of asymmetrical (a) Li|SPE|Cu and (b) Li|SPE|LFP non-blocking electrode cell setups in two-electrode 

configuration with a l ≈ 130 µm thick Kapton® spacer (Aactive ≈ 13-113 mm2) for CV measurement. Cu and LFP serve as 

WE (Power 1, Sense 1), whereas Li serves as CE and RE (Power 2, Sense 2, Sense 3) electrode. 

After transferring the cells to the climate chamber/oven, they were mounted into a custom-made 

coin cell rack and connected to the potentiostat. The measurement was conducted at 70 °C by 

scanning the WE potential between E1 = -0.2 V and E2 = 3.7 V for (a) and E1 = 2.5 V and E2 = 4.2 V 

for (b) vs. reference electrode (here: Ref) (Ewe = Ei = 0 V vs. EOC ≙ OCV and reverse scan towards 

Ef = 0 V vs. EOC ≙ OCV) with a scan rate of dE/dt = 0.1-1 mV s-1. The resulting current was 

measured over the last 50 % of step duration and an average value is recorded over N = 10 voltage 

steps. An E range of -10 to 10 V (resolution: 305.18 µV) with a medium bandwidth of 5 for (a) and 

an E range of 0 - 5 V (resolution: 100 µV) with a medium bandwidth of 8 for (b) was applied and the 

measurement was repeated (a) nc = 1 time and (b) nc = 4 times. The temperature program consisted 

of an initial annealing step at 70 °C for tr = 12 h in order to obtain a good contact between the 

electrolyte and electrodes. During that time an OCV measurement was performed (Ewe was recorded 

every dtr = 60 s). 

8.2.5 Charge/discharge cycling of Li metal cells using galvanostatic cycling with 

potential limitation 

Galvanostatic measurements were performed in asymmetrical Li|SPE|LFP non-blocking electrode 

cells in two-electrode configuration (l ≈ 8 to 130 µm) as illustrated in Figure 8.5a and b. The SPE was 

either (a) transferred (outside the glovebox) in a 1.2 cm hole (Aactive ≈ 113 mm2) of a 130 µm thick 
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Kapton® spacer or (b) soaked and impregnated inside a l ≈ 8 µm thick track-etched porous polyimide 

(PI) membrane (porosity ≈ 19%, Aactive ≈ 29 mm2). For the former, a solution (or dispersion in the 

case of TiO2 NP-containing SPEs) of the SPE in acetonitrile was drop-cast directly onto the LFP 

cathode disc to form a cathode-supported electrolyte. For the latter, a solution/dispersion of the SPE 

in acetonitrile was drop-cast on the PI membrane, placed on a glass slide on top of a hot plate at 

100 °C to partially remove the solvent. After several minutes, the porous membrane is then placed 

onto the LFP cathode in a CR2032 bottom case facing it with the electrolyte-coated side. After the 

coin cell is placed onto the hot plate, the now top (uncoated) side of the PI membrane is then also 

impregnated with electrolyte solution/dispersion. Both coating procedures were followed by a 

drying step in the vacuum oven overnight at 80°C. The electrolyte-spacer/membrane assembly was 

placed (inside the glovebox) on a 380 µm thick lithium non-blocking electrode with a diameter of 

d = 14 mm as well as a 500 μm thick stainless steel spacer located in the top case with gasket. A 

500 μm thick stainless steel spacer was then placed on top, followed by the wave spring and the 

bottom case. 

 
Figure 8.5: Assembly of asymmetrical Li|SPE|LFP non-blocking electrode cell setups in two-electrode configuration with 

a (a) l ≈ 130 µm thick Kapton® spacer (Aactive ≈ 113 mm2) and (b) a l ≈ 8 µm thick track-etched porous polyimide (PI) 

membrane (porosity ≈ 19%, Aactive ≈ 29 mm2) soaked with SPE for galvanostatic measurement. LFP serves as WE (Power 

1, Sense 1), whereas Li serves as CE and RE (Power 2, Sense 2, Sense 3) electrode. 

After transferring the cells to the climate chamber/oven, they were mounted into a custom-made 

coin cell rack and connected to the potentiostat. The temperature program consisted of an initial 

annealing/equilibration step at 70 °C for tr = 12 h to ensure a good contact between the electrodes 

and the electrolyte. During that time an OCV measurement was performed (Ewe was recorded every 
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dtr = 60 s). For measurements at 30 °C and 40 °C, the cells were cooled down to 40 °C within 

tr = 12 h. After equilibration, the measurements were conducted at 30 °C, 40 °C and 70 °C by an 

initial rest step (OCV measurement) for tR = 5 min and the potential was recorded every dER = 

10 mV or dtR = 100 s. The cells were subsequently charged at a constant charge/discharge rates (cf. 

1.5.6) of CT/N with N = 0.5 to 10 and I > 0 for at most t1 = 1.5 h within the potential limit of 

Ewe > EM = 4.2 V and the potential was recorded every dE1 = 10 mV or dt1 = 30 s. For the discharge 

of the cell, the current was reversed with the same constant rate (I < 0) for at most t1 = 1.5 h within 

the potential limit of Ewe < EM = 2.5 V and the potential was recorded every dE1 = 10 mV or 

dt1 = 30 s. The charge/discharge process was repeated for nc = 4 to 299 times. Before and after the 

galvanostatic cycling step, OCV measurement was performed (Ewe was recorded every dtr = 60 s) 

followed by a PEIS measurement (cf. 8.2.2). 
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