
Solid-State Potassium Metal Batteries 

– a Polymer Electrolyte Approach 

 

 

 

 

Zur Erlangung des akademischen Grades eines 

DOKTORS DER NATURWISSENSCHAFTEN 

(Dr. rer. nat.) 

von der KIT-Fakultät für Chemie und Biowissenschaften 

des Karlsruher Instituts für Technologie (KIT) 

 

genehmigte 

DISSERTATION 

von 

M. Sc. Anna Khudyshkina 

 

 

 

 

 

 

 

 

 

 

 

1. Referent: Prof. Dr. Helmut Ehrenberg  

2. Referent: Prof. Dr. Patrick Théato 

Tag der mündlichen Prüfung: 07.05.2025  



II 
 

  



III 
 

Selbständigkeitserklärung  

Hiermit versichere ich, dass ich die vorliegende Arbeit selbstständig verfasst habe, dass ich 

keine anderen als die angegebenen Quellen und Hilfsmittel benutzt habe, dass ich die wörtlich 

oder inhaltlich übernommenen Stellen als solche gekennzeichnet habe und dass ich die Satzung 

des KIT zur Sicherung guter wissenschaftlicher Praxis in der jeweils gültigen Fassung beachtet 

habe.  

 

Karlsruhe, den  

 

Anna Khudyshkina   



IV 
 

Abstract 

The diversification of battery technologies is driving post-lithium systems such as potassium-

ion batteries (KIBs) – a sustainable, low-cost alternative due to abundant potassium resources. 

However, a key challenge in KIBs is the electrolyte, which must provide stable 

electrode/electrolyte interfaces, high ionic conductivity, and mechanical strength. Liquid 

electrolytes (LEs) pose safety risks due to flammability and reactivity, causing severe side 

reactions, especially with potassium metal, resulting in rapid capacity degradation and eventual 

cell failure. In contrast, solid polymer electrolytes (SPEs) offer intrinsic chemical stability, 

thermal tolerance, mechanical integrity and high cathodic stability, making them promising 

candidates for long-term potassium metal batteries. While ion transport in Li+- and Na+-

batteries has been well studied, further investigation is needed for K+-based systems. 

In this thesis, material selection began with the most prominent example of SPE applications, 

poly(ethylene oxide) (PEO), mixed with potassium bis(trifluoromethanesulfonyl)imide 

(KTFSI), to evaluate rheological and ion transport properties. The analyses of the PEO-KTFSI 

electrolytes revealed a loss of mechanical integrity when approaching high ionic conductivities, 

highlighting the need for structural modifications. To address this, two strategies adapted from 

lithium-based systems were applied to PEO-KTFSI SPEs: the composite approach and the 

block copolymer strategy. 

Both approaches showed that the physical properties of K+-containing electrolytes were 

strongly dependent on the structure of polyether-based materials. The incorporation of 

inorganic nanofillers (Al2O3 and SiO2) enhanced the mechanical stability through nanoparticle-

ion-polymer Lewis acid-base interactions, transforming the materials from a liquid-like to a 

solid-like state. Additionally, a microphase-separated poly(vinyl benzyl methoxy poly(ethylene 

oxide) ether)-block-polystyrene (PVBmPEO-b-PS) copolymer served as a host material, 

effectively eliminating crystalline domains in PEO and allowing rapid K+ diffusion while 

maintaining the solid-like properties of the electrolytes. Furthermore, this thesis introduces for 

the first time the potential of carbonyl-containing polymer host materials for K+ conduction. 

This thesis approaches the understanding of electrode/SPE interfacial chemistry using a 

combination of electrochemical techniques. While all tested SPEs exhibited high interfacial 

resistances in symmetrical K-metal cells, the benefits of the modified electrolytes were 

demonstrated by galvanostatic cycling in K-metal/SPE/K2Fe[Fe(CN)6] cells, where 

significantly improved capacity retention (up to 99 %) and Coulombic efficiencies (CE) 

(>98 %) were observed over 100 cycles. These results highlight the potential of optimized SPEs 

for stable, high performance KIBs, advancing all-solid-state potassium metal technologies. 
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Kurzfassung 

Die Diversifizierung der Batterietechnologien treibt die Entwicklung von Post-Lithium-

Systemen wie Kalium-Ionen-Batterien (KIBs) voran – eine nachhaltige, kostengünstige 

Alternative, da Kalium im Überfluss vorhanden ist. Eine zentrale Herausforderung bei KIBs ist 

jedoch der Elektrolyt, der stabile Elektroden/Elektrolyt-Grenzflächen, hohe Ionenleitfähigkeit 

und mechanische Festigkeit bieten muss. Flüssige Elektrolyte (LEs) stellen aufgrund ihrer 

Entflammbarkeit und Reaktivität ein Sicherheitsrisiko dar und verursachen schwere 

Nebenreaktionen, insbesondere mit Kaliummetall, was zu einem schnellen Kapazitätsverlust 

und insgesamt zu einer verkürzten Batterielebensdauer führt. Im Gegensatz dazu bieten feste 

Polymerelektrolyte (Solid Polymer Electrolytes, SPEs) eine intrinsische chemische Stabilität, 

thermische Toleranz, mechanische Integrität und hohe kathodische Stabilität, was sie zu 

vielversprechenden Kandidaten für langfristige Kaliummetallbatterien macht. Während der 

Ionentransport in Li+- und Na+-Batterien gut untersucht wurde, sind für K+-basierte Systeme 

weitere Untersuchungen erforderlich. 

In dieser Arbeit begann die Materialauswahl mit dem bekanntesten Beispiel für SPE-

Anwendungen, Poly(ethylenoxid) (PEO), gemischt mit Kaliumbis(trifluormethansulfonyl)imid 

(KTFSI), um die rheologischen und Ionentransporteigenschaften zu bewerten. Die Analysen 

der PEO-KTFSI-Elektrolyte ergaben einen Verlust an mechanischer Integrität bei Annäherung 

an hohe Ionenleitfähigkeiten, was die Notwendigkeit struktureller Änderungen deutlich macht. 

Um dieses Problem anzugehen, wurden zwei Strategien, die von lithiumbasierten Systemen 

übernommen wurden, auf PEO-KTFSI SPEs angewandt: ein Kompositansatz und eine 

Blockcopolymer-Strategie. 

Beide Ansätze zeigten, dass die physikalischen Eigenschaften von K+-haltigen Elektrolyten 

stark von der strukturellen Architektur des PEO abhängig sind. Die Einbindung anorganischer 

Nanofüllstoffe (Al2O3 und SiO2) verbesserte die mechanische Stabilität durch Lewis-Säure-

Base-Wechselwirkungen zwischen Nanopartikeln, Ionen und Polymeren, wodurch die 

Materialien von einem flüssigkeitsähnlichen in einen feststoffähnlichen Zustand überführt 

wurden. Darüber hinaus diente ein mikrophasengetrenntes Poly(vinyl benzyl methoxy 

poly(ethyleneoxid) ether)-Block-Polystyrol (PVBmPEO-b-PS) Copolymer als Wirtsmaterial, 

das kristalline Domänen in PEO effektiv eliminierte und eine schnelle K+-Diffusion 

ermöglichte, während die festkörperähnlichen Eigenschaften der Elektrolyte erhalten blieben. 

Darüber hinaus wird in dieser Arbeit zum ersten Mal das Potenzial carbonylhaltiger Polymer-

Wirtsmaterialien für die K+-Leitung vorgestellt. 
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Diese Arbeit nähert sich dem Verständnis der Elektroden/SPE-Grenzflächenchemie durch eine 

Kombination elektrochemischer Techniken. Während alle getesteten SPEs in symmetrischen 

K-Metall-Zellen hohe Grenzflächenwiderstände aufwiesen, wurden die Vorteile der 

modifizierten Elektrolyte durch galvanostatische Zyklen in K-Metall/SPE/K2Fe[Fe(CN)6]-

Zellen demonstriert, bei denen eine signifikant verbesserte Kapazitätserhaltung (bis zu 99 %) 

und coulombische Effizienzen (CE) (>98 %) über 100 Zyklen beobachtet wurden. Diese 

Ergebnisse unterstreichen das Potenzial optimierter SPEs für stabile, leistungsstarke KIBs, die 

die Festkörper-Kaliummetalltechnologien voranbringen.  
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1. Introduction 

Over the past few decades, lithium-ion batteries (LIBs) have become the dominant technology 

for portable and large-scale stationary energy storage, owing to their high-energy and power 

densities, as well as their long cycle life.4–6 However, the rapid expansion of the energy storage 

market has raised concerns regarding cost and resource limitations due to the finite supply of 

lithium.7–10 As a result, increasing efforts are being directed towards the development of 

rechargeable battery systems based on more abundant and cost-effective materials to ensure the 

long-term sustainability of energy storage technologies. Among these alternatives, potassium-

ion batteries, KIBs, have emerged as a promising complementary technology, with the potential 

to achieve specific energies comparable to some modest LIBs (e.g., in the 

graphite/electrolyte/LiCoO2 or /LiFePO4 configurations).11,12 Although the larger atomic mass 

and ionic radius of potassium negatively impact volumetric and gravimetric capacities, these 

drawbacks can be offset by the higher electrode potentials of commonly used cathode 

materials13,14,15,16 with the potential to achieve cell voltages exceeding 4 V.17,18 However, 

currently developed KIBs, like their lithium-based counterparts, rely predominantly on liquid 

electrolytes, which present significant safety challenges due to their high volatility, toxicity, 

and reactivity, and are more prone to component degradation in the potassium 

environment.19,20,21 Furthermore, the lack of mechanical stiffness exacerbates the issue of 

uncontrollable dendrite growth, often leading to premature cell failure. 

To address these limitations, solid polymer electrolytes have been proposed as a promising 

alternative, offering enhanced electrochemical and mechanical stability due to their inherent 

chemical inertness and thermal tolerance.22,23,24,25 Research on SPEs dates back to the 1970s, 

when Wright et al. first reported ionic conductivity in poly(ethylene oxide) (PEO) doped with 

Na+ and K+ salts.26 This breakthrough laid the foundation for the development of polymer-based 

electrolytes, demonstrating both fundamental importance and practical viability. A milestone 

in the commercialization of SPEs was reached in 2006, when the Bolloré Group introduced the 

first all-solid-state battery in an electric vehicle (Bluecar), with a lithium metal anode, a 

LiFePO4 cathode, and a Li+-conducting PEO-based electrolyte.27 This development underlined 

the feasibility of polymer electrolytes in real-world applications and highlighted their potential 

for the next-generation of energy storage systems. 

Nearly two decades after SPEs commercialization, PEO remains the most widely used and 

extensively studied polymer host material for SPE applications. This continued interest is 

largely due to its promising electrochemical properties, in particular its relatively high cathodic 

stability,28,29 which is essential when combined with reactive metal anodes. In addition, PEO 



2 
 

has a low glass transition temperature (Tg) of around -60 °C,25 indicating a potential for fast ion 

transport due to the increased chains mobility and polymer free volume.30 As ion transport 

occurs predominantly within the amorphous phase, the primary drawback of PEO-based 

electrolytes is their semi-crystalline nature, which significantly suppress ionic conductivity at 

temperatures below the melting point of the polymer (Tm). To address this challenge, several 

approaches have been explored to suppress PEO crystallinity, including the incorporation of 

plasticizers,31,32,33 blending with low Tg polymers,34,35 and graft copolymerization.36–38 These 

strategies effectively yield highly amorphous (co)polymers with reduced Tg values, improving 

ionic conductivity at near-ambient temperatures. However, this improvement comes at the 

expense of mechanical integrity, as the increased segmental mobility results in a liquid-like 

state. As a result, such materials lack the mechanical stiffness highly required for SPE 

applications for mitigation of dendrites formation, making them unsuitable as separators within 

electrochemical cells.39,40 

Alternative strategies for modifying PEO have proven more effective in enhancing ionic 

conductivity while preserving a solid-like state. One such strategy involves the incorporation 

of nano-sized active41,42,43,44 and passive45–49,54–56 fillers into Li- and Na-SPEs. These fillers 

serve to suppress the crystallinity of the polymer host material,50 simultaneously facilitating ion 

transport through particle-polymer and particle-ion Lewis-acid-base interactions.51,52,53,54 In 

case of filler-polymer interactions confinement effect along the particle interface would be 

expected that restrict polymer chain mobility,55,56 which is reflected in elevated Tg. 

Simultaneously, ion mobility can increase in such particle-polymer interface regions through 

formation of conducting pathways and restricted chain movement, but strongly depends on the 

dominating interactions between the individual components, as well as factors such as fillers 

size, its distribution and concentration.22,52,54,57 Another effective strategy for mitigating high 

crystallinity while preserving the structural integrity of PEO-based electrolytes is block 

copolymerization with a high Tg polymer. This approach leverages the formation of a 

microphase-separated structure,58–60,61 wherein the ion-conducting PEO-based block facilitates 

efficient transport, while the non-polar rigid block provides mechanical stability over a broad 

temperature range, extending above the melting point of PEO and below the Tg of the 

reinforcing phase, such as polystyrene. This polymeric architecture enables the simultaneous 

optimization of both ion transport and mechanical properties, addressing the key bottleneck of 

conventional PEO-based SPEs. 

What is important to emphasise, cationic conductivity in polymer electrolytes is strongly 

dependent on the coordination strength between cations and the polymer matrix. From this 
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perspective, carbonyl-containing polycarbonates and polyesters represent a promising 

alternative to PEO-based SPEs. Unlike PEO, which exhibits strong coordination between alkali 

metal ions (A+) and ether oxygen, polycarbonates and polyesters demonstrate weaker cation-

polymer interactions due to reduced electrostatic strength between A+ and carbonyl oxygen.62–

64,65 This weaker coordination is expected to facilitate ion transport, making these materials 

attractive candidates for SPEs. 

The advantages and challenges of the strategies discussed above were studied for Li- and Na-

based systems, while only a few works report on solid-state potassium batteries. Therefore, 

revisiting and validating previous findings in the context of K-metal batteries is particularly 

timely. This work provides pathway to addressing several key challenges of the development 

of high-energy potassium metal batteries: (1) overcoming the limited ion transport in PEO, 

which arises from its high crystallinity and strong cation coordination; (2) advancing beyond 

PEO-based electrolytes by exploring novel polymer architectures and alternative host materials; 

(3) addressing the issue of unstable electrode/electrolyte interface through the implementation 

of mechanically and electrochemically stable electrolyte systems. Overcoming these challenges 

is critical to enabling the practical application of potassium metal batteries as a viable 

alternative for next-generation energy storage.  
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2. Theoretical Background 

2.1. Working Principles of Potassium Ion Batteries 

Potassium-ion batteries, KIBs, operate on the same fundamental principles as LIBs and sodium-

ion batteries (NIBs), involving the transfer of alkali metal cations, A+, between electrodes 

during charge and discharge cycles.66 However, significant differences exist between potassium 

and its alkali metal counterparts, primarily due to variations in the electrochemical properties 

of these charge carrier ions. One key distinction is that, unlike lithium, potassium does not form 

alloys with aluminum. This property makes aluminum a viable candidate for use as a negative 

electrode current collector in KIBs.67,68 Additionally, potassium is significantly more abundant 

in the Earth crust compared to lithium and is on par with sodium, with concentrations of 

20.9 g kg-1 for K, 23.6 g kg-1 for Na, and only 0.02 g kg-1 for Li, as shown in Table 1.9 This 

higher abundance of potassium, along with its compatibility with aluminum, contributes to the 

potential for reduced costs in KIB technology. 

When evaluating the performance of batteries, specific energy (Wh kg-1) and energy density 

(Wh L-1) are crucial metrics, representing the amount of energy that can be stored per unit of 

weight or volume. Equally important is the power density, which reflects the rate at which 

energy can be delivered per unit of weight or volume (W kg-1 or W L-1). Both energy and power 

densities characteristics play a central role in evaluating the suitability of KIBs for various 

applications. 

Such parameters as specific capacity of cathode and anode (Qcat/an, Ah kg-1), and average cell 

voltage U (V) contribute into specific energy, Esp: 

𝐸sp =  
(Qcat × Qan)×𝑈

Qcat+ Qan
                                                                                                     Equation 1 

Although Li, Na, K feature the same number of electrons available for transfer, neither 

potassium nor sodium can compete with lithium in terms of specific capacity, as their higher 

atomic masses reduce the specific capacities (Table 1). However, this disadvantage may be 

mitigated by KIBs potential to operate at higher voltages over a broader voltage range compared 

to NIBs. This is attributed to the low redox potential of K+/K in organic electrolytes.10,69,70 

While the standard reduction potentials (relative to the standard hydrogen electrode, SHE) 

reduce in the raw Na+/Na (-2.71 V) ˃ K+/K (-2.93 V) ˃ Li+/Li (-3.04 V), experimental studies 

and theoretical calculations have shown a shift in this hierarchy in organic solvents such as 

propylene carbonate (PC). In PC environment, the potentials change to Na+/Na (-2.56 V) ˃ 

Li+/Li (-2.79 V) ˃ K+/K (-2.88 V).69,70 This shift enables KIBs to exploit a wider 

electrochemical voltage window when potassium metal is used, potentially leading to higher 

operating voltages and contributing to increased Esp. Although cathode materials for KIBs may 



5 
 

offer high working potentials, the energy density achieved remains below those of current LIBs 

and NIBs. Exemplary, a KIB with a graphite anode and a Prussian blue analogue (PBA)-based 

K₂Fe[Fe(CN)₆] cathode achieves a gravimetric energy density of 378 Wh kg-1.68 This value is 

comparable to that of an LIB with a graphite anode and a LiCoO₂ cathode (387 Wh kg-1), which 

is the example of a LIB with modest Esp among high energy density lithium batteries.12 Thus, 

the wider voltage window and higher operating voltage of KIBs represent a pathway to stay on 

track by offsetting their lower specific capacities. 

Furthermore, K+ is expected to exhibit the fastest ion diffusion in both aqueous and organic 

solutions when compared Li+ and Na+. Despite having the largest ionic radius among the three, 

K+ displays the smallest Stokes radius in aqueous and PC solutions (Table 1). This behaviour 

arises from the weaker Lewis acidity of K+, which leads to reduced cation-solvent molecule 

interactions in solution. Consequently, this weaker interaction enhances ionic mobility and 

results in higher ionic conductivity. Assuming the same degree of ion association and anion 

mobility for salts based on Li+, Na+ and K+, potassium cations provide a higher cationic 

transference number. This characteristic is particularly advantageous for high-power battery 

applications, as it facilitates more efficient ion transport and reduces polarization within the 

electrolyte.67 

 

Table 1. Comparison of the characteristics of Li, Na and K. As published in the references.9,68 

Characteristic Li Na K 

Abundance in Earth crust, g kg-1 0.02 23.60 20.90 

Atomic mass, u 6.94 23.00 39.10 

Specific capacity, Ah g-1 3.86 1.16 0.68 

E0 (A/A+
aq), V vs.SHE -3.04 -2.71 -2.93 

E0 (A/A+
PC), V vs. Li/Li+

PC 0 0.23 -0.09 

Shannon’s ionic radius, Å 0.76 1.02 1.38 

Stokes radius in water, Å  2.38 1.84 1.25 

Stokes radius in PC, Å 4.8 4.6 3.6 

 

The working principle of a KIB is analogous to that of LIB or NIB and is schematically 

illustrated in Figure 1. Two configurations are depicted: (a) a typical KIB comprising a graphite 

anode and a K₂Fe[Fe(CN)₆] cathode enabled by an organic LE, and (b) a solid-state potassium-

metal battery featuring a K-metal anode and a K₂Fe[Fe(CN)₆] cathode enabled by a SPE. In 

electrochemical terms, the anode is the electrode where oxidation (loss of electrons) occurs, 

while reduction (gain of electrons) takes place at the cathode. Since the primary function of a 

battery is to return the stored energy (to be discharged), the terminology for the electrodes is 

based on their function during this phase: graphite/K-metal undergoes oxidation and therefore 
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serves as an anode, while K₂Fe[Fe(CN)₆] is reduced (cathode). During charging, potassium 

atoms in K₂Fe[Fe(CN)₆] are converted to K+, accompanied by the release of electrons into the 

external circuit. The K+ migrate through the electrolyte layer (either liquid- or solid-state) 

toward the anode, where they are intercalated or deposited. Simultaneously, the electrons travel 

through the external circuit to the anode. During discharge, the K+ stored in the anode are 

extracted and conducted back to the cathode. At the same time, the electrons flow in the reverse 

direction, from the anode to the cathode via the external circuit. These processes are governed 

by oxidation and reduction reactions occurring at the respective electrode materials. Thus, the 

energy storage and release mechanism in KIBs is fundamentally based on the reversible 

shuttling of K⁺ ions between the electrodes and the corresponding flow of electrons through the 

external circuit. 

 

 

Figure 1. A schematic illustration of a potassium battery comprising (a) a graphite anode, a 

K₂Fe[Fe(CN)₆] (PBA) cathode, and an organic liquid electrolyte (LE); (b) a K-metal anode, a 

PBA cathode, and a solid polymer electrolyte (SPE). 

 

As shown in Figure 1, configuration (a) represents a full cell, while configuration (b) 

corresponds to a half cell, which features an unlimited source of potassium. In LIBs, CE can 

approach nearly 100 %.71,72 In comparison, the highest CE reported for KIBs is 90 %.11 The use 

of a metallic potassium anode, which provides an unlimited source of potassium, offers the 

potential to enhance CE and enable higher operating voltages. However, the practical use of 

metallic potassium anodes is associated with safety concerns due to the highly reactive nature 
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of potassium metal. This safety challenge can be mitigated by employing solid polymer 

electrolytes. A more detailed discussion of this approach is presented in the following 

subsections (2.1.2 and 2.1.3).  

 

2.1.1. Commonly Used Positive Electrode Materials 

Layered transition metal oxides. Layered transition metal oxides are the predominant cathode 

materials in commercial LIBs and SIBs, owing to their high-energy density, excellent stability, 

and low cost.73–75 These materials possess a layered structure KxMO2, in which transition metal 

(M) and alkali ions are arranged in alternating slabs, forming two-dimensional frameworks that 

enable efficient ion migration, even for the larger K+.76 During the charge and discharge 

processes, K+ reversibly intercalate and deintercalate within the framework, typically occupying 

octahedral (O) or prismatic (P) sites, accompanied by structural phase transformations. 

KxCoO2, the potassium analogue of LiCoO2, has been studied as a potential cathode material 

for potassium-ion batteries, inspired by the stability and high-energy density demonstrated by 

its lithium-based counterpart. However, the large ionic radius of K+ poses challenges for 

reversible intercalation, resulting in rapid capacity fading and pronounced structural 

degradation.77 The restricted intercalation range is often reflected in stepwise voltage curves, 

where the voltage jumps correspond to the formation of thermodynamically stable phases 

within narrow K⁺ concentration ranges.78,79 For instance, P2-KxCoO₂ typically displays five 

distinct voltage steps between 1.5 and 3.9 V in half cell configuration.80 In contrast, 

multimetallic KxMO2 systems improve electrochemical performance by leveraging the 

synergistic effects of multiple metals, leading to smoother voltage profiles, higher average 

operating potentials, and enhanced structural stability. For example, Mai et al. reported a full 

cell KIB employing K0.7Fe0.5Mn0.5O2 nanowires as the cathode material and a soft carbon anode 

that operated at 0.5-3.5 V vs. K+/K voltage range. This system demonstrated a high discharge 

capacity of 178 mAh g-1 with 76 % capacity retention over 250 cycles.81 In a separate study, 

the K-ion full cell operating at a voltage window of 0.5-3-5 V vs. K+/K using P2-

K0.44Ni0.22Mn0.78O2 cathode and soft carbon anode delivers impressive electrochemical 

performance with a high discharge capacity of 70 mAh g-1 at 50 mA g-1 and high capacity 

retention of up to 90 % after 500 cycles.82 

Despite the potential of KxMO2 materials for cost-effective energy storage, achieving both 

higher specific capacity and higher average operating potential remains a critical challenge for 

their practical application in KIBs (see overview in Figure 2). 

 



8 
 

 

Figure 2. Materials overview for selected (a) cathode and (b) anode for KIBs. The materials 

can be reported as either cathodes or anodes depending on their electrochemical function in a 

battery. Adapted from the reference.83 

 

Organic materials. As stated above, the insertion of large K+ into inorganic host materials often 

induces structural changes that lead to electrochemical instability, resulting in fast capacity 

fade. As a result, research efforts have shifted toward organic electrode materials, which offer 

intrinsically flexible frameworks and large primary interlayer spacing. These structural 

characteristics enable organic materials to accommodate K+ without structural collapse, making 

them promising candidates for KIBs.14,84,85 For electrochemical performance as electrodes, 

organic materials are expected to feature functional groups that are electrochemically active in 

either oxidation or reduction reactions. Generally, organic electrodes can be classified into N-

type and P-type materials, depending on their charge storage mechanism. N-type materials 

undergo redox reactions involving cations, while P-type materials interact electrochemically 

with anions.86–88 

Several organic compounds have demonstrated high capacities and long cycle life as cathode 

materials for KIBs, 3,4,9,10-perylene-tetracarboxylicacid-dianhydride (PTCDA),89,18 copper-

tetracyanoquinodimethane,90 carbonyl-based polyimide and polyquinoneimide91 and 

poly(anthraquinonyl sulfide) (PAQS).92 However, organic electrode materials face challenges 

related to organic molecules solubility in electrolytes, which leads to capacity fading during 

cycling. To address this issue, such strategies as surface coating, polymerization, usage of salt 
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can be employed.93 However, these approaches often result in increased dead mass within the 

cathode, thereby reducing energy density.  

One of polymeric examples is PAQS, which was investigated as a cathode material for KIBs 

by Jian et al.92 The PAQS electrode exhibited a high reversible capacity of 190 mAh g-1 at a 

current density of 20 mA g-1, corresponding to 84% of its theoretical capacity, operating within 

a voltage window of 1.5-3.4 V in a potassium-based half cell configuration. In 2018, Fei et al. 

reported an all-solid-state K-battery with a PTCDA cathode and K-metal anode operating in a 

voltage window of 1.5-3.5 V vs. K+/K. The cell exhibited a maximum discharge capacity of 

118 mAh g-1 at a current density of 20 mA g-1 and retained 78 % of the capacity over 40 cycles. 

The average discharge voltage was 2.3 V, below the threshold required for KIBs. 

While organic-based cathode materials hold significant potential for KIB applications, key 

challenges such as low conductivity, poor energy density and limited average operating voltage 

must be addressed for their practical implementation.68 

Polyanionic compounds. Polyanionic compounds have been extensively studied as electrode 

materials due to their high operating voltage, competitive conductivity, and long cycle life.94,95 

These materials consist of MOx and (XO4)
n- polyhedra, where M refers to transition metal, and 

X represents elements such as P, S, As, Si, Mo, or W. The incorporation of polyanionic units 

leads to an open framework structure, which facilitates alkali metal ion diffusion. Compared to 

layered transition metal oxides, polyanionic compounds generally exhibit higher operating 

voltages, primarily due to the inductive effect.95 This increase in redox potential results from 

the decreased covalency of M-O bonds, which is influenced by the presence of highly covalent 

X-O bonds.96 Therefore, the electronegativity of X is a key factor: when X is highly 

electronegative, the M-O bond becomes more ionic and less covalent, leading to an increase in 

redox potential. Additionally, the presence of (XO4)
n- units not only enhances the diffusion 

kinetics of alkali metal ions but also improves structural stability during prolonged 

charge/discharge cycling.  

In KIBs, polyanionic compounds that have been reported include KFePO4, K3V2(PO)4, 

KVOPO4, KFeSO4F, KVPO4F, etc.97 In general, these compounds exhibit higher operating 

voltages than their Na-based counterparts and in some cases are even comparable to some Li-

based analogues. In particular, some K-containing materials can be cycled at voltages above 

4 V vs. K+/K (Figure 2). Such high potentials are advantageous in compensating for the larger 

atomic mass of potassium. For example, KVOPO4 and KVPO4F offer a theoretical capacity of 

131 mAh g-1 and an average potential of 4.3 V, resulting in a theoretical energy density of about 

560 Wh kg-1, which is comparable to that of LiFePO4-based LIBs.98 In practice, polyanionic 
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compounds have demonstrated superior capacity retention among KIBs cathode materials. For 

instance, Liao et al.99 presented a full potassium-ion cell utilizing a KVPO4F cathode and a 

VPO4 anode that achieved a capacity of 101 mAh g-1 at an operating voltage of 3.1 V, and 

remarkable capacity retention of 86.8 % over 2000 cycles.  

However, to unlock the full potential of these class of cathode materials, the development of 

next-generation electrolytes capable of stable operation across a wide voltage range (i.e. up to 

5 V) is critical.13,100 Noteworthy, a particularly significant aspect is the sustainability of 

vanadium as a key component of polyanionic compounds.101 Ensuring sustainable extraction 

and recycling of vanadium is critical for potassium-ion battery technology. 

Prussian Blue Analogues. Prussian blue and its analogues, PBAs, belong to the class of metal 

hexacyanoferrates, generally represented by the chemical formula AxM2[M1(CN)6]1-y×zH₂O, 

where A is an alkali metal (Li, Na, K), M1 and M2 are transition metals (e.g. Fe, Ni, Co, Mn, 

Ti); 0 < x < 2; y < 1; and z denotes the number of water molecules either occupying interstitial 

sites (interstitial water) or coordinating to transition metal vacancies (coordinated water).102,103 

The typical PBAs crystallize in a face-centered cubic structure (space group Fm-3m) 

comprising high-spin and low-spin transition metal-based octahedra, bridged by cyanide 

ligands. This rigid three-dimensional framework forms open ion channels and spacious voids, 

allowing the intercalation of various cations, including Li+, Na+, K+, Mg2+, Ca2+, Al3+, as well 

as water crystals.102,104 Depending on the guest cation or/and molecules, the octahedra rotate, 

resulting in monoclinic (P21/n) or rhombohedral (typically R-3m) structures.68 

Among PBAs, KMnFe-PBA and KFeFe-PBA have demonstrated the most promising 

electrochemical performance as cathode materials for KIBs. Exemplary, KFeFe-PBA 

undergoes a color change from blue to white when Fe3+ is fully reduced to Fe2+, forming its 

reduced counterpart, Prussian White (K2Fe[Fe(CN)6]). The partially reduced state corresponds 

to Prussian Blue (KFe[Fe(CN)6]), while the fully oxidized form is known as Prussian (Berlin) 

Green (Fe[Fe(CN)6]). KMnFe-PBA exhibits a high average discharge voltage of 3.8-3.9 V vs. 

K+/K,105 attributed to the high redox potential of the Mn3+/Mn2+ couple. Meanwhile, KFeFe-

PBA offers superior cycling stability, but a lower average discharge voltage (~3.6 V) due to the 

lower redox potential of the Fe3+/Fe2+ redox couple. 

In 2017, Goodenough et al.106 first reported the use of K1.89Mn[Fe(CN)6]0.92×0.75H2O as a 

cathode material for KIBs. This compound featured the redox activity of high-spin Mn3+/Mn2+ 

and low-spin Fe3+/Fe2+ pairs, enabling the intercalation of two redox-active K+ per unit formula. 

Consequently, the material exhibited a high theoretical discharge capacity of 156 mAh g-1, 

achieving a practical capacity of 142 mAh g-1 with an average voltage of 3.6 V vs. K+/K. 
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Extensive research has been conducted to address two key challenges associated with PBAs: 

[Fe(CN)6]
4- vacancies and water content. The number of vacancies can be controlled through 

various synthetic strategies, such as chelate-assistance precipitation.107–109 Additionally, 

minimizing interstitial water is crucial to maintaining structural integrity and electrochemical 

performance. Effective drying requires a balance between removing water and preventing 

decomposition, with an optimal drying temperature of below 200 °C.16 

 

2.1.2. Commonly Used Negative Electrode Materials 

In LIBs, graphite serves as the primary anode material due to its ability to form a series of 

reversible graphite intercalation compounds with a final stoichiometry of LiC6, delivering a 

high theoretical specific capacity of 372 mAh g-1 along with high cycling stability.110,111 In 

2015, Komaba et al.67 demonstrated the successful reversible intercalation of potassium into 

graphite, leading to the formation of KC8 with a lower theoretical specific capacity of 

279 mAh g-1. Since then, extensive research has been conducted to identify alternative anode 

materials for KIBs that offer enhanced electrochemical stability and higher energy density.112 

Beyond graphite, various materials have been explored as anodes for KIBs, including non-

graphitic carbons (hard carbon, soft carbon), alloys, organic compounds, and potassium metal. 

Depending on the potassium storage mechanism, anode materials can be classified into three 

main categories: intercalation-, conversion-, and alloying-type materials. The following section 

provides a brief overview of the key anode materials reported for KIBs, highlighting their 

advantages and limitations. 

Carbon-based anode materials. Two distinct potassium intercalation mechanisms have been 

proposed for graphite, resulting in the formation of intercalation compounds with varying 

potassium-to-carbon atomic ratios, specifically KC12n (n = 1, 2) and KC8n (n = 1, 2, 3).113–115 

Density functional theory (DFT) calculations have indicated that the maximum 

thermodynamically stable stoichiometry is KC8, whereas the formation of KC6, analogous to 

LiC6 in LIBs, is not expected at low potentials due to the preferential deposition of metallic 

potassium.115 Jian and co-authors investigated potassium insertion and extraction in graphite 

and reported a practical specific capacity of 273 mAh g-1, closely matching the theoretical value 

(279 mAh g-1), during the first depotassiation process.113 However, a significant challenge 

associated with graphite as an anode material for KIBs is its structural instability, primarily due 

to the large size of K+, which induces substantial volume expansion upon intercalation. Unlike 

lithium intercalation, which results in a 10 % interlayer expansion when forming LiC6, the 

formation of KC8 in KIBs causes an interlayer expansion of 60 %, i.e. six times greater than 
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that observed in LIBs.116 This pronounced volume change leads to the degradation of the solid 

electrolyte interphase (SEI) layer formed during the initial potassiation. The repeated 

reconstruction of the SEI due to continued electrolyte consumption and decomposition, 

contributing to unstable cycling performance, rapid capacity fading, and ultimately, battery 

failure. 

Unlike graphite, which consists of well-ordered graphene layers stacked in ABAB (hexagon) 

or ABCABC (rhombohedron) sequences, hard and soft carbons lack a well-defined crystalline 

structure and are thus commonly referred to as amorphous carbons. Hard carbon is 

characterized by small sp2 carbon domains, a larger interlayer spacing, and micropores within 

the particles.110 These structural features enable A+ to be stored both in the interlayer spaces and 

within the micropores.117 Compared to graphite, the expanded interlayer distance in hard carbon 

accommodates a larger number of K+ during potassiation while providing greater tolerance to 

volume expansion. This structural flexibility helps mitigate the mechanical strain associated 

with K+ intercalation, reducing the risk of electrode degradation.118 The electrochemical 

potassium storage properties of hard carbon were first investigated by Jian et al.119,120 in a 

potassium half cell at 0.1C (1C rate corresponded to 279 mAh g-1) at voltage window of 0.01-

2 V vs. K+/K. Their study reported initial potassiation and depotassiation capacities of 344 and 

260 mAh g-1, respectively, with an initial CE of 76 %. Furthermore, Jian et al. also examined 

the potassium storage behaviour of soft carbon at the same conditions as for the hard carbon. 

The soft carbon exhibited initial potassiation and depotassiation capacities of 392 and 

246 mAh g-1, respectively, though with a lower initial Coulombic efficiency of 63 %.119 

Therefore, improving initial CE and high rate capability of carbon-based anode materials is still 

one of the most critical challenges to reach practical application. 

Alloying-type anode materials. Elements from groups 14 and 15 have been extensively studied 

as potential anode materials for LIBs, NIBs, and KIBs due to their ability to store alkali metals 

through alloying reactions.121–123 The potassiation process in alloying anodes follows the 

general reaction: A + nK+ + ne- → KnA (where A represents alloying element). Compared to 

carbon-based anodes, alloying-type materials provide a greater number of transferable 

electrons, leading to higher theoretical capacities. Silicon (Si) – one of the most promising 

alloying-type anode materials in LIBs – exhibited very low electrochemical activity toward K+ 

and is therefore was considered as unsuitable anode material for KIBs.123 In contrast, tin (Sn), 

commonly used as an alloying anode in LIBs and NIBs, demonstrated ability to alloy with 

potassium. However, while providing high theoretical specific capacities of 990 mAh g-1 for 

Li22Sn5 and 847 mAh g-1 for Na15Sn4, Sn can alloy with K in a one-to-one ratio to form KSn 
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with a relatively low theoretical capacity of 226 mAh g-1.105,124 Among group 15 elements, 

phosphorus (P) has been extensively investigated due to its ability to form K3P, which delivers 

an exceptionally high theoretical capacity of 2596 mAh g-1. However, the formation of more 

thermodynamically stable compounds such as KP and K4P3 provides reduced but still 

considerable theoretical capacities of 865 and 1154 mAh g–1, respectively.125,126 Similarly, 

antimony (Sb) and bismuth (Bi) have emerged as promising alloying anode materials due to 

their high gravimetric capacities, low operating voltages, and high electrical conductivity.127,128 

However, one of the primary challenges associated with alloying-type anodes is the significant 

volume expansion during potassiation induced by the large ionic radius of K+. For instance, the 

volume expansion observed for KSn, KP, K₃Sb, and K₃Bi corresponded to 180, 232, 

and >400 %, respectively. This excessive expansion generates severe mechanical strain, 

leading to particle pulverization, structural degradation, and electrode delamination from the 

current collector, ultimately compromising the cycling stability and practical viability of these 

materials. 

Organic anode materials. As previously discussed, organic materials have been extensively 

explored as cathode materials for KIBs. In addition, a variety of organic compounds exhibit 

redox activity at low potentials, making them suitable candidates for anode applications. 

Various organic molecules,77,129,112 metal-organic frameworks (MOFs),130 covalent organic 

frameworks (COFs),131 and polymers132,133 have been investigated for alkali metal-ion batteries 

due to their ability to reversibly interact with A+ through redox-active functional groups. These 

materials provide an intrinsic structural advantage by accommodating the large ionic radius of 

K+, thereby enhancing electrode stability. In 2017, potassium terephthalate (K2TP) and 

potassium 2,5-pyridinedicarboxylate (K2PC) were reported as organic-based anode materials 

for KIBs.134 Their energy storage mechanism involved reversible electron transfer between the 

oxidized and reduced states of para-aromatic dicarboxylates. When cycled in K-based half-cells 

at a C/5 cycling rate within a voltage window of 0.2-2.0 V vs. K+/K, K2TP and K2PC delivered 

average specific capacities of 181 and 190 mAh g–1, respectively. However, small-molecule 

carboxylates suffer from high solubility in liquid organic electrolytes, leading to rapid capacity 

fading.105 To address this issue, efforts have focused on developing novel synthesis strategies 

and optimizing electrode/electrolyte interface engineering. For instance, Zhang et al.135 

designed π-conjugated polymer-based KIB anodes with enhanced stability. Using oxidation 

polymerization, they synthesized polypyrene nanoflowers composed of nanosheets, which 

exhibited superior electrochemical performance. The polypyrene-based anode delivered a 

reversible capacity of 302 mAh g–1 at 100 mA g–1 after 60 cycles, and a reversible capacity of 
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190 mAh g–1 even after 1000 cycles at 500 mA g–1 in a K-half cell (0.01-3 V vs. K⁺/K). 

Additionally, the material demonstrated minimal solubility in conventional KIB electrolytes 

even after 30 days, contributing to its excellent cycle life and relatively high electronic 

conductivity. Despite flexibility and ability to accommodate large K⁺ ions, organic-based anode 

materials generally suffer from low electronic conductivity and limited energy density, making 

them less competitive than other anode materials for KIBs applications. 

K-metal anodes. As discussed in details in Section 2.1, metallic potassium is an attractive 

candidate among other alkali metals due to its natural abundance, low electrochemical potential 

in carbonate-based solvents (Table 1), and compatibility with lightweight aluminum current 

collectors. With a high theoretical specific capacity of 687 mAh g–1, K-metal outperforms most 

KIBs anodes.136 Despite these advantages, several critical challenges hinder the practical 

application of K-metal anodes, and these challenges appear to be more severe than those 

associated with metallic Li- and Na-based anodes. These challenges include high reactivity, 

which leads to an unstable SEI, substantial volume expansion during cycling due to its hostless 

nature, and uncontrolled dendrite formation, which can cause internal short circuits.137 To 

address these issues, strategies such as host material design,138–140 artificial SEI formation,140,141 

Na-K alloying,142,143 and electrolyte optimization144,145 have been explored. Among these, 

replacing conventional liquid electrolytes, LEs, with SPEs has shown significant promise. Due 

to their higher mechanical rigidity, SPEs effectively suppress dendrite growth while providing 

enhanced electrochemical stability, chemical inertness, and thermal resistance.22,23,24,25 Fei 

et al.146 demonstrated improved capacity retention and CE over a liquid electrolyte system of 

an anode half cell when a solid poly(ethylene oxide)-based electrolyte is employed. The same 

authors received similar promising results with an organic cathode with an average potential of 

2.3 V vs. K+/K (on discharge)18. However, current K-metal full cells remain at the proof-of-

concept stage and lack systematic and comprehensive investigation. 

 

2.1.3. Choice of Electrolyte – Solid Polymer Electrolyte (SPE) Approach 

As previously discussed, polymer electrolytes have gained significant attention as a viable 

alternative to conventional organic LEs, offering the potential to overcome the drawbacks 

associated with the latter.22,23,24,25 A solid polymer electrolyte, SPE, is commonly defined as an 

electrolyte salt dissolved in a polymer host material, providing both mechanical stability – 

sufficient to be considered a solid on a macroscopic scale – and ionic conductivity, thereby 

fulfilling the primary function of an electrolyte, i.e. facilitating the ionic transport. As follows 

from this definition, SPEs are «dry» systems, devoid of any liquid component. Noteworthy, 
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some polymer-based electrolyte systems include a liquid component, making them susceptible 

to the same stability issues and degradation pathways observed in conventional LEs. It is 

essential to distinguish between such gel polymer electrolytes (GPEs) and SPEs, as they differ 

fundamentally in ion transport mechanisms: while GPEs rely on small-molecule-solvated 

vehicular transport, SPEs facilitate ion conduction through polymer-associated mechanisms (a 

detailed discussion of ion transport mechanisms in polymers follows in Section 2.2). Compared 

to organic liquid electrolytes and gel-based counterparts, polymer electrolytes generally exhibit 

lower flammability and greater resistance to rapid decomposition reactions, rendering them 

inherently safer for battery applications.147 Moreover, their solid-like properties result in 

enhanced mechanical strength, effectively mitigating alkali metal dendrite formation and 

thereby further improving battery safety.148,149–151 Despite these advantages, the widespread 

commercialization of SPEs remains hindered primarily by their lower ionic conductivity as 

compared to liquid electrolytes. While LEs typically achieve ionic conductivities of 

~10-2 S cm-
 

1 at room temperature, SPEs generally fall within the range of 10-5-10-6 S cm-1.152 

Another key challenge associated with SPEs is their limited ability to establish extensive 

interfacial contact with porous electrode structures. In alkali-ion batteries, liquid electrolytes 

readily infiltrate the porous architecture of electrodes and effectively wet the surfaces of active 

material particles, thereby facilitating efficient charge transfer. In contrast, polymer electrolytes 

creep deeper layers of the electrode, eventually achieving a higher degree of contact with the 

active material particles. This is often reflected in enhancing specific capacity in the initial 

cycles. To improve ion transport in the electrode layer, a polymer-salt additive can be added in 

the slurry during electrode preparation.153–155 Thus, ensuring intimate electrode/electrolyte 

contact is crucial for optimizing charge transfer kinetics and enhancing the electrochemical 

performance of solid-state batteries. While polymer electrolytes generally exhibit better 

interfacial contact with electrodes than ceramic electrolytes, interfacial resistance often remains 

a significant limiting factor. A summary of the advantages and challenges of SPEs 

comparatively to LEs is provided in Figure 3. 

Since the primary function of an electrolyte is to facilitate ion transport, ionic conductivity is a 

critical parameter when evaluating the performance of SPE materials. However, several 

additional key aspects are essential for their SPEs application in the batteries. These include 

high cationic mobility, resulting in a high cation transference number (TA
+), a low glass 

transition temperature, Tg, a high fraction of amorphous phase, while maintaining mechanical 

strength, and electrochemical stability against commonly used electrode materials. Thus, a 

sufficiently wide electrochemical stability window (ESW), typically in the range of 4-5 V – the 
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difference between the oxidation and reduction potentials of the electrolyte – is necessary to 

ensure compatibility with high-voltage electrode materials to achieve high-energy density 

batteries. A more detailed discussion of these key performance metrics follows in the 

subsequent sections. 

 

 

Figure 3. Spider diagram comparatively presenting the advantages and disadvantages of 

different electrolyte systems: liquid, polymer, and ceramic electrolytes. Adapted from the 

reference.147 

 

2.2. Ion Transport Mechanisms 

As stated above, the definition of SPE includes electrolyte salt dissolved in a polymer host 

matrix. According to acid-base theory, alkali metal ions, A+, can be seen as typical Lewis acids. 

Therefore, it is crucial for the polymer host material to contain coordinating groups with 

electronegative atoms (Lewis bases) to solvate A⁺. Moreover, for effective ion solvation in 

SPEs, the interactions between ions and the polymer chains must be stronger than ion-ion and 

polymer-polymer interactions. The ion-ion pairing of the salt in a solvent is often related to the 

dielectric constant of the medium, which governs the shielding of charges from each other. The 

dielectric constant tends to be comparatively low for many polymer host materials, yet they are 

good complexing agents for A+. This is associated with the solvation ability of a solvent that is 

determined by its Lewis basicity, allowing to achieve favorable ion coordination, and is 
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commonly described by the donor number.156 Thus, polymers featuring ether group (-R1-O-

R2- ),157,25 imide (-NH-),36,158,159 and thiol (-S-),160 are candidates for dissolving A+-containing 

salts. 

In general, the dissolution of alkali salts in the polymer host occurs when the Gibbs free energy 

of mixing is negative:147  

ΔGmix = ΔHmix - TΔSmix                                                                                               Equation 2 

where Gmix is the Gibbs free energy, Smix refers to entropy, and Hmix is enthalpy of the mixing 

process. 

The mixing process involves multiple simultaneous events, such as ions disordering, the 

creation of suitable sites in the polymer, and the formation of coordinating ion-polymer bonds, 

overall contributing to the Gibbs free energy. Therefore, dissolution of salt in polymer host 

material is facilitated if the dissociation energy of the salt is low.161,162 Consequently, salts with 

bulky anions, where the negative charge is delocalized over a large volume, are commonly 

used. Examples include perchlorate (ClO4
-), tetrafluoroborate (BF4-), hexafluorophosphate 

(PF6
-), bis(fluoromethanesulfonimide) (FSI-), bis(trifluoromethanesulfonyl)imide (TFSI-).147 

Furthermore, the presence of larger A+ in the structure of electrolyte salt generally results in 

lower dissociation energies. In alkali metal (A⁺)-polymer complexes, larger cations possess 

weaker coordination (larger bond lengths with polymer)163,164,165 and therefore are less tightly 

bound to the polar group. This can potentially enhance cations transport of K+ (investigated in 

this thesis) within the polymer host as compared to smaller cations (Li+ or Na+).161,162 

Initially, it was assumed that ion transport in solid polymer electrolytes takes place via a 

hopping mechanism, similar to that in solid-state ceramic inorganic electrolytes, where the 

immobile ceramic lattice supports ion hopping through point defects.166 Although A+ hopping 

can occur in polymeric crystals with an ordered structure, this is not the most favorable pathway 

for ion transport in polymers. Several factors contribute to this: A⁺ cations are strongly bonded 

to the coordinating groups of the polymer and/or the ions free path for hopping is significantly 

larger compared to that in inorganic electrolytes. For the ion hopping mechanism, the 

relationship between temperature and ionic conductivity (as a metric of ion transport) can be 

derived from the Arrhenius equation and expressed as the Equation 3: 

σ = σ0exp (−
𝐸𝑎

𝐾𝐵𝑇
)                                                                                                     Equation 3 

where σ represents ionic conductivity, σ0 is pre‐exponential factor, Ea is the activation energy, 

KB is the Boltzmann constant, and T is the absolute temperature. 

When the temperature dependence of ionic conductivity follows the Arrhenius relationship, the 

ion transport mechanism can be assigned to that observed in ionic crystals, where ions jump to 
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the nearest vacant sites independently of the segmental motion of the surrounding environment 

(uncoupled to segmental motion ion transport). Several studies reported Arrhenius behaviour 

for SPEs based on poly(vinyl pyrrolidone) containing KClO4,
167 poly(vinyl alcohol) (PVA)-

LiClO4 and chitosan-PVA-NH4NO3 systems.168,169 Ion hopping was also observed in the 

crystalline phases of PEO with alkali metal salts, facilitating the transport of Li⁺, Na⁺, K⁺, and 

Rb⁺ cations.170–173 In these structures, PEO chains form tunnel-like configurations around the 

cations, creating well-defined ion transport channels, with anions positioned on the outer space. 

Although it was initially assumed that ion transport in such structures could be highly selective 

for cations, subsequent studies revealed that in crystalline PEO8-NaAsF6 electrolytes ion 

transport was dominated by anions.173 

Alternatively to the hopping between fixed coordination sites, ion transport in amorphous phase 

of semi-crystalline SPEs can be described as a continuous ion exchange within the constantly 

evolving solvation shell of the ion coordinated by the polymer (as illustrated in Figure 4), i.e. 

coupled mechanism of ion transport. 

 

 

Figure 4. A schematic illustration of the coupled ion transport mechanism for alkali metal ions 

A+ within a polymer matrix, facilitated by the continuous coordination and re-coordination by 

polar groups along the polymer chain. Adapted from the reference.174  

 

It is important to highlight that coupled ion transport in polymer electrolytes differs from the 

mechanism observed in liquid electrolytes, where ions move along with their solvation shells 

via the vehicular mechanism. Due to the large molecular weights of polymers, polymer chains 

are generally considered macroscopically immobile (non-diffusive) solvents (on a typical 

experimental timescale).152 Since A⁺ transport is coupled to the segmental motion of the 

polymer, it is strongly dependent on chain dynamics and occurs only at temperatures above the 

glass transition temperature, Tg. As a result, the temperature dependence of ionic conductivity 



19 
 

does not follow Arrhenius behaviour but can be more accurately described by the Vogel-

Fulcher-Tammann (VFT) equation:175–177 

σ = σ0exp (−
𝐵

𝑇−𝑇0
)                                                                                                    Equation 4 

where B represents the pseudo-activation energy for conductivity, and T0 is known as «Vogel 

temperature» (experimentally established ca. 50 K below Tg of a polymer). T₀ is considered as 

the temperature at which segmental motion ceases. The VFT model aligns with the free volume 

theory,30 postulating that higher ionic conductivity can be achieved when larger degree of free 

space is available for the chains movements. This theory is supported by data from studies on 

the total ionic conductivity of PEO-LiTFSI SPEs with varying concentrations of salt.178 

Initially, ionic conductivity enhances along with the increase of number of charge carriers and 

the addition of a plasticizer (represented by bulky anions) that creates free volume. However, 

at higher salt concentrations, conductivity typically decreases. This is associated with the 

formation of large degree of cation-chain coordinative bonds (named ionic cross-

linking)179,180,181 that lower free volume of the system and restrict segmental motion, typically 

resulting in the increased Tg. 

It should be noted that in some cases high salt concentrations can lead to the formation of ionic 

clusters that act as plasticizers, thereby lowering the Tg. When approaching salt concentration 

above 50 wt.% (polymer-in-salt electrolyte, PISE, illustrated in Figure 5), a percolation 

network182 can be formed, resembling the properties of a plasticized salt or an ionic liquid.183,184  

 

 

Figure 5. A schematic illustration of ionic conductivity dependency on electrolyte salt 

concentration for different regimes of polymer/salt concentrations. Adapted from the 

reference.25 
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In such systems, ion transport likely occurs through ion hopping within the salt clusters that 

form a continuous percolation network throughout the material. Compared to the conventional 

salt-in-polymer electrolyte regime, this percolation transport mechanism can result in 

significantly higher ionic conductivities. For instance, Mindemark et al.185 reported that PISE 

PTMC-NaFSI (with 66.3 wt.% of salt) exhibited an ionic conductivity as high as 5×10⁻⁵ S cm⁻¹ 

at 25 °C, exceeding that of salt-in-polymer electrolytes by ca. three orders of magnitude. 

It is important to emphasize that ion transport in SPEs is closely related to the strength of ion 

coordination. Since ion transport occurs through a series of solvation and desolvation events as 

ions migrate between different coordination sites, the local coordination environment has a 

crucial impact on the A+ transport that is favored in polymeric architectures where the ion 

binding strength is relatively weak. This concept has been explored and proved in several 

studies by Andersson and co-authors and will be discussed in detail in the following 

sections.64,65,186 

 

 

Figure 6. Example of different types of temperature dependence of ionic conductivity of SPEs. 

Red dash-dot line represents conductivity behaviour of semi-crystalline PEO-KTFSI (with 

molar ratio of EO:K = 8:1), and blue dash line is the data observed for amorphous poly(vinyl 

benzyl methoxy poly(ethylene oxide) ether)-block-polystyrene mixed with KTFSI (EO:K = 

15:1). Representative data is derived from temperature-dependent EIS measurements 

conducted in the frequency range from 1 MHz to 500 mHz with a voltage amplitude of 10 mV. 

 

To summarize, different mechanisms of ion transport can occur in solid polymers electrolytes, 

influenced by the structure of polymer, chain dynamics and experimental conditions. As a 

result, in practice the temperature dependence of ionic conductivity of SPEs is complex, thus 
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for semi-crystalline polymers a VFT behaviour is typically observed at temperatures above 

melting (above Tm) of the crystalline phases (red dash-dot line in Figure 6). 

 

2.3. Key Metrics of SPEs 

2.3.1. Total Ionic Conductivity 

The ability to transport ions in an electrochemical system is a crucial characteristic of an 

electrolyte, and thus its total ionic conductivity, σ, is a key parameter to be determined. It is 

well known that the main bottleneck of polymer electrolytes is their relatively low ionic 

conductivity as compared to liquid or solid ceramic electrolytes (10-5-10-6 vs. 10-2-10-3 S cm-1 

at room temperature).152 Numerous research efforts have been focused on addressing this 

challenge, including such approaches as polymers cross-linking,187,188 the addition of 

plasticizers31,32,33 or nanofillers,189,190,51,52 or design of polymers with advantageous structures 

that enable low Tg.
191,192 

Ionic conductivity can be generally described using the equation: 

σ = ∑ 𝑛𝑖𝑞𝑖𝑢𝑖
𝑛
𝑖                                                                                                               Equation 5 

where σ represents total ionic conductivity, ni is the concentration of the charge carrier, ui stands 

for their mobility, and qi is the charge of the carriers. Following this equation, higher ionic 

conductivity can be achieved when increased number of charge carriers is introduced to the 

system, possessing high ionic mobility. However, as discussed above (Section 2.2), for polymer 

electrolytes this is not so straightforward as the concentration of charge carriers affects the 

dynamics of the polymer chains, which is a key parameter of coupled ion transport mechanism. 

According to free volume theory,30,193 polymers with a lower Tg are considered promising 

electrolytes in terms of their enhanced ionic conductivity. When larger space is provided for 

the chains movements, more beneficial chain dynamic can be realized, allowing faster cations 

transport via inter- and intra (re)coordination of A+ by polar groups of the polymer. From this 

perspective, developing polymer host materials with the lowest possible Tg can be seen as an 

approach for enhancing ionic conductivity. However, there are challenges associated with 

materials that feature low Tg, and these will be discussed in detail in the following subsection 

(Subsection 2.3.3). 

On the other hand, a low degree (or even the absence) of crystalline phases in the polymer 

matrix is preferred to achieve improved ionic conductivity32,194,195 (not true for certain PISEs, 

where percolation mechanism is realized). Thus, for well-studied PEO-LiTFSI electrolytes, the 

highest ionic conductivity was found in so called «crystallinity gap», i.e. in the range of EO:Li 

molar ratios that shows the absence of crystalline phases (6 < EO:Li < 12).196,197 It was reported 
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that PEO-KTFSI compositions (studied in this thesis), contrary to their LiTFSI counterparts, 

remain partly crystalline over a wide range of molar ratios (1.5 < EO:K < 60),196 and therefore 

show lower room-temperature ionic conductivity. In attempt to enhance ionic conductivity, 

semi-crystalline SPEs are typically operated above the melting point of the polymer phase,25 

which leads to a significant loss of their mechanical strength. 

In SPEs total ionic conductivity can be measured using electrochemical impedance 

spectroscopy (EIS). In brief, the fundamental basics of the method as well as the technique 

description are given in Section 3. 

 

2.3.2. Transference Number 

Total ionic conductivity is indeed a key metric of electrolytes, however being not a 

comprehensive parameter without measuring transference number. As stated above, ion-

containing A+(An)- salt (where A+ represents alkali metal cation, and (An)- is its counter anion) 

should be dissolved in a polymer host material. In an ideal electrolyte, the salt should be 

completely dissociated into free ions that move via diffusion and migration modes of mass 

transport independently, i.e. without mutual interference. These assumptions can be met in 

infinitely dilute solutions, where the solvent has a high dielectric constant. In non-ideal solid 

polymer electrolytes, various equilibrium reactions can coexist in the polymeric media, 

providing such species as: A+, A2(An)+, An-, A(An)2
-, An(An)m

(n-m), etc. In this case, the cation 

is driven towards the cathode by positively charged species and towards the anode by negatively 

charged species.198 In practical electrolytes, the A+ transference number can be described as: 

TA = tA
+ + 2tA2(An)

+ - tA(An)2
- + (n-m)tAn(An)m

(n-m)                                                             Equation 6 

Hence, the A+ transference number, TA
+, is defined as the number of moles of A transferred in 

one direction by migration per Faraday of charge.25 It should be noted that TA
+ differs from 

transport number, t+, which refers to the fraction of the current transferred by specific species. 

When no ion association occurs, i.e. in ideal electrolytes, transference and transport number can 

be considered equal.  

Since A+ is involved into electrochemical redox processes, achieving a high TA
+ is crucial for 

an electrolyte as it indicates that total ionic conductivity is primarily due to A+ mobility. When 

an electric field is applied, both cations and anions migrate in opposite directions. In a system 

with anion-blocking electrodes, anions accumulate at the anode and are depleted at the cathode, 

leading to the formation of a concentration gradient that drives anion diffusion. At steady-state, 

anion transport is dominated by diffusion (TAn
- = 0), while only A+ species contribute into 

migration (TA
+ = 1). Consequently, the steady-state current serves as a key parameter in 
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determining the maximum current that an electrolyte can sustain under anion-blocking 

conditions.199 A high TA
+ is critical to supporting cell reactions at high charge or discharge rates, 

preventing unfavorable electrode-electrolyte interfacial processes (such as salt precipitation on 

the electrode surface under high current), which accelerates capacity fade.200 Moreover, it was 

reported that a low transference number promotes dendrites formation.201,202 Monroe and 

Newman202 reported that enhancement of transference number may suppress the dendrite 

growth by eliminating the concentration gradients across the cell, especially at the dendrite 

front. Therefore, enhancing TA
+ in polymer electrolytes is essential for operating cells with 

high-energy density and ensuring significant capacity retention. However, for well-studied Li+-

containing salts in PEO, TLi
+ is typically below 0.3,203 and can be improved by such approaches 

as filler addition.204 

The most commonly used method for transference number determination is Bruce-Vincent 

method205 employed in this thesis and discussed in detail in Section 3. However, when 

evaluating TA
+ of solid polymer electrolytes, the accuracy of Bruce-Vincent method becomes 

questionable due to the large interfacial resistances of SPEs in symmetrical metal cell, which 

can influence the calculated value for the transference number. This issue is even more 

pronounced when transitioning from Li+ to Na+ or K+, most likely due to their higher 

reactivity.206,207 Alternative methods, such as Watanabe method,208 Sørensen and Jacobsen 

approach,209 pulsed-field gradient nuclear magnetic resonance (PFG-NMR)210 are also reported. 

However, it is important to stress that these methods are reliable in ideal electrolytes, when ion-

ion interactions are negligible in dilute systems. In concentrated systems, the concentration 

gradient facilitates the diffusion of ion pairs/associations, which in turn leads to an 

overestimation of TA
+. Noteworthy, recent experimental advancements have revitalized 

electrophoretic NMR, enabling the determination of ion mobilities even in highly concentrated 

A⁺-based ion-conducting polymer electrolytes.65,186 

 

2.3.3. Ionic Conductivity vs. Mechanical Stability  

Mechanical stability is required for SPEs since they function as both: electrolytes and separators 

between the cathode and anode in the cell configuration, thus suppressing dendrites formation 

and preventing short circuits.148,149–151 As previously stated, ion transport in solid polymer 

electrolytes is typically realized via coupled mechanism that is highly dependent on polymer 

chain dynamics. Thus, the polymers with low Tg values are preferable for SPE applications 

since these exhibit relatively high ionic conductivities. However, when considering mechanical 

integrity, a low Tg often appears to be disadvantageous due to the resulting material softness. 
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In general, mechanical stiffness in SPEs can be provided via ion-polymer interactions and/or 

ensured by crystalline phases, coexisting with amorphous regions in semi-crystalline 

electrolytes.147 In both cases, the chain dynamic of the polymer is restricted, posing a challenge 

to the development of polymer electrolytes that simultaneously offer high ionic conductivity 

and strong mechanical integrity. Commonly known strategies to improve mechanical integrity 

of polymer electrolytes include for example the addition of ceramic nanofillers,189,190,51,52 

chemical cross-linking188,211, or the utilization of multiphase structures as in graft or physical 

cross linking via block copolymeric materials,58,181,212,213,214 where mechanical stiffness is 

guaranteed by a high Tg block and ion transport is enabled via another block with a low Tg. 

Most polymer electrolytes utilized for SPE applications display viscoelastic properties215 that 

can be investigated using rheological shearing (small amplitude oscillatory shear test was 

employed in this thesis, see in Section 3). The storage (G’) and loss (G’’) moduli can be 

examined and their dependency on frequency reveals whether the material exhibits solid-like 

(required for SPE) or liquid-like properties.216,217 

 

2.3.4. Electrochemical Stability  

For the application of polymer-based materials as electrolytes in electrochemical systems, e.g. 

potassium-ion batteries, it is crucial that PEs not only exhibit high ionic conductivity and 

mechanical stiffness but also offer electrochemical stability. The electrochemical stability of 

SPEs is often evaluated through their electrochemical stability window, ESW, which is defined 

as the potential difference between the oxidation and reduction of the electrolyte. This 

corresponds to the difference between the lowest unoccupied molecular orbital (LUMO) and 

the highest occupied molecular orbital (HOMO).218 It is important to note that HOMO and 

LUMO are individual molecular properties dependent on the electronic structure of isolated 

molecules, whereas redox potentials are thermodynamic properties. This means that redox 

potentials are influenced not only by the molecules themselves but also significantly by the 

reaction products formed. This distinction often leads to a common misconception in the 

literature, where the ESWs of polymer electrolytes are misinterpreted as HOMO/LUMO gaps 

and calculated using DFT,147,219 resulting in unrealistically large ESW values that weakly 

correlate with the reduction/oxidation potentials. Estimating the ESW of polymer electrolytes 

is further complicated by the fact that salt-polymer complexes have their own distinct redox 

potentials, which differ from the properties of the salt and polymer individually. Therefore, it 

is recommended to avoid using HOMO and LUMO concept when describing the electrolyte 

stability. Instead, discussions should focus on the reduction potential of the electrolyte at 
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negative potentials and the potential of oxidation at positive potentials.220 Plating and stripping 

experiments in symmetrical alkali metal cells can be utilized to estimate the practical stability 

of SPEs at the negative electrode (details provided in Section 3). However, these experiments 

do not offer a complete understanding of stability of electrolytes at low potentials. In practice, 

techniques such as cyclic voltammetry (CV) and linear sweep voltammetry (LSV) are 

commonly used to determine the upper and lower potential limits of the ESW. Both methods 

implement a cell setup comprising a working electrode, an electrolyte, and a counter-reference 

electrode (typically an alkali metal). The working electrode must be inert within the potential 

range being investigated, thus copper is often used for low potential ranges, while stainless steel 

is more suitable for high voltage applications. Cyclic voltammetry provides insights into redox 

processes by applying a linear potential using a triangular waveform. During the potential 

sweep, the current generated by electrochemical reactions is measured. An increase in current 

indicates electrolyte degradation at the working electrode surface and can be seen as an 

electrochemical stability limit for the electrolyte. Unlike CV, LSV involves only a forward 

potential scan, without a backward scan. While voltammetry techniques do offer qualitative 

information about the stability of polymer electrolytes, data interpretation (precise ESWs 

evaluation) can be challenging.221,222 Determining thermodynamic redox potentials is 

straightforward for reversible reactions, but it becomes problematic for irreversible reactions. 

Additionally, the relatively low ionic conductivity of SPEs can negatively impact the accuracy 

of these experiments. Thus, the challenges discussed above lead to to a poor correlation between 

the ESWs reported for SPEs and their electrochemical stability in real electrochemical 

systems.223–225 

 

2.4. Choice of Polymer for SPE 

As previously discussed in Sections 2.2 and 2.3, a polymer electrolyte is obligated to exhibit a 

balanced combination of physical and electrochemical properties, such as a low Tg, a high 

fraction of the amorphous phase, solid-like characteristics, and a favorable trade-off with ionic 

conductivity and electrochemical stability. These factors are crucial for ensuring the feasibility 

of applications. This section aims to provide a critical review of the most extensively studied 

candidates for SPE applications, highlighting their advantages, shortcomings, and strategies to 

overcome these disadvantages. 
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2.4.1. The «Standard» Poly(ethylene oxide) (PEO) 

Poly(ethylene oxide), PEO, is the most extensively studied semi-crystalline polymer host 

material that has been discovered 50 years ago26 (a «grandfather» of the SPEs field). Since its 

discovery, it has become the most frequently used polymer matrix for alkali metal salts 

dissolution.29,178,226–228 It is for a good reason: the electronegative oxygen of the ether unit was 

proven to be an excellent coordinating species, enabling PEO to dissolve large amounts of 

electrolyte salts. At temperatures below Tm of crystalline phase of PEO (~60 °C),229 A+ can be 

transferred either along the polymer chain (i.e. intrachain hopping) or between chains (i.e. 

interchain hopping), illustrated in Figure 7. 

 

 

Figure 7. (a) Structure of poly(ethylene oxide), PEO. A schematic illustration of (b) semi-

crystalline nature of PEO consisting of both amorphous and crystalline regions; ion transport 

in PEO (c) via intra- and interchain hopping mechanism; (d) via segmental motion of the 

polymer chains, coupled mechanism. 

 

Although, even in the crystalline state of pure PEO there is an ionic mobility within the 

crystallites due to jump motions along the helical screw,230 the favourable mechanism of ion 

transport is realized via the amorphous phase (coupled mechanism).32 An advantage of the 

amorphous phase of PEO is its low glass transition temperature (Tg ≈ -60 °C)25 that enhances 

the polymer free volume, chains flexibility, and potentially advances ion transport.  

However, PEO is predominantly crystalline, showing the degree of crystallinity of 70-80 wt.% 

in its pure state (at temperatures below Tm).231 This adversely impacts ion transport at ambient 

temperatures, resulting in low values of ionic conductivity (e.g. 10⁻6-10-8 S cm⁻¹ when mixed 
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with A+-salts).218 In addition, for the most intensively studied Li+-PEO complexes, a high-

energy of coordination bond leads to a strong interaction between Li+ and the ether units, 

hindering ion transport. Earlier researches on the cation coordination of PEO-A+(An)- 

complexes (A+ = Li, Na, K, Rb; (An)- = SCN, ClO4, CF3SO3) suggested changes in the 

coordination number and PEO chain conformation for cations with radii larger than that of 

Li+.163,164,165 Thus, Bruce et al.163 investigated PEO-based complexes incorporating LiCF3SO3, 

NaClO4 , KSCN, RbSCN salts. The total coordination number increased along with increasing 

ionic radii of the cations and equaled to 5, 6, and 7 for Li+, Na+, and K+, respectively. Moreover, 

weaker ion-polymer binding was observed as the coordination number increased due to the 

polymer adjusting its conformation to accommodate the larger cations.This could potentially 

benefit faster cation transport in K+ conductors, compared to Li+-PEO.161,164,165,232 

Chandra et al.233 reported ionic conductivities for PEO-KBr SPEs with various content of K+-

salt, fabricated using a solvent-free hot-pressing method. They observed an increase of σ along 

with the addition of KBr, reaching its maximum for the formulation with 30 wt.% of the salt 

(~5×10⁻7 S cm⁻¹ at 25 °C). This aligns with the common understanding that ionic conductivity 

raises with an increase of charge carriers and simultaneous decrease of PEO crystallinity. 

However, as the salt concentration increased further, the authors detected a decline in σ, which 

can be attributed to reduced polymer free volume caused by K+-EO cross-linking. Additionally, 

when the KBr concentration exceeded 50 wt.%, the SPE films became brittle and less flexible 

(PISE regime). The same authors examined K-SPEs based on PEO-KCl compositions.234 

Similar pattern of ionic conductivity dependency on KCl concentration was reported with the 

maximum of σ for the sample containing 30 wt.% of the salt (~5×10⁻7 S cm⁻¹ at 25 °C). 

Literature values for a PEO-based electrolyte employing the FSI-salt were recently provided by 

Fei et al.146 Therein, it was reported that PEO-KFSI (with molar ratio of EO:K = 10:1) possessed 

the highest ionic conductivity of 1.14×10-5 S cm⁻¹ at 40 °C. Compared to K⁺-containing PEO-

based SPEs, Li⁺-PEO complexes generally show higher ionic conductivities, such as 

3.54×10-5 S cm⁻¹ at ambient temperature for PEO-LiTFSI system.235 However, it is crucial to 

consider the ion transference number when evaluating ion transport. For PEO-ATFSI (A = Li, 

Na, K) systems, Oteo et al.161 recently reported similar ionic conductivities but a higher Na+ 

transference number, TNa
+, than for the Li-system (TK

+ was not determined). Using molecular 

dynamics simulation, Fortuin et al. found coordination numbers of 6, 7 and 8 for the PEO-

LiTFSI, -NaTFSI, -KTFSI complexes (EO:A = 20:1), respectively. They confirmed a weaker 

coordination strength (increased coordination distance) for larger cations, which was reflected 

in their higher cationic mobility.236 
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Among other characteristics, the electrochemical stability of PEO is an important parameter, 

especially when paired with reactive metallic negative electrode. Although early studies 

suggested that in SPEs based on solely PEO no degradation processes occur up to the voltage 

of 4.2 V vs. Li+/Li,29,222 further research revealed that this wide ESW was overestimated 

because of kinetic polarization.237 Subsequent investigations demonstrated that the oxidation of 

PEO-SPEs begins around 3.8 V vs. Li+/Li,218 which limits their compatibility with high-voltage 

cathodes. 

As discussed in this subchapter, (1) susceptibility of PEO to degradation at high voltages, (2) 

its partial crystalline nature that results in low ionic conductivities display the major challenges 

within this material. Although ionic conductivity in the PEO-based SPEs can be adjusted via 

the addition of electrolyte salt, this often comes at the expense of mechanical strength, which 

is critical for SPE applications. To enhance the amorphous phase and thereby improve the ionic 

conductivity of PEO, while maintaining its mechanical strength, different approaches can be 

employed. Such approaches as modifying PEO with inorganic nanofillers,189,190,51,52 as well as 

design of copolymeric materials58,181,212,213,214 will be reviewed in the following subchapters. 

 

2.4.2. PEO with Inorganic Fillers 

Filler-modified SPEs can be characterized composite polymer electrolytes composed of 

inorganic (ceramic) nanofillers distributed in polymer matrices along with incorporated A+-

containing salts. As stated in the previous subsection, the addition of inorganic nanofillers 

serves as a strategy to enhance the overall performance of SPEs by increasing ionic 

conductivity, improving mechanical integrity as well as interfacial stability. The nanofillers can 

be classified as either active or passive fillers based on the presence or absence of corresponding 

A+ in their structures, respectively. With the incorporation of active fillers, such as Li3N,41,42 

LiAlO2,
43 NaAlO2,

44 Li1+xAlxGe2-x(PO4)3,
238 Li1+xAlxTi2-x(PO4)3,

239,240 Na3Zr2Si2PO12,
241 

Li7La3Zr2O12,
242,243 etc., a strong enhancement of ion transport is expected. This is attributed to 

the high inherent bulk ionic conductivity of the ceramics, where multiple ions hopping is 

facilitated by continuous structural defects, resulting in reduced migration energy barriers.244 

In the case of passive fillers, such as Al2O3,
45–49 SiO2,

47,245–247 TiO2,
245,248 ZnO,229,249 ZrO2,

250,251 

the mechanisms behind the enhancement of ionic conductivity are not yet fully understood. 

However, several theories attempt to explain this phenomenon. The hypothesis involves 

specific interactions between the surface groups of the ceramic particles and the polymer groups 

as well as the A+-salt anions.51 These interactions are often interpreted through the framework 
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of Lewis acid-base interactions, suggesting that the ceramic surfaces may act as a Lewis acid, 

Lewis base or neutral species (Figure 8). 

 

 

Figure 8. (a) A model based on Lewis acid-base interactions between the surface groups of an 

inorganic filler, polymer and A+-containing salt. (b) A schematic illustration of express 

channels for A+ transport formed via Lewis acid-base interactions. Adapted from the 

references.51,52 

 

As shown in Figure 8, when the filler surface feature an acidic nature, Lewis acid-base 

interactions can form between the surface and the anion of the A+-containing salt as well as 

with the polymer basic segments (e.g. ether units of PEO). In contrast, surfaces with basic 

properties may compete with A+ to complex with Lewis basic segments of the polymer chains.52 

In theory, higher transference number TA
+ can be achieved when the acidic centres of the 

ceramic interact with the anions, immobilizing them and thereby lowering ion-ion coupling in 

the system. Moreover, the ceramic surface can function as a cross-linking centre for the polymer 

chains, inhibiting polymer recrystallization and promoting the formation of express channels 

for A+ transport. Based on this, for the acidic nature of the inorganic filler, structural 
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modifications are expected to be more beneficial for enhancing ion transport in composite 

polymer electrolytes (Figure 8). 

Park et al. studied the impact of Al2O3 nanoparticles with activated acidic, basic and neutral 

nature on the PEO-LiClO4 compositions.46 Their findings indicated that composites containing 

acidic and neutral Al2O3 exhibited enhanced ionic conductivity as well as electrochemical 

stability. This effect was mainly associated with the hydrogen bonding between the filler 

surface and ClO4
-. In a separate study, Huo et al.252 proposed a novel cationic metal-organic 

framework containing RNH2 and R(N)+CH3 within its structure. The incorporation of this 

additive to PEO-LiTFSI matrix led to several notable outcomes. A high transference number 

TLi
+ of 0.72 was achieved, in contrast to TLi

+ of 0.28 for a corresponding filler-free PEO-LiTFSI. 

The Lewis acid groups on the surface of ceramic particles competed with Li+ to complex with 

TFSI-, which led to a higher degree of LiTFSI dissociation. This mechanism increased the 

concentration of free Li+ available for ion transport. Moreover, for the modified PEO-LiTFSI 

the electrochemical window was extended up to 4.97 V. The authors associated the effect with 

the hydrogen bonds formed between ether oxygen of PEO chains and -NH2 groups, leading to 

a protected ether oxygen and stable composite structure at high voltages. Croce et al.53 also 

observed an increase of TLi
+ in the PEO-LiClO4 system upon the incorporation of 10 wt.% of 

TiO2. The TLi
+ value reached 0.6 within the temperature range of 45-90 °C, whereas in ceramic-

free SPEs this value typically ranged between 0.2 and 0.3. Thus, the increase of TA
+ can be 

attributed to enhanced cation mobility through the formation of rapid transport channels 

facilitated by polymer-ceramic interactions, a reduction in anion mobility due to anion-ceramic 

interactions, or a combination of both mechanisms. Noteworthy, hydrogen bonding between 

the polymer chain and ceramics can also be seen as an advanced mechanism, contributing to 

the improvement of electrochemical stability.253,254 

Another benefit of incorporating inorganic nanofillers is their impact on glass transition 

temperature Tg and the crystallinity degree of polymer-based composites. Li et al.255 designed 

and examined SiO2-filled composites based on chitosan, PEO and LiTFSI. They reported that 

Tg dropped by 3 °C as the SiO2 content increased from 1 to 4 wt.%. These findings are consistent 

with other studies evaluating the change of Tg upon the incorporation of inorganic fillers into 

polymeric matrix.256–258 The decline of Tg is often accompanied by a decrease in the degree of 

crystallinity of polymeric materials. This can be explained by the polymer-ceramic interactions 

that reduce intermolecular forces, contributing to disorder of the polymer chains and 

simultaneous enhance of their mobility. Furthermore, the addition of inorganic fillers can 

increase the free volume of the polymer as the fillers act as plasticizers. Although the proportion 
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of the crystalline phase is reduced, the mechanical integrity of the composite polymer 

electrolytes is maintained through cross-linking interactions between the polymer chains and 

the ceramic particles. 

It is important to emphasize that the impact of inorganic filler incorporation has been primarily 

studied in Li+-conducting systems, while specific considerations are required for K+-containing 

SPEs. The Lewis acid-base interactions between the ceramic particle surface and the salt can 

promote salt dissociation. However, the dissociation energies of NaTFSI and KTFSI are lower 

than that of LiTFSI (~590 kJ mol-1 (LiTFSI), ~490 kJ mol-1 (NaTFSI) and ~425 kJ mol-1 

(KTFSI)).161 As a result, the benefits of such interactions may diminish as the dissociation 

energies decrease. However, evaluating the impact of nanofiller incorporation in the context of 

K+-SPEs is a scientifically relevant task. 

 

2.4.3. Copolymer Approach 

An alternative strategy for the development of polymer-based electrolytes with favorable ionic 

conductivity and mechanical stability is the design of advanced copolymer 

architectures.259,260,261 As previously mentioned, crystallinity is a critical parameter that affects 

the dynamics of polymer chains and, therefore, directly impacts ion transport properties. To 

address this, an early approach in copolymer synthesis involved the incorporation of a 

controlled amount of comonomer units into semi-crystalline polymers, such as PEO, to reduce 

crystallinity or entirely suppress the crystallization process.38,262,263,264 For this purpose, St-

Onge and coworkers265 recently synthesized a series of statistical PEO-based copolymers 

incorporating propylene oxide (PO), 1,2-butylene oxide (BO), or methyl ether triethylene 

glycol glycidyl ether (TO) as comonomers (Figure 9a). These copolymers with varying molar 

concentrations of comonomers were synthesized and further studied in SPEs containing 

LiTFSI. In particular, the introduction of comonomers reduced the Tms and crystallinity, 

resulting in an increased amorphous phase content and decreased Tgs (down to -70 °C for the 

copolymers). The copolymer-based SPEs with 10 mol.% of comonomers and 18 wt.% of 

LiTFSI achieved the highest ionic conductivities, up to 1×10-5 S cm-1 at 25 °C, and enhanced 

cationic transport. This improvement can indeed be attributed to the increase of the total fraction 

of amorphous phase in the copolymers. However, it is widely reported that the major drawback 

of highly amorphous (co)polymers is their loss of dimensional stability at room (and elevated) 

temperature due to the low Tgs at around -65 °C.39,40 

Another promising approach for developing materials with both high ionic conductivity and 

sufficient mechanical integrity involves the synthesis of block copolymer electrolytes with a 
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microphase-separated architecture.58–60,61 In these systems, ionic conductivity is achieved 

through the conductive block(s), while microphase separation ensures mechanical stiffness. For 

example, Xu et al.59 developed and investigated SPEs based on poly(propylene 

monothiocarbonate)-b-poly(ethylene oxide) (PPMTC-b-PEO) (Figure 9b) block copolymers 

with LiTFSI. 

 

 

Figure 9. Various structures of copolymers featuring poly(ethylene oxide), PEO, either as a 

block or as a side chain as published by (a) St-Onge et al.,265 (b) Xu et al.,59,61 (c) Huang et al.,60 

(d) Wang et al.,266 (e) Singh et al.,267 (f) Butzelaar et al.58 

 

This system featured two conductive phases, and the microphase separation was regulated by 

the ratio of LiTFSI incorporated into the electrolyte composition. At low salt concentrations, 

microphase separation occurred due to the preferential interaction of Li+ with the PEO block. A 

similar microphase separation behaviour was observed in poly(ɛ-caprolactone)-b-PEO (PCL-

b-PEO) (Figure 9c) SPEs doped with various metal salts, including LiCl, CuCl2, and FeCl3.
60 

The PPMTC-b-PEO-LiTFSI electrolytes containing two conductive phases demonstrated an 

ionic conductivity of up to 2×10-4 S cm⁻¹ at 25 °C, which was approximately one order of 

magnitude higher than that of single-phase copolymer-based electrolytes. Additionally, 

microphase separation significantly improved the mechanical properties of the material. The 

storage moduli, G’, of PPMTC-b-PEO-LiTFSI electrolytes were found to be 1-4 orders of 

magnitude higher (~105 Pa at 30 °C) than that of neat PEO-LiTFSI electrolytes. Nevertheless, 
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despite this improvement in mechanical strength, the storage modulus values remained below 

the threshold required for SPE applications. 

Kinetic modeling by Monroe et al. demonstrated that metallic lithium dendrite growth can be 

suppressed when the shear modulus of an electrolyte exceeds 7×109 Pa.149 This threshold based 

on the principle that the shear modulus of an electrolyte should be approximately twice the G’of 

Li metal (4.2×109 Pa). Noteworthy, since K metal has a lower value of G’ (1.3×109 Pa), it is 

slightly easier for an electrolyte to meet the requirement. Based on this concept, the 

incorporation of a polystyrene (PS) block into block copolymer electrolytes is particularly 

relevant for mitigating dendrite formation,148,150,151 as PS exhibits high mechanical stiffness (G’, 

G’’ of ~1×109 Pa)268 and maintains this property at temperatures up to 100 °C. When PEO is 

employed as the conductive block in combination with PS, the mechanical strength of the 

material decreases relative to pure PS. However, these block copolymers are still significantly 

more robust than conventional homopolymer electrolytes, with elastic moduli approaching 

109 Pa.149 Through self-assembly, block copolymers can form microphase-separated structures, 

wherein ion conduction occurs within the polar PEO domains, while the non-polar PS domains 

with high Tg provide mechanical stability. When the composition of these domains is properly 

balanced (optimized molecular weights of the domains and the ratio between them), the result 

is mechanically solid block copolymer films providing sufficient ionic conductivity. Early work 

by Wang et al.266 demonstrated that high molecular weight PS-b-(PS-graft-PEO)-b-PS block-

graft copolymer (Figure 9d) exhibited a high dynamic Young’s modulus, E’, of 108 Pa, while 

achieving a modest ionic conductivity of 10-5 S cm-1 at 25 °C. Similarly, a separate study 

reported high storage and loss moduli of 107-108 Pa for PS-b-PEO copolymer (Figure 9e) 

electrolytes (100.000 g mol-1 > Mn of PEO > 25.000 g mol-1, 75.000 g mol-1 > Mn of PS > 

40.000 g mol-1).267 More recently, Zhang and co-authors269 studied polystyrene-b-poly(ethylene 

glycol)-b-polystyrene, PS-b-PEG-b-PS, triblock copolymers with the additional PS block in the 

macromolecule structure with varying low molecular weights of PS blocks (Mw of 1.000, 2.500, 

4.500 g mol-1). Although a high ionic conductivity (up to 1×10-4 S cm-1 at 25 °C) was observed 

for triblock copolymers, they exhibited poor membrane forming ability, most likely due to the 

PS block molecular weight being below its entanglement molecular weight, which reduces the 

mechanical properties of the polystyrene domains. Therefore, molecular weight is a critical 

factor to consider, even when incorporating a rigid PS block for mechanical reinforcement. 

In 2021, Butzelaar et al. reported the synthesis of a side-chain block copolymer named 

poly(vinyl benzyl methoxy poly(ethylene oxide) ether)-block-polystyrene, PVBmPEO-b-PS 

(Figure 9f).58 This study employed three different lengths of PEO side chains, comprising 8, 
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22, and 45 ethylene oxide units, which corresponded to molar masses of 400, 1000, and 2000 g 

mol-1, respectively. When the two blocks were matched to a weight ratio of 50:50, the resulting 

PVBmPEO-b-PS copolymers exhibited total molar masses of 25.000, 29.000, and 38.000 g 

mol-1 for the copolymers with 8, 22, and 45 EO units, respectively. Notably, when comparing 

samples with the same LiTFSI ratio, the copolymer with the shortest PEO side chain exhibited 

an increase in Tg, associated with a higher proportion of PS phase that possesses a high Tg. The 

material of choice, i.e. the copolymer with the longest PEO side chain, demonstrated 

microphase separation with long-range order, which contributed to enhanced mechanical 

stability (G’, G’’ of ~106 Pa) and exhibited ionic conductivity of 1×10-5 S cm⁻¹ at 25 °C. When 

paired with different electrodes and active materials, the SPE showed a sufficient resistance to 

oxidation up to 4.75 V vs. Li+/Li during potentiostatic and galvanostatic techniques, which is 

promising for high-voltage cathodes application. To this date, detailed studies on the K-systems 

with copolymer-based SPEs have not been carried. 

 

2.4.4. Polycarbonates and Polyesters 

Polymers containing carbonyl-coordinating groups have been proposed as alternatives to 

traditional polyether-based host materials, inspired by linear alkyl carbonates commonly used 

as solvents in liquid electrolytes. Examples include polycarbonates, polyesters, and polyketones 

(not covered in this subsection as they are beyond the scope of this discussion), which contain 

carbonyl groups capable of coordinating A+ in a manner similar to that of the ethylene oxide 

units in PEO. However, unlike polyether-based SPEs, those based on polycarbonates and 

polyesters exhibit weaker coordination strength between A+ and the carbonyl oxygen due to 

reduced electrostatic interactions with the cations.62–64 Recent work by Andersson et al.64 

investigated the coordination strength of Li+, Na+ and Mg2+ (all paired with the same anion, 

TFSI-) in polymer electrolytes based on polyether (i.e. PEO), polycarbonate (poly(trimethylene 

carbonate), PTMC), and polyester (poly(ɛ-caprolactone), PCL) (the structures are given in 

Figure 10) using NMR and FTIR spectroscopy. The study revealed that PEO exhibited the 

strongest ion coordination strength for all cations investigated, while PTMC displayed the 

weakest coordination strength, attributed to weaker electrostatic interactions with the cations. 

Another study of the same authors on Na+, K+, Mg2+ systems65 confirmed that this weaker 

coordination in polycarbonates is often associated with higher cation transference numbers T+. 

For instance, TLi
+ values as high as 0.8 have been reported for PTMC-LiTFSI with a molar ratio 

of [TMC]:Li = 8:1,62 a result that stands in stark contrast to traditional PEO-based systems and 
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even surpasses typical values reported for polyester-based systems. Further details on this topic 

will follow in the current subsection. 

Polycarbonates. The simplest representative of polymeric carbonates is poly(ethylene 

carbonate) (PEC), which contains two methylene groups and a carbonyl group within its 

repeating unit (as illustrated in Figure 10). 

 

 

Figure 10. Various structures of polycarbonates: (a) poly(ethylene carbonate), PEC, (b) 

poly(propylene carbonate), PPC, (c) poly(trimethylene carbonate), PTMC; polyester: (d) 

poly(ɛ-caprolactone), PCL; copolymer of PTMC and PCL: (e) P(CLm-TMCn). As published by 

Brandell et al.147 

 

The well-controlled synthesis method for polycarbonates, ring-opening polymerization, is not 

suitable for PEC producing due to the high stability of its five-membered ring.270 Instead, PEC 

can be synthesized via the copolymerization of carbon dioxide with ethylene oxide, yielding a 

fully amorphous polymer with a Tg of ca. 9 °C.271 Notably, this relatively high Tg can be 

significantly reduced by incorporating Li+-containing salts in PEC. Tominaga et al.272 reported 

that while the addition of salts such as LiCF3SO3 and LiClO4 resulted in PEC-based electrolytes 

behaving as typical SPEs, salts like LiBF4, LiBETI, LiFSI and LiTFSI demonstrated a 

plasticizing effect on the polymer. For instance, a PEC-LiTFSI complex with 80 wt.% of salt 

exhibited a significant Tg reduction down to -62 °C, resulting in σ = 5×10-6 S cm⁻¹ at 30 °C for 

this PISE. Similarly, a high ionic conductivity of 4×10-4 S cm⁻¹ was observed at 40 °C for a 

PEC-LiFSI complex with a molar ratio of [EC]:Li = 0.53:1.273 The increase in σ with higher 

salt concentrations suggests a percolation-type ion transport mechanism. However, the 

conduction mechanism also involves elements of both percolation and coupled segmental 

motion mechanisms of ion transport, as the reduced Tg facilitates faster ion mobility. A similar 

trend of decreasing Tg with increasing salt concentration was observed for poly(propylene 

carbonate) (PPC) (Figure 10).274 However, the plasticizing effect of electrolyte salts, combined 

with weak ion-polymer interactions, resulted in a complete loss of mechanical stability in PEC- 

and PPC-based electrolytes. Moreover, upon contact with lithium metal PPC degraded to 
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micromolecular segments and depolymerized to propylene carbonate275, likely due to the high 

stability of five-membered cyclic carbonates. This behaviour is also assumed to occur in PEC. 

In contrast to five-membered cyclic carbonates, those containing six-membered undergo well-

controlled ring-opening polymerization, resulting in the formation of polycarbonates of the 

PTMC type. PTMC is typically an amorphous polymer with a Tg of -15 °C at high molecular 

weights.147 Noteworthy, the mechanical stability of PTMC-based electrolytes is maintained by 

their high molecular weights. Unlike PEC-LiTFSI/LiFSI complexes, PTMC-based systems 

exhibit behaviour similar to polyether-based electrolytes. In 2014, Sun et al. investigated the 

conductivity of PTMC-LiTFSI polymer electrolytes across a wide range of LiTFSI 

concentrations (2 < [TMC]:Li < 21).276 A decrease in Tg was observed as the [TMC]:Li molar 

ratio approached 5:1, followed by an increase at higher salt concentrations. The highest σ was 

observed for [TMC]:Li molar ratios of 13:1 and 8:1, with values on the order of 10-7 S cm⁻¹ at 

60 °C and 10-9 S cm⁻¹ at 20 °C. The results indicated that increasing the LiTFSI concentration 

beyond these ratios did not enhance ionic conductivity, suggesting that PTMC-LiTFSI 

electrolytes did not offer the percolation-type ion transport mechanism. In contrast, Mindemark 

et al. studied PTMC-NaTFSI electrolytes within a molar ratio range of 3 < [TMC]:Na < 60.277 

Their findings showed an almost linear increase in Tg with increasing salt concentration. The 

highest ionic conductivity was achieved for the [TMC]:Na molar ratio of 3:1, reaching ca. 10-8 

S cm⁻¹ at 20 °C. The combination of good mechanical stability and elevated ionic conductivity 

at higher temperatures enabled the operation of a solid-state sodium cell comprising a Na-metal 

anode and a PBA-based Na₂Fe[Fe(CN)₆] cathode, using PTMC-NaTFSI as the SPE. The cell 

demonstrated stable cycling over 8 cycles at 60 °C and a C/10 rate, retaining 94% of its initial 

capacity. Additionally, the percolation mechanism of ion transport was observed for PTMC-

NaFSI electrolytes at high salt concentrations.185 Notably, σ of 5×10-5 S cm⁻¹ at 25 °C was 

achieved for the [TMC]:Na molar ratio of 1:1. However, the most stable battery performance 

was observed for the [TMC]:Na molar ratio of 5:1, which enabled cycling at a C/5 rate and a 

temperature as low as 40 °C in a Na-metal/PBA cell. Under these conditions, the cell retained 

94 % of its capacity over 80 cycles.  

Polyesters. Among polyesters, poly(ε-caprolactone), PCL, is one of the most extensively 

studied examples (Figure 10). PCL is a semi-crystalline polymer characterized by a Tg of -

65 °C and Tm of 60 °C, consistent with the thermal properties of many polyesters.147 Similar to 

PEO, the semi-crystalline nature of PCL poses a significant limitation to its ion transport 

capabilities, particularly at temperatures below its Tm. Comparative studies of the coordination 

strength of Li+ in PTMC and PCL demonstrated a stronger coordination to CL monomers than 
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to TMC monomers.62 Random copolymerization of PCL and TMC was proposed as a strategy 

to mitigate the drawbacks associated with PCL, including its semi-crystallinity and strong ion 

binding. Thus, Eriksson et al. investigated the impact of carbonate units inclusion on cation 

dynamics, and reported that for P(CL-TMC) random copolymers (structure is illustrated in 

Figure 10) with LiTFSI salt the TLi
+ varied from 0.49 for the pure PCL to 0.83 for pure PTMC 

as the TMC content increased.63 Mindemark et al. further investigated P(CLm-TMCn)-based 

electrolytes with molar ratios of m:n = 90:10, 80:20, and 70:30, across various concentrations 

of LiTFSI.192 Their findings identified the 80:20 ratio as the optimal composition for ionic 

conductivity. For this copolymer, remarkable conductivities were observed, delivering an ionic 

conductivity of 4×10-5 S cm⁻¹ at 25 °C for the sample with 36 wt.% of LiTFSI. This high ionic 

conductivity enabled the operation of a Li/SPE/LFP cell at ambient temperature, achieving > 

80 % of the theoretical capacity (150 mAh g-1) at a C/50 rate and maintaining stable 

performance at rates up to C/10. In a following study of P(CLm-TMCn)-NaFSI electrolytes,278 

the 80:20 copolymer with 10 wt.% NaFSI exhibited the highest ionic conductivity of 1.3×10-5 

S cm⁻¹ at 25 °C. However, the TNa
+ was lower compared to that for Li+ (TNa

+ of 0.47 at 80 °C 

vs. TNa
+ of 0.66 at 60 °C in the LiTFSI-containing counterpart). These findings were also 

supported by the quantitative analysis of ion coordination strength,64 where the strength 

decreased in the row Na+, Li+, Mg2+ for the carbonyl coordinating group. However, no data on 

K+ mobility in polyesters/polycarbonates has been published so far. 
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3. Methodology  

3.1. Characterization of SPEs 

3.1.1. Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is an efficient thermal analysis to examine the thermal 

behaviour of a material at a chosen temperature range. A DSC calorimeter consists of two cells: 

a reference cell (typically an empty one) and a cell with the investigated material. In principle, 

to heat up/cool down both cells with the same heating/cooling rate, a different amount of heat 

capacitance is required. The working principle is to register the difference of heat flow (W g-1) 

as a function of temperature and time to observe thermal effects – endo- and exothermic 

processes. For semi-crystalline and amorphous polymers, melting/crystallization processes as 

well as glass transition are the characteristics of a great importance. The glass transition 

temperature Tg can be seen as an indicator of segmental chain mobility to enable an efficient 

cationic diffusion within a host material. Moreover, an endothermic melting process can be 

characterized by melting temperature Tm and melting enthalpy (ΔHm), which can be further 

used to calculate crystallinity (Xc) according to Equation 7: 

𝛸C  =  (
ΔHm

ΔH(Polymer)m × (1 – 𝜙𝑎𝑑𝑑)
 )                                                                                Equation 7 

where ϕadd represents the total amount of additives (nanoparticles, etc.).147 

This metric can be used for estimation of ionic transport through the host material as larger 

content of amorphous phase (preferable for ions hopping) supports higher ionic conductivities 

in semi-crystalline polymer.  

 

3.1.2. Oscillatory Rheology 

Polymer electrolytes typically display viscoelastic properties, i.e. neither an ideal liquid 

(viscous) nor ideal solid (elastic) behaviour.215 The primary method for evaluating viscoelastic 

properties with a rotational rheometer is small amplitude oscillatory shear (SAOS). When 

conducting oscillation test, a parallel plate system is used, where the sample is placed between 

the plates with a predetermined gap. The upper plate oscillates back and forth at a specified 

stress or strain amplitude and frequency (Figure 11). This oscillatory motion is typically 

represented as a sinusoidal wave, with stress or strain amplitude plotted on the y-axis and time 

on the x-axis. In a controlled stress test, an oscillating torque is applied to the upper plate, and 

the angular displacement is measured to determine the strain. Conversely, in a controlled strain 

test, the angular displacement is controlled, and the required torque is measured to calculate the 

shear stress. 
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Figure 11. A schematic illustration of a sample positioning in a parallel plate geometry with 

sinusoidal oscillatory motion. 

 

The complex shear modulus |G| can be described as following equation: 

|G| = G’ + iG’’                                                                                                            Equation 8 

In viscoelastic materials storage modulus G’ is ascribed to the elastic portion or solid-state 

behaviour and loss modulus G’’ can be seen as the viscous portion or liquid-like behaviour of 

the polymer sample.216,217 Under the influence of shear and/or temperature the value of G’’ can 

exceed the magnitude of G’, indicating liquid-like properties of a material. Contrary, when 

G’ ˃ G’’, desired for SPEs solid-like properties are guaranteed. 

 

3.1.3. Electrochemical Impedance Spectroscopy (EIS) 

The information about total bulk ionic conductivity (σ) of SPEs can be gathered using EIS. The 

measurement is usually performed in a two-electrode setup, where the electrolyte film is placed 

between two blocking electrodes. For instance, in this thesis, stainless steel/SPE/stainless steel 

configuration was used for determination of σ. The impedance spectroscopy can be conducted 

in potentiostatic mode by applying an AC potential (with a small voltage amplitude of 10-

20 mV) V(t), and the current response, I(t), is monitored. Impedance, Z, serves as the AC 

equivalent of resistance, representing the ability of a circuit to resist the flow of electrical 

current. The difference is that resistance follows Ohm´s law, which applies to an ideal resistor. 

In contrast, impedance provides a more realistic interpretation of the electrical properties of 

materials. Thus, the potential difference, ΔV(t), changes sinusoidally with time (Equation 9), 

while the corresponding sinusoidal change in ΔI(t) also includes a phase shift (Equation 10): 

ΔV(t) = ΔV0 × sin(ωt)                                                                                                  Equation 9 

ΔI(t) = ΔI0 × sin(ωt + θ)                                                                                             Equation 10 
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where ω is the angular frequency, and θ is the phase shift angle. Then the impedance, |Z|, is a 

vector quantity expressed in Equation 11, and consists of two components: the real part, Z′ 

(Equation 12), and the imaginary part, -Z″ (Equation 13). 

|𝑍| =
ΔV(𝑡)

ΔI(𝑡)
                                                                                                                  Equation 11 

Z′ = |Z| × cosθ                                                                                                            Equation 12 

Z′′ = |Z| × sinθ                                                                                                            Equation 13 

A Nyquist plot (-Z″ vs. Z′) is a graphical representation of the obtained data (Figure 12). 

 

 

Figure 12. Example of the extraction of the bulk electrolyte resistance (Rb) from EIS 

measurements at different temperatures. The EIS spectra were fitted using a Debye circuit (Ru 

is uncompensated resistance, Qdl is constant phase element capacitance of double layer, Cg is 

geometric capacitance), which in this case corresponds in good approximation to the transition 

into the low frequency regime at around 4.37×104 Ω (fit shown as red line with dark blue 

symbols). Representative data is gathered from EIS measurement of BPE-KTFSI (EO:K = 15:1) 

in the frequency range from 1 MHz to 500 mHz with a voltage amplitude of 10 mV at 5 °C. 

 

Each point on the Nyquist plot reflects the complex value of the transfer function at that 

frequency. The Nyquist plot of SPEs is a semicircle at high frequencies (as a result of the 

geometric capacitance) followed by a vertical or near-vertical tail at low frequencies. From the 

Nyquist plot, the bulk electrolyte resistance (Rb) can be extracted as the impedance at the low 

frequency intersection of the semicircle with the x-axis (Z′) or through fitting the data to an 
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appropriate equivalent circuit (typically a Debye equivalent circuit, see Figure 12). Further, the 

total ionic conductivity can be calculated according to Equation 14: 

σ = 
1

Rb
 ∙ 

l

A
                                                      Equation 14 

where l represents the thickness, and A represents the area of a SPE film. 

 

3.1.4. Transference Number Measurements – Bruce-Vincent Method 

The transference number TA
+ (where A+ represents alkali metal cation) can be determined 

electrochemically through the combination of potentiostatic polarization of a symmetric A-

metal/SPE/A-metal cell and EIS measurements (before and after polarization). Bruce-Vincent 

method is the one that is commonly used for measuring TLi
+ in Li-containing SPEs systems.205 

Potentiostatic polarization is typically performed at low voltage amplitudes (10-50 mV, so that 

the potential distribution across the cell could be linearized), and EIS is applied before and after 

polarization to determine initial and steady-state interfacial resistances, respectively (Figure 

13). 

 

 

Figure 13. Example of the data interpretation of the transference number TA
+ measurement 

through Bruce-Vincent method. Representative data is gathered from a Li-metal/BPE-

LiTFSI/Li-metal cell at 55 °C, at ΔV of 50 mV. EIS spectra were recorded in the frequency 

range from 1 MHz to 100 mHz with an amplitude of 10 mV. 

 

Furthermore, the transference number TA
+ can be calculated using Equation 15:  

𝑇𝐴
+= 

Is (∆V - I0 R0)

I0 (∆V - Is Rs)
                                                               Equation 15 
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where I0 and Is represent the initial and steady-state current, respectively, ∆V is the polarization 

voltage, and R0 and Rs are the initial and steady-state electrode resistance, respectively. The 

initial current I0 can be calculated using Equation 16: 

I0= 
 ∆V

Rb + R0 
                                                      Equation 16 

where Rb is the resistance of the polymer electrolyte determined from the Nyquist plot (EIS 

before polarization). The initial current I0 calculated according to Equation 16 should be equal 

to the experimental value, which can be derived from the polarization plot. 

 

3.2. Electrochemical Analysis of Batteries 

In this thesis, polymer electrolytes were electrochemically tested using symmetrical potassium 

metal cells and a half cell configuration. The symmetrical cell design was employed to evaluate 

electrochemical processes occurring at the electrode-electrolyte interfaces. In the half cell setup, 

potassium metal served as both the reference and counter electrode.279 Unlike a full cell 

configuration, the half cell allows to study the electrochemistry of either a positive or negative 

electrode without limited charge carrier inventory. However, the full cell is considered as a 

closer prototype of a potassium-ion battery due to the limited metal supply and the balanced 

capacities and voltages of the cathode and anode. It is important to note that the definition of a 

potassium-ion battery does not exclude the use of potassium metal as the negative electrode. 

Therefore, in this dissertation the electrochemical data from the half cell experiments can be 

considered as prototypes for actual potassium batteries. 

 

3.2.1. Plating and Stripping Experiments 

When thermodynamically favorable, alkali metal ions (K⁺ cations in this thesis) gain electrons 

and undergo reduction (K⁺ + e⁻ ⇄ K), forming metallic potassium that deposits on the electrode 

surface. A portion of the deposited potassium can then be stripped back from the electrode, 

leading to the formation of reversible potassium. This process is known as the plating/stripping 

of metallic potassium. The difference between the equilibrium potential and the actual potential 

during plating/stripping is known as the overpotential, which is associated with the energy 

barriers and processes occurring during the electrochemical reaction.280 By adjusting the 

(over)potential, the reaction rate can be controlled. Conversely, if the reaction rate (i.e. the 

applied current) is kept constant, the observed overpotential can serve as an indicator of the 

energy barriers and the stability of the electrode-electrolyte interface. For metal deposition to 

occur, several processes are involved, including (1) mass transport, (2) charge transfer, and (3) 

nucleation, all contributing to the overpotential (Figure 14). 
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Figure 14. A schematic illustration of potassium metal deposition from electrolyte. 

 

As shown in Figure 14, a portion of the deposited potassium cannot be stripped back, leading 

to the formation of irreversible metal. At the electrode-electrolyte interface, the metallic 

potassium reacts with the (polymer) electrolyte to form SEI, which encapsulates the metallic 

potassium. The accumulation of irreversible potassium results in capacity fade due to the loss 

of K⁺ ions.281 

 

3.2.2. Galvanostatic Cycling 

Galvanostatic cycling is the commonly used technique for studying the behaviour of batteries 

or their prototypes during cycling. In this thesis, galvanostatic cycling with potential limitation 

(GCPL) was employed as a standard protocol to avoid irreversible side reactions in highly 

oxidative or reductive potential regions. The performance of a battery is judged based on its 

charge and discharge conditions within a chosen potential range and at a specific cycling rate.279 

The cycling rate, or C-rate, is typically expressed as C/h (A g⁻¹ or mA g⁻¹), where h represents 

the number of hours required for the nominal capacity of the working electrode (or the battery 

involving both positive and negative electrodes) to pass through. For example, a C-rate of C/15, 

as used in this thesis, corresponds to a current density that fully charges or discharges the cell 

in 15 hours, whereas a C-rate of 15C would theoretically allow for full charging or discharging 

in just 4 minutes. GCPL enables the evaluation of various electrochemical characteristics of 

cells such as the charge (Qch) and discharge (Qdisch) capacity, the dependence of capacity on the 

current density (rate capability test), analysis of the capacity-voltage profile, voltage hysteresis, 

and Coulombic efficiency, CE, which is calculated as the ratio of Qdisch to Qch: 

CE =
Qdisch

Qch
                                                                                                                 Equation 17 
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4. Experimental Section 

4.1.  Materials 

Poly(ethylene oxide), PEO, with an average Mv of 5.000.000 g mol-1 (Sigma-Aldrich), 

potassium bis(trifluoromethanesulfonyl)imide, KTFSI, (99.5 %, Solvionic), γ-Al2O3 nano 

powder (99.97 %, avg. particle size: 20-30 nm, pH 5.0-6.5, Nanostructured & Amorphous 

Materials, Inc., USA) and SiO2 nano powder (>99+ %, avg. particle size: 20 nm, pH 5.5-6.5, 

Nanostructured & Amorphous Materials, Inc., USA) were dried at 110 °C for 12 h under 

vacuum (10−3 mbar) prior to use and transferred to the Ar-filled glovebox, where all following 

procedures were carried out under inert atmosphere (H2O < 0.1 ppm, O2 < 0.1 ppm). 

For poly(vinyl benzyl methoxy poly(ethylene oxide) ether)-block-polystyrene block copolymer 

synthesis, sodium hydride (60 wt.% dispersion in mineral oil, Sigma-Aldrich), poly(ethylene 

oxide) monomethyl ether (mPEO2000 equals to Mn = 2000 g mol-1, TCI), 4-vinylbenzyl 

chloride (90 wt.%, Sigma-Aldrich), 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 

(98 wt.%, Sigma-Aldrich) were used as received. Styrene (99 wt.%, Acros) was passed through 

basic alumina oxide prior to use. 

For polycarbonates synthesis, trimethylene carbonate (TMC, Obiter Research) was used as 

received, ɛ-caprolactone (CL, 99 % Sigma Aldrich) was distilled over reduced pressure over 

CaH2, Sn(Oct)2 (95 %, Sigma Aldrich) was prepared as a 1 M solution in toluene (extra dry, 

over molecular sieves, 99.8 %, AcroSeal®, Acros Organics). All samples were stored, handled, 

and prepared in an argon-filled glovebox under inert atmosphere (H2O < 0.1 ppm, 

O2 < 0.1 ppm). 

For potassium iron hexacyanoferrate K2-xFe[Fe(CN)6]1-y×zH2O synthesis, FeSO4×7H2O (99 %, 

Ruskhim), polyvinylpyrrolidone (Mw = 40.000, Sigma-Aldrich), Na3Cit×5.5H2O (99.5 %, 

Ruskhim), K4Fe(CN)6×3H2O (99 %, Ruskhim) were used as received.  

Carbon black (SuperC, Imerys Graphite & Carbon, Switzerland), poly(vinylidene difluoride) 

PVdF (HSV900, Arkema), N-methyl-2-pyrrolidone (99.5 %, Sigma-Aldrich), anhydrous 

acetonitrile (99.8 %, Sigma Aldrich) were used as received. 

For liquid electrolyte preparation, hexafluorophosphate KPF6 (99 %, AcrosOrganics) was dried 

at 110 °C for 12 h under vacuum (10−3 mbar) prior to use and transferred to the Ar-filled 

glovebox, ethylene carbonate (EC) (99 %, Sigma-Aldrich) and propylene carbonate (PC) 

(99.7 %, Sigma-Aldrich), fluoroethylene carbonate (FEC) (≥ 99 %, Sigma-Aldrich) were used 

as received in an Ar-glovebox. 
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Potassium metal (98 % stored in mineral oil, Sigma-Aldrich) was transferred to the Ar-filled 

glovebox (H2O < 0.1 ppm, O2 < 0.1 ppm), washed with hexane and further used under inert 

atmosphere. 

 

4.2.  Polymers Synthesis  

4.2.1. Block Copolymer Synthesis 

Poly(vinyl benzyl methoxy poly(ethylene oxide) ether)-block-polystyrene block copolymer 

(PVBmPEO-b-PS further shortened to BP) was synthesized by reversible addition-

fragmentation chain-transfer (RAFT) polymerization, following the described procedure.58 

 

4.2.2. Polycarbonates Synthesis  

Poly(trimethylene carbonate) PTMC (with an average Mn = 140.000 g mol−1) and poly(ε-

caprolactone-co-trimethylene carbonate) P(CLm-TMCn) with molar ratio m:n of 80:20 (with an 

average Mn = 310.000 g mol−1), were both synthesized through ring-opening polymerization of 

the respective monomers using a 1 M solution of Sn(Oct)2 as the catalyst , following previously 

reported synthetic procedures.276,282 

 

4.3.  SPEs Preparation and Characterization 

4.3.1. SPEs Preparation 

The predefined amounts of the respective polymer host material and KTFSI corresponding to 

certain molar ratios of [polymer unit]:K (see in Table 2) were homogeneously dissolved in 

acetonitrile. In the case of Al2O3- and SiO2-containing samples, the predefined amounts of 

nanofiller, corresponding to a certain mass fraction (relatively to the polymer-salt composition), 

were weighed in a ball-mill container. The container was transferred to a ball-mill mixer SPEX 

8000, and the components were mixed as dry solids for 1 h. Subsequently, acetonitrile was 

added to the resulting solid mixture, and the slurry was stirred overnight.  

The solutions/slurries were casted onto Teflon molds with an inner diameter of 40 mm, 

followed by the solvent evaporation at 60 °C. The obtained films were dried at 110 °C for 36 h 

under vacuum (10-3 mbar) and transferred to the glovebox (H2O < 0.1 ppm, O2 < 0.1 ppm) 

without further exposure to air or moisture, where all preparations for following measurements 

were carried out. The derived films with a thickness range of ~100-200 µm (specified further) 

were used for all measurements. 
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Table 2. Compositions of solid polymer electrolytes studied in this thesis. 

Polymer host material 
[Polymer unit]:K 

molar ratio 
Nanofiller 

Nanofiller mass fraction, 

wt.% 

PEO 

20:1 

– – 

16:1 

12:1 

8:1 

4:1 

PEO 12:1 Al2O3 

2 

5 

8 

10 

12 

15 

PEO 12:1 SiO2 

2 

5 

8 

10 

BPE 

20:1 

– – 15:1 

10:1 

PTMC, 

P(CL80-TMC20) 

24:1 

– – 

20:1 

16:1 

12:1 

8:1 

4:1 

2:1 

1:1 

 

4.3.2. DSC 

For DSC measurements, A DSC Q200 (TA Instruments) system was used to register 

thermograms of the PEO-based SPEs, while the polycarbonate-based SPEs were analysed using 

a Mettler Toledo DSC 3+ system. For both systems, the samples with the mass of 5-15 mg were 

sealed in aluminum pans. The samples were cooled from ambient temperature to -70 °C at a 

cooling rate of 10 K min−1 and heated up to 160 °C (for the PEO-SPEs) or to 200 °C (for the 

polycarbonates-SPEs) at a heating rate of 10 K min−1. Two colling-heating cycles were 

performed on the samples to remove any thermal history, and the second heating scans are 

presented and discussed in this thesis. 

 

4.3.3. Oscillatory Rheology 

Rheological measurements were performed on a strain-controlled ARES G2 (TA Instruments) 

rheometer via SAOS with shear strains amplitudes 0 = 0.1 - 1 %. The tests were conducted on 

the above prepared SPEs under nitrogen atmosphere in the angular frequency range from 0.1 to 
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100 rad s-1 in the temperature range from 25 to 65 ℃ in 10 ℃ steps. The samples with a 

diameter of 8 mm and a thickness of 0.5 mm were prepared from the films obtained by the SPE 

preparation. 

 

4.3.4. EIS 

Prior to EIS measurements, the cells (Table 3) were assembled in an Ar-filled glovebox. To 

avoid electrode-electrode contact, gasket rings made from Mylar separators were used. 

Subsequently, the cells were sealed and pre-conditioned at elevated temperature of 60 ℃ for 

12 h in a temperature chamber, followed by cooling to ambient temperature (25 ℃). Further, 

EIS measurements were performed at the chosen conditions listed in Table 3. Prior to recording 

impedance spectra, the temperature of the measurement was maintained constant for at least 

40 min. 

Further, the bulk electrolyte resistance (Rb) was determined by fitting with a Debye circuit to 

the data in the Nyquist plot, and the ionic conductivity (σ) was calculated according to 

Equation 14. 

 

Table 3. Chosen conditions of EIS measurements. 

SPE-

KTFSI 
Cell type 

Film 

thickness,

µm 

Film 

diameter,

mm 

Analyzer 

Freq. 

range, 

Hz 

Voltage 

amplitude,

mV 

Temp. 

range,

℃ 

PEO Swagelok ~200 8 
Biologic 

SP-200  

1×106-

500×103 
20 15-85 

Al2O3-/ 

SiO2-

filled 

PEO 

CR2032 

coin 
~200 12 

Biologic 

VSP 

1×106-

500×103 
20 15-85 

BPE 
CR2032 

coin 
~100 10 

Biologic 

VSP 

1×106-

500×103 
10 5-85 

PTMC/

P(CL80-

TMC20) 

CR2025 

coin 
~100 12 

Schlumberg

er SI 1260 

Impedance/

Gain-Phase 

Analyzer 

10×106-

1 
10 25-85 

 

4.4.  Electrode Material Synthesis and Characterization 

Potassium iron hexacyanoferrate K2-xFe[Fe(CN)6]1-y×zH2O (KFF) was synthesized via 

co-precipitation method reported elsewhere.11 Three solutions were prepared: (a) 0.782 g of 

FeSO4×7H2O (99 %, Ruskhim) and 0.100 g of polyvinylpyrrolidone (Mw = 40.000, Sigma-

Aldrich) in 20 ml of deionized water, (b) 0.244 g of Na3Cit×5.5H2O (99.5 %, Ruskhim) in 

10 ml of deionized water and (c) 1.268 g of K4Fe(CN)6×3H2O in 10 ml of deionized. The 
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solutions were added to the vessel in the order (a), (b) and (c). The resulting suspension was 

stirred for 36 hours at ambient temperature. Subsequently, the resulting precipitate was 

centrifuged and washed with the mixture of ethanol and deionized water (1:1 ratio by volume) 

several times and dried at 110 ℃ for 12 hours under vacuum (10-3 mbar). After drying, the 

obtained powder was ground using a mortar. 

The chemical composition was further determined2 using a combination of thermogravimetric 

analysis (TGA) and inductively coupled plasma optical emission spectroscopy (ICP-OES) in 

order to determine the water content and the K:Fe ratio of the compound 

K2-xFe[Fe(CN)6]1- y×zH2O, respectively. The resulting stoichiometry of the compound was 

calculated to K1.90Fe[Fe(CN)6]0.98, from which the water content can be determined to z = 1.0, 

yielding the total stoichiometry K1.90Fe[Fe(CN)6]0.98×1.0H2O. 

 

4.5. Electrode Preparation and Cell Assembly 

4.5.1. Electrode Preparation 

For the preparation of positive electrodes for electrochemical tests with the liquid electrolyte, 

180.0 mg of the synthesized K1.90Fe[Fe(CN)6]0.98, 90.0 mg of carbon black, 30.0 mg of PVdF 

(resulting in 60:30:10 ratio by mass) were weighed in a ball-mill container and 

N-methyl-2-pyrrolidone was added. The container was transferred to a ball-mill mixer SPEX 

8000 and the slurry was mixed for 1 hour. Subsequently, the slurry was spread onto conductive 

carbon-coated aluminium foil using an automatic film applicator Zehntner ZAA 2300 with a 

gap width of 150 µm and dried after a deposition at 60 ℃. To uniform thickness and surface, 

the electrode sheet was roll-pressed to a thickness of ~40 µm with a mass loading of ~1 mg cm-2. 

Round-shaped electrodes with a diameter of 16 mm were cut out and dried at 110 ℃ for 12 

hours under vacuum (10-3 mbar) and transferred in an Ar-filled glovebox without further 

exposure to air or moisture. Positive electrodes for electrochemical tests with SPEs were 

prepared according to the same sequence of procedures as described above. In this case, slurries 

contained 180.0 mg of KFF, 90.0 mg of carbon black, 30.0 mg of PVdF, 30.0 mg of PEO and 

14.0 mg of KTFSI (overall electrode composition 52.3: 26.2: 8.7: 8.7: 4.1 ratio by mass, wt.%). 

 

4.5.2. Symmetrical Cell Assembly  

For measurements of the transference number TK
+ and for plating and stripping experiments, 

symmetrical K-metal/SPE/K-metal coin cells (CR2032-type cells) were assembled in an Ar-

filled glovebox. For the TK
+ measurements, the SPEs based on PEO-KTFSI (with a molar ratio 

of EO:K = 20:1, Sym-PEO-cell) and BPE-KTFSI (EO:K = 15:1, Sym-BPE-cell) were prepared 
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as previously described in 4.3.1. Furthermore, for plating and stripping experiments, PEO-

KTFSI (EO:K = 12:1) with 8 wt.% of the inorganic nanofiller (Al2O3 or SiO2 further denoted 

as Sym-AlOx-8-cell or Sym-SiOx-8-cell, respectively) were additionally prepared. The 

electrolyte discs with a thickness of ~200 µm and a diameter of 8 mm (for Sym-PEO-cell), 

16 mm (for Sym-BPE-cell), 16 mm (for Sym-AlOx-8-cell) and 14 mm (for Sym- SiOx-8-cell) 

were placed between the potassium metal electrodes. Prior to the measurements, the cells were 

pre-conditioned at a temperature of 55 ℃ for 1 h. 

 

4.5.3. Half Cell Assembly 

For galvanostatic cycling coin cells were assembled in an Ar-filled glovebox. In K/SPE/KFF 

configuration, K-metal negative electrode, KFF-based positive electrode (prepared as described 

in 4.4) and respective SPE (prepared as described in 4.3.1) were used. The electrolyte discs 

with a thickness of ~200 µm and a diameter of 16 mm were placed between the electrodes. For 

the reference cells with liquid electrolyte, glassfiber separators (Whatman GF/B) were dried at 

110 ℃ for 12 hours under vacuum (10-3 mbar) and one layer of the separator was soaked with 

150 µl of an electrolyte comprising a 0.5 M KPF6 solution in a mixture of EC:PC (1:1 ratio by 

volume) with 2 wt.% of FEC. The SPE-based cells were preconditioned in a temperature 

chamber at 55 ℃ for 20 hours prior to the following cycling at this temperature. The liquid 

electrolyte-based cells were preconditioned at ambient temperature (25 ℃) for 2 hours prior to 

the following cycling at this temperature. 

 

4.6. Electrochemical Tests 

4.6.1. Plating and Stripping Experiments in Symmetrical Cells 

Potassium metal plating and stripping experiments were performed on a VMP-300 potentiostat 

(BioLogic Science Instruments) at a temperature of 55 °C. For the Sym-PEO- and Sym-BPE-

cells, the current densities (j, where j = I/A) of 0.01, 0.02, 0.05 and 0.01 mA cm-2 were used, 

and j was increased stepwise every 10 cycles. The last sequence was performed at the decreased 

current density of 0.01 mA cm-2. Each cycle comprised plating and stripping for 1 h each, for 

20 h in total. When switching from plating to stripping (and reverse), an OCV step of 30 min 

was applied for Sym-PEO-cell. For the Sym-AlOx/SiOx-cells, pre-conditioning step was 

introduced at OCV at the experimental temperature for 4 h. Then EIS measurements were 

performed in 4 h intervals in the frequency range between 10 mHz and 200 kHz and a voltage 

amplitude of 20 mV. The total conditioning time was 42 h and 13 min. The current densities of 

0.01, 0.02, 0.05, 0.075 and 0.1 mA cm-2 were used. For each j in the range of 
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0.01- 0.075 mA cm-
 

2, the sequence time totalled to 20 h (1 h for plating, 1 h for stripping). At 

the highest j of 0.1 mA cm-2, the cells were cycled for 200 h in total. A rest step of 30 min was 

applied between plating and stripping steps (and reverse). After each j increase, EIS was 

conducted under the same conditions as for the OCV phase. 

 

4.6.2. Transference Number Measurements – Bruce-Vincent Method 

The measurements of the transference number TK
+ were performed on a VMP-300 potentiostat 

(BioLogic Science Instruments) at 55 °C. For the K/PEO-KTFSI/K cell, the impedance data 

were collected in a frequency range from 200 kHz to 10 mHz with an amplitude of 10 mV. 

Afterwards, direct current polarization was applied with a polarization voltage of ΔV = 30 mV, 

while the impedance spectra were recorded before and after the polarization, respectively. 

Meanwhile, EIS spectra of the K/BPE-KTFSI/K cell were recorded in the frequency range from 

1 MHz to 100 mHz with an amplitude of 10 mV. The polarization voltage of ΔV = 50 mV was 

further applied.  

The transference number TK
+ was calculated using Equation 15, and the initial current I0 was 

calculated using Equation 16. 

 

4.6.3. Galvanostatic Cycling 

As stated in 4.5.3, the galvanostatic cycling tests were performed in K-metal/electrolyte/KFF 

cell configuration under following conditions (Table 4): 

 

Table 4. Chosen conditions of galvanostatic cycling experiments. 1C = 141 mAh g-1 with 

respect to the theoretical capacity of K1.90Fe[Fe(CN)6]×1.0H2O. 

Electrolyte type Analyzer Temperature, ℃ C-rate Cut-off limits, V 

Liquid electrolyte Neware BTS4000 25 C/25 2.5-4.3  

PEO-KTFSI Neware BTS4000 55 C/25 2.5-4.3  

AlOx/SiOx-PEO-KTFSI 
Biologic  

VMP-300 
55 C/15 2.5-4.3  

BPE-KTFSI 
Biologic  

VMP-300 
55 C/15 2.5-4.3  

 

Additionally, for filler-containing and BPE-based SPEs, a constant potential (CP) step was 

applied for a maximum of 1 h after each charge/discharge sequence. 

 

4.7. Data Processing 

The galvanostatic cycling data was exported to TXT file extension using the EC-Lab software 

(V11.27) and further processed using the in-house developed «bat2dat» R package that is 
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available on github.283 The EIS data for total ionic conductivity measurements was fitted to a 

Debye equivalent circuit using RelaxIS software.   
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5. Scope of this Thesis 

Potassium-ion batteries became an intensively growing field of research as a complementary 

post-Li technology. Despite higher atomic mass of potassium, KIBs could be successfully used 

as stationary energy storage systems especially if high average cell voltages (above 4.0 V) and 

a high stoichiometric content are achieved.67,68,157 However, the realisation of efficient and 

high-performance KIBs is impeded by lack of stable interface chemistries often resulting from 

the high reactivity of potassium towards electrolyte components, especially in K-metal 

batteries.19,127,284,285 This leads to electrolyte degradation and thus rapid increase of the surface 

layer thickness and cell resistance, as well as fast capacity fade.284,286 SPEs have recently 

demonstrated improved capacity retention in half cell configurations compared to conventional 

LEs, although the low ionic conductivity, insufficient mechanical strength, and interfacial 

compatibility of the former still remain challenges to be addressed. 

Within the scope of this thesis, two classes of polymers – the state-of-the-art, PEO, and the 

carbonyl-containing homopolymer PTMC and copolymer P(CLm-TMCn) – will be examined as 

host materials for SPE applications in potassium metal batteries. For PEO-based host materials, 

different strategies will be investigated along the aforementioned key metrics, namely (1) a 

homopolymer approach, (2) composite strategy involving the incorporation of inorganic 

nanofillers (Al2O3, SiO2), and (3) block copolymerization to obtain PVBmPEO-b-PS 

copolymer. The impact of these approaches on the temperature-dependent rheological and ion 

transport properties will be evaluated using SAOS, DSC and EIS techniques. The issue of 

mechanical stability of PEO while maintaining sufficient ionic conductivity will be addressed 

through the strategies employed. Structural differences between electrolytes with varied salt 

and/or additive contents, and/or based on different host materials (homopolymer vs. block 

copolymer) will be further correlated to the electrochemical behaviour in symmetrical K-

metal/SPE/K-metal cells and K-metal/SPE/K2-xFe[Fe(CN)6] half cells. 
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6. PEO-based SPEs for KIBs 

In this chapter, a comparative analysis of SPEs based on PEO (as an ion conducting host 

material) including three different material approaches, namely (1) homopolymer, (2) 

composite, (3) block copolymer, with varied concentration of KTFSI was made, evaluating 

their rheological properties, ionic conductivity and electrochemical performance. The findings 

offer a comprehensive understanding of how to «tune» the SPEs properties by changing the salt 

content and/or the morphology of the host material. 

 

6.1.  Characterization of Thermal and Rheological Properties 

In this section, the trends of thermal behaviour of PEO-based SPEs and the impact on their 

mechanical rigidity were studied, when (1) varying KTFSI concentration in the PEO-KTFSI 

matrix, (2) adding inorganic nanofillers Al2O3 and SiO2 to the PEO-KTFSI SPEs, (3) utilizing 

the PEO-based block copolymer as a host material for SPE. Furthermore, comparative 

discussion of benefits and shortcomings of mechanical parameters of the PEO-based SPEs as 

well as outlook were given. 

 

6.1.1. PEO-KTFSI Compositions as the Starting Point 

Thermal characterization. Thermal properties of the series of PEOx-KTFSIy blends, where the 

ratio of x:y corresponded to different EO:K molar ratios (20:1, 16:1, 12:1, 8:1, 4:1), and pristine 

pure PEO were characterized by DSC (Figure A1a, summary given in the appendix Table A1). 

 

 

Figure 15. The dependence of glass transition Tg and melting Tm temperatures on EO:K molar 

ratio in PEO-KTFSI SPEs. 

 

The pristine PEO featured a Tg at -59.8 ℃, whereas the PEO-KTFSI SPEs showed a 

predominant tendency of Tg shift towards higher temperatures with increasing salt content 
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(Figure 15). This trend can be explained by ionic cross-linking179,180,181 as a result of the 

coordination of K+ by different segments of the polymer chains, leading to their physical cross-

linking, which reduces the polymer free volume and thereby partially immobilizes and restricts 

segmental motion.25 Simultaneously, the melting point Tm decreased from 69.2 ℃ for pure PEO 

to melting points below 55 °C for PEO-KTFSI SPEs. As can be clearly seen in Figure 15, the 

polymer blends featured decreasing Tm values as the EO:K ratio changed from 20:1 to 12:1, 

most likely due to the plasticising effect of the bulky TFSI- anions.287 This was reflected in the 

declining trend of melting enthalpies ΔHm from pure PEO (196.4 J g-1)34 to the 12:1 blend 

(11.1 J g-1, given in Table A1), corresponding to the substantial reduction in the degree of 

crystallinity. As the KTFSI content further increased (EO:K = 8:1), both Tm and ΔHm increased 

again, which was likely related to the formation of crystalline intermediate compounds.196 

Surpassing the saturation limit of EO:K = 5,162,196 the concentration regime changed from salt-

in-polymer to polymer-in-salt.288,289 Thus, in Figure A1a of PEO4-KTFSI1, an additional 

endothermic peak at 135 ℃ can be clearly observed, corresponding to the phase reported in the 

literature with the molar ratio of EO:K = 1.5:1.162 A mixed-phase system was also observed in 

the case of PEO20-KTFSI1 that manifested an additional phase with a lower melting point (Tm = 

37 ℃). Contrary to the PEO-LiTFSI blends,162,196 showing the absence of any crystalline phases 

in the so called «crystallinity gap», i.e. in the range of EO:Li molar ratios between 

6 < EO:Li < 12, no «crystallinity gap» for the investigated EO:K molar ratios was detected. 

This is in agreement with previously reported phase diagram of the PEO-KTFSI SPEs, where 

the samples remain partly crystalline over a wide range of molar ratios (1.5 < EO:K < 60).196 

Rheological characterization. SAOS test was used to evaluate the impact of KTFSI 

concentration on the rheological properties of the PEO-based electrolytes. The storage and loss 

(G’ and G’’, respectively) moduli of PEO-KTFSI SPEs were measured from 0.1 to 100 rad s-1 

at low shear strains from 0.1 to 1 % in the temperature range from 25 to 65 ℃ in 10 ℃ steps 

(see in the appendix Figure A2) to be within the linear regime.  

As already stated, maintaining the structural integrity is highly relevant for SPE, acting both as 

electrolyte and separating layer between anode and cathode, preventing dendrites growth and 

subsequent short circuits.148 In general, SPEs can gain the mechanical strength from a rigid 

crystalline phase of polymer or cross-links due to ion-polymer interactions,147 restricting the 

polymer chains motion and contributing to a structural integrity. Herein, the predominant 

contribution of these effects to the mechanical properties of PEO-based compositions 

depending on their KTFSI content is discussed. As demonstrated in Figure A2a-e, for the 

PEO4-KTFSI1, PEO8-KTFSI1, PEO20-KTFSI1 compositions, as well as for pure PEO, the 
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storage moduli dominated the loss moduli over the whole temperature range investigated 

(G’ > G’’, from 25 to 65 ℃), thus providing the desired solid-state behaviour. However, the 

mechanical strength of these materials was likely governed by different effects: pristine PEO 

and PEO20-KTFSI1 possessed the highest crystallinity degrees (Table A1), while PEO8-KTFSI1 

and PEO4-KTFSI1 exhibited the highest Tg values due to a large number of ionic cross-links. In 

Figure 16 the dependence of the storage and loss moduli is shown for investigated EO:K molar 

ratios at angular frequency of 0.1 rad s-1 and temperatures of 25 and 55 ℃. 

 

 

Figure 16. The dependence of storage (G’) and loss (G’’) modulus on EO:K molar ratio of 

PEO-KTFSI SPEs at angular frequency of 0.1 rad s-1 at 25 and 55 ℃. 

 

As seen in Figure 16, at temperatures below Tm, PEO4-KTFSI1 and PEO8-KTFSI1 

demonstrated the highest storage and loss moduli among all blends and pristine polymer, 

indicating the significant contribution of cross-links to the improvement of structural integrity. 

Moreover, both PEO4-KTFSI1 and PEO8-KTFSI1 maintained the mechanical strength below Tm 

(25-45 ℃, Figure A2a-c), and only a negligible decline of their moduli along with the 

temperature increase was found. Contrary, the PEO20-KTFSI1 blend with the lowest Tg but 

highest crystallinity exhibited a greater decrease of its moduli in the same temperature range. 

This correlates with the thermal properties of PEO20-KTFSI1, reflecting the loss of structural 

integrity of an additional crystalline phase with a lower melting point (Tm = 37 ℃, Table A1). 

Surpassing the Tm of PEO4-KTFSI1 and PEO8-KTFSI1, the rigid crystalline phases melted and 

consequently the samples lost their mechanical integrity, which was dramatically reflected in 

the altered rheological properties (Figure 16). In contrast, PEO20-KTFSI1 possessed the highest 

moduli compared to other blends at temperatures above Tm. This might be attributed to the fact 

that PEO20-KTFSI1 employed a lower amount of bulky TFSI- in comparison to other blends, 
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thus possessing less hindered polymer chains alignment. Therefore, the rheological properties 

of this blend are expected to be the closest to that of pristine PEO, which had the highest values 

of G’ and G’’ above 55 °C. In Figure A2e, the significant moduli decline can be seen for the 

pure polymer, when approaching its Tm (69.2 °C, Table A1), however still possessing the 

highest moduli in comparison to all blends. As discussed above, PEO12-KTFSI1 and 

PEO16-KTFSI1 exhibited the lowest Tm and crystallinity degrees (Table A1). In accordance 

with their thermal properties, the lowest values of both G’ and G’’ were found over the 

investigated temperature range. Moreover, for PEO12-KTFSI1 the trend G’’ > G’ was observed 

in the low frequency region, indicating the dominance of liquid-like material properties. With 

increasing frequency, a cross-over point (G’’ = G’) was observed, signifying a transition to 

viscoelastic behaviour. At higher frequencies, G’ exceeded G’’, suggesting that the material 

exhibited solid-like properties at given conditions. The frequency of cross-over shifted as 

expected towards higher values along with the increase of temperature. This can be explained 

by the simultaneous increase of polymer chains motion in PEO12-KTFSI1. It is noteworthy, that 

similar tendency was manifested for PEO16-KTFSI1 above its Tm. 

 

6.1.2. Towards Mechanical Stability: Inorganic Nanofillers in PEO-KTFSI 

In this subsection, PEO-based composites incorporating nano-sized inorganic fillers, 

specifically Al2O3 and SiO2 in a PEO12-KTFSI1 matrix, were investigated with respect to their 

thermal and rheological properties. The PEO12-KTFSI1 was employed as an exemplary 

composition with a high content of amorphous phase that promises high total ionic 

conductivities at near-ambient temperatures, but at the same time is unsuitable to serve as a 

separator in KIBs configurations due to liquid-like rheological properties. Impact of the 

nanofillers addition to predominantly amorphous PEO-based matrix on thermal parameters, i.e. 

Tg, Tm, ∆Hm, and mechanical stiffness of the resulting SPEs was thoroughly studied and 

discussed.  

Thermal characterization. DSC measurements were conducted to evaluate the impact of the 

nanofillers (Al2O3, SiO2) addition on thermal properties of the PEO12-KTFSI1-based SPEs 

(Figure A1b & 1c, summary given in Table A2). Both melting Tm and glass transition Tg 

temperatures are plotted in Figure 17 (Tm refers to the temperature at the peak maximum). 

The SiO2-containing composites displayed no dependencies between filler content and Tg, 

within a margin of ±2°C, with respect to the pristine PEO12-KTFSI1 composition (Tg = -47.7 °C, 

see Table A1). Marginally higher Tgs were observed for the Al2O3-filled electrolytes with the 

filler contents of 5, 8 and 12 wt.% (named AlOx-5, AlOx-8 and AlOx-12, respectively), without 



57 
 

a clear trend in glass transition temperature. As will be discussed later, differences between the 

fillers may arise from different degrees of surface-polymer and surface-ion interactions, which 

can alter the polymer chains dynamics in the electrolytes. 

 

 

Figure 17. The dependence of glass transition Tg and melting Tm temperatures on the mass 

fraction of nano-sized (a) Al2O3 and (b) SiO2 in PEO12-KTFSI1-based SPEs. 

 

As can be seen in DSC scans in Figure A1b, the endothermic peaks around the melting 

temperature comprised of at least two broad overlapping features. Moreover, in the case of 

AlOx-5, two endothermic peaks were clearly observed, both reported in Table A2. In SiO2 

composites (Figure A1c), the endothermic peaks appear to overlap stronger but still show a 

discernible shoulder. This suggests the presence of several crystalline phases (with 

compositional differences), as described previously for PEO-LiTFSI systems.290,291 By 

comparison with the filler-free PEO12-KTFSI1, one component can be attributed to its melting 

point at Tm = 39.5 °C, which is a substantial reduction in melting point (from 69 °C for pure, 

linear PEO with a high molecular weight). The melting points of filler-containing samples are 

clustered around 46.5±2 °C with few compositions exceeding 50 °C. Based on the thermal 

properties of various PEOx-KTFSIy (4 < x:y < 20) compositions described in the previous 

subsection, the melting points of the adjacent PEO16-KTFSI1 composition (Tm = 48.8 °C, Table 

A1) and the majority of the filler-containing samples tested herein coincide almost. The 

formation of a crystalline EO:K = 16:1 phase, or more generally segregation into K-rich PEO 

phase(s) and K-depleted PEO phase(s), as described by Marzantowicz et al.197 for PEO-LiTFSI 

electrolytes, can explain the mixed phase thermal behaviour. The local immobilization of PEO 

chains at the nanoparticle surface may induce crystallisation and phase separation, with the 

nanofillers acting as nuclei or seeds for nucleation and growth, resulting in an increase in 

melting enthalpies and degrees of crystallinity (∆Hm and ΧC, respectively, in Table A2). 
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Rheological characterization. Further, rheological properties of the Al2O3- and SiO2-filled 

PEO12-KTFSI1 samples were investigated by SAOS tests (Figure A3). Thus, Figure A3a & 3b 

presents the dependency of the shear moduli on angular frequency of the Al2O3-filled PEO12-

KTFSI1 with different mass fraction of the filler at 25 and 55 ℃, respectively. All modified 

electrolytes in the investigated range of the filler concentration displayed G’ > G’’. This 

corresponds to the solid-like behaviour required for SPEs. In contrast, the filler-free PEO12-

KTFSI1 (black circles) showed an opposite behaviour at low angular frequencies, indicating 

liquid-like properties (G’’ > G’). 

As clearly seen in Figure 18a, at 25 ℃ the AlOx-filled samples exhibited more than one order 

of magnitude higher G’ as compared to the pristine PEO12-KTFSI1 (1.1-5.5×105 vs. 5.0×103 Pa 

at 0.1 rad s-1). 

 

 

Figure 18. The dependence of storage (G’) and loss (G’’) moduli on the mass fraction of nano-

sized (a) Al2O3 and (b) SiO2 in PEO12-KTFSI1-based SPEs at angular frequency of 0.1 rad s-1 

at 25 and 55 ℃. 

 

Moreover, the two compositions with higher melting points, i.e. AlOx-5 and AlOx-10, showed 

a notable shift to higher shear storage and loss moduli (by about half an order of magnitude) 

compared to the other samples investigated. The desired solid-like behaviour (G’ > G’’) was 

manifested for the SPEs at ambient temperature, suggesting possibility to obtain free-standing 

films for all Al2O3-PEO12-KTFSI1 samples in the investigated range of the filler concentration. 

Contrary to this expectation, in practice the SPEs containing less than 8 wt.% of Al2O3 did not 

yield a good processable, free-standing polymer electrolyte films. At 55 ℃, all AlOx-

containing compositions exceeded their melting points, which seemed to eliminate major 

differences between the compositions. In Figure 18a, the largest decrease in storage moduli 
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(by about one order of magnitude) can be seen for AlOx-5 and AlOx-10, while the G’ values 

of AlOx-2 and AlOx-8 decreased by ca. half an order of magnitude and remained almost 

unchanged for AlOx-12 and AlOx-15. It should be noted that the corresponding shear loss 

moduli remain by and large in the same range and, more importantly, do not intercept the 

storage moduli curves in the measured frequency range (i.e. G’ > G’’ still applies). Noteworthy, 

at 55 ℃ AlOx-10 exhibited notably close values of G’ and G’’ at low angular frequency 

(Figure 18a at 0.1 rad s-1, and Figure A3 in the range of 0.1-1 rad s-1). 

Similar rheological behaviour was observed for the SiO2-filled PEO12-KTFSI1 electrolytes 

(Figure 18b). At 25 ℃, the storage moduli of the samples with SiO2 were found to be in the 

range of G’ = 9.4×104-4.4×105 Pa at 0.1 rad s-1, which is more than one order of magnitude 

higher than G’ of the pristine PEO12-KTFSI1 (measured at low angular frequencies). 

Furthermore, the SiO2-filled electrolytes manifested solid-like properties (G’ > G’’) that were 

preserved even at an elevated temperature of 55 ℃ (Figure 18b). However, the overall shear 

moduli decreased along with a reduction in the gap between the storage and loss moduli. 

Although the SiO2-SPEs (with 2-10 wt.% of the nanofiller) exhibited viscoelastic solid-like 

rheological behaviour at 25 ℃ (Figure A3) at the investigated angular frequency range, in 

practice free-standing films from SiOx-2 and SiOx-5 could not be obtained, which is a 

prerequisite for SPE application in K-metal batteries. 

  

6.1.3. Coming in One Package: «Block Copolymer» Approach 

In the following subsection, the poly(vinyl benzyl methoxy poly(ethylene oxide) ether)-block-

polystyrene copolymer (shorted to PVBmPEO-b-PS or BP), was tested as a host polymer for 

SPEs. Prior to the preparation of the SPEs, BP was synthesized as previously reported (Scheme 

1).58 The average length of the mPEO side chain with a molar mass of 2.000 g mol-1 was 

determined using 1H-NMR spectroscopy and calculated to an average number of ~48 EO units 

per side chain. In addition, the blocks of BP were matched to a weight ratio of around 50:50 to 

target self-standing films. Overall, the block copolymer with a molar mass (Mn) of 

38.300 g mol-1 (as determined by size exclusion chromatography, SEC) was obtained.58 The 

synthesized BP was further used to prepare the corresponding block copolymer electrolyte 

(BPE) compositions using KTFSI salt with varying the molar ratio of EO:K (20:1, 15:1, 10:1). 

Herein, the impact of the block copolymer structure and the salt concentration on thermal and 

rheological characteristics of the BPEx-KTFSIy electrolytes was evaluated. 
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Scheme 1. Block copolymer synthesis by (a) polymerizing VBmPEO yielding PVBmPEO as 

a macro-RAFT agent (X symbolizes the RAFT end group). Subsequently, styrene was used for 

the chain extension (b) yielding PVBmPEO-b-PS (BP). 

 

Thermal characterization. Thermal properties of BPEx-KTFSIy with different molar ratio of 

EO:K (x:y = 20:1, 15:1, 10:1) were investigated by DSC (Figure A1d).  

 

 

Figure 19. The dependence of glass transition temperature Tg (PEO phase) on the EO:K molar 

ratio in BPE-KTFSI SPEs. 

 

Notably, all investigated SPEs featured two distinct Tgs: one in the temperature range from 

- 56.5 to -41.3 ℃, and another around 100 ℃ (summary given in Table A3), corresponding to 

the PEO phase and the PS phase, respectively. Thus, a lamellar microphase-separated 

morphology is obtained, allowing both ion transport properties and mechanical strength 

(enabled by PEO and PS blocks, respectively).58 Hence, BPE-KTFSI SPEs can benefit from 

structural integrity that would potentially prevent a short circuit, inhibiting metallic dendrite 

growth.149–151 The Tg values of the PS phase in all investigated compositions were detected in 

the temperature range of ~99-103 ℃ (Table A3), showing no significant shift and thus, 
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indicating the absence of salt concentration influence on the PS phase formation. However, the 

BPE-KTFSI SPEs showed a notable shift of the PEO phase Tgs, depending on EO:K molar 

ratio. 

The Tg increases with increasing concentration of electrolyte salt (Figure 19, given in Table 

A3). This tendency can be explained by the phenomenon of ionic cross-linking,25,58,179–181 

manifested by physical interactions between K+ and PEO side chains that originates from the 

coordination of cations. As the number of cationic species in BPEs increased, a larger degree 

of physical cross-links restricting segmental motion of PEO chains was present, therefore, 

increasing the Tgs. It is noteworthy that the addition of KTFSI not only influences the Tg of 

resulting BPEs, but also significantly impacts their crystallinity. For comparison, Tm of the 

pristine BP was determined to be 47.3 ℃ and had a corresponding melting enthalpy, ΔHm, of 

52.9 J g-1.2 However, BPE20-KTFSI1 already demonstrated a decrease of the Tms and ΔHms 

(Figure A1d, Table A3), indicating that the crystallinity was suppressed due to the presence of 

bulky anions hindering chain alignment.287 With increasing salt concentration (BPE15-KTFSI1, 

BPE10-KTFSI1) fully amorphous materials were obtained, indicated by the absence of any 

endothermic peaks (Figure A1d) and two Tgs for both the PEO and PS phases. 

Based on the thermal characteristics of the investigated BPEx-KTFSIy, the most promising 

composition in terms of ionic conductivity was expected to be the BPE15-KTFSI1, as this not 

only exhibited a completely amorphous state, but also showed the lowest Tg among the 

investigated non-crystalline compositions, i.e. compared to BPE10-KTFSI1. Therefore, the 

BPE15-KTFSI1 was chosen for examination of its rheological properties and further discussion. 

Rheological characterization. To examine the rheological properties and therefore evaluate the 

mechanical integrity of the BPE15-KTFSI1, SAOS measurements were conducted. As shown in 

Figure 20, the frequency dependences of the shear storage G’ and loss G’’ moduli of the 

BPE15-KTFSI1 were measured at ambient and elevated temperatures (25 and 55 ℃, 

respectively). Importantly, G’ > G’’ was observed for the examined composition, indicating its 

dominating solid-like behaviour216 at given conditions. At 25 ℃, the storage moduli of the 

BPE15-KTFSI1 composition were found in the range of 3.3-5.3×105 Pa, showing a weak 

dependence on the frequency. As presented in Figure 20, the block copolymer-based 

composition maintained G’ > G’’, and only slightly lower moduli (2.4-3.5×105 Pa), indicating 

a negligible loss of mechanical stability at 55 ℃ due to the presence of the rigid PS block.58,267 

Here, the PS block possesses a high mechanical stiffness (G’, G’’ of ~1 GPa),268 which is close 

to the threshold required for the suppression of metallic potassium dendrite growth (~2 GPa, 

based on theoretical work of Monroe et al.).148,150,151 
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Figure 20. The dependence of storage (G’) and loss (G’’) moduli of BPE15-KTFSI1-based SPE 

on angular frequency at 25 ℃ and 55 ℃. 

 

6.1.4. Structure–rheological Properties Relationships in PEO-based SPEs 

As presented above, structural adjustments in PEO-based SPEs can lead to a drastic change of 

their rheological properties. For the examined PEOx-KTFSIy (4:1 < x:y < 20:1) compositions, 

varying concentration of the electrolyte salt resulted in their twisted rheological behaviour, i.e. 

either solid-like (G’ > G’’) or liquid-like (G’’ > G’) properties. Noteworthy, rheological 

characteristics were found to be depended on several competing effects of KTFSI presence: the 

degree of crystallinity suppression (the result of TFSI- plasticizing effect), the degree of ion-ion 

and cation-polymer interactions (cross-links). Based on the obtained results, the PEOx-KTFSIy 

compositions with EO:K = 16:1 and 12:1 were the most promising candidates in terms of their 

potentially high σ at near-ambient temperatures due to the highest fraction of the amorphous 

PEO phase. At the same time, the amorphous nature of the PEO12-KTFSI1 and PEO16-KTFSI1 

adversely affected their mechanical strength, while blends with a higher number of cross-links 

and/or a higher degree of crystallinity, i.e. PEO4-KTFSI1, PEO8-KTFSI1 and PEO20-KTFSI1, 

respectively, yielded electrolyte films with higher shear moduli (maintaining G’ > G’’) and 

hence better mechanical stability. Although the measured shear moduli were several orders of 

magnitude lower than the critical threshold required to prevent potassium dendrite growth 

(~2 GPa),149 their magnitude remains significant in contributing to dendrite suppression. Thus, 

in the PEOx-KTFSIy mechanical strength was associated with the presence of (1) crystalline 

structure and/or (2) rigid ion-polymer or ion-ion linked structure. Unfortunately, both 

crystalline and rigid ion-polymer or ion-ion linked structures generally allow slow coupled to 

segmental motion ion transport due to the lower polymer free volume. 
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For further comparative discussion the semi-crystalline PEO20-KTFSI1, PEO12-KTFSI1, PEO12-

KTFSI1 with 8 wt.% of Al2O3 (AlOx-8), and amorphous BPE15-KTFSI1 were chosen as the 

examples of the impact of structural adjustments on rheological properties, specifically 

mechanical stiffness that is required for SPE applications. 

As seen in Table 5, for PEO20-KTFSI1 high storage G’ and loss G’’ moduli at 25 and 55 ℃ 

were ensured by high crystallinity degree, while predominately amorphous PEO12-KTFSI1 

presented liquid-like properties, reflected in low values of G’ and G’’ with G’’ > G’. 

 

Table 5. Thermal and rheological characteristics (Tg, ΔHm and degree of crystallinity ΧC, 

storage G’ and loss G’’ moduli) of the examined PEO-based SPEs.  

SPE 
Tg, 

℃ 

ΔHm, 

J g-1 

Crystallinity ΧC*, 

% 

G’, Pa G’’, Pa G’, Pa G’’, Pa 

at 0.1 rad s-1 

and 25 ℃ 

at 0.1 rad s-1 

and 55 ℃ 

PEO20-KTFSI1 -48.1 68.1 34.7 3.7×106 1.1×106 2.7×105 1.2×105 

PEO12-KTFSI1 -47.7 11.1 5.7 5.2×103 7.5×103 1.3×103 2.4×103 

AlOx-8 -41.5 43.6 24.1 1.1×105 2.2×104 5.0×104 1.6×104 

BPE15-KTFSI1 -49.9 – – 2.3×105 2.2×104 3.2×105 2.4×104 

* Crystallinity ΧC was calculated according to Equation 7. 

 

The difference in rheological behaviour of PEO20-KTFSI1 and PEO12-KTFSI1 can be clearly 

seen in Figure 21 showing the dependency of G’ and G’’ of PEO-based SPEs on oscillation 

stress at elevated temperature of 55 ℃. 

 

 

Figure 21. The dependence of storage (G’) and loss (G’’) moduli of PEO-based SPEs on 

oscillation stress at 55 ℃. 

 

For PEO12-KTFSI1, relatively low values of storage and loss moduli corresponded to low values 

of oscillation stress (~300-500 Pa), while PEO20-KTFSI1 demonstrated G’ and G’’ 
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dependencies in the range of higher oscillation stress values (~1500-3800 Pa), thus indicating 

higher mechanical stability. Moreover, contrary to PEO20-KTFSI1, in the G’ and G’’ 

dependencies of PEO12-KTFSI1 the sweep can be seen, revealing the maximum stress of 350 

Pa that can be applied before the SPE entered viscous flow behaviour (liquid-like properties) at 

55 ℃.  

Furthermore, rheological properties of the predominantly amorphous PEO-based matrix, i.e. 

PEO12-KTFSI1, could be structurally adjusted via incorporating Al2O3 or SiO2 inorganic 

nanoparticles. Based on the results shown in 6.1.2, the Al2O3- and SiO2-filled PEO-based 

composites demonstrated no tendency of Tg shift towards lower temperatures. This contradicts 

the general hypothesis in related Li- and Na-systems that nanoparticles act as plasticizers, 

increasing the amorphous regions due to the creation of free volume, which is typically reflected 

in the decreased Tg. Nanoparticles also suppress polymer chain ordering and consequently 

suppress crystalline growth and the formation of larger crystalline regions.190,51,52 When 

comparing with literature data, it is worth noting that the impact of ceramic fillers on thermal 

behaviour of PEO-based electrolytes has been studied mostly in Li+-containing systems. 

Compared to Li+, the larger K-cation292 is expected to have weaker interactions with charged 

surface groups, the polymer EO units, or the salt anions.164,165 The increase of crystallinity 

degree in the Al2O3- and SiO2-filled PEO-KTFSI samples can be seen as a result of local 

immobilization of PEO chains at the nanoparticle surface that may act as nuclei or seeds for 

nucleation of ordered PEO structures. Noteworthy, higher Tms and crystallinity benefited 

mechanical strength of the PEO-based composites. Thus, all the investigated filled composites 

not only displayed higher G’ and G’’ moduli as compared to the filler-free PEO12-KTFSI1 but 

more importantly manifested the change of liquid-like to solid-like properties. In Figure 21, 

the dependencies of G’ and G’’ on oscillation stress of the exemplary AlOx-8 are shown in 

comparison with the filler-free samples. As stated above, the gain of mechanical rigidity can be 

attributed to the increase of crystallinity degree in the Al2O3- and SiO2-filled samples due to 

specific nanoparticles-ion-polymer Lewis acid-base interactions.51,52,53,54 Noteworthy, the 

increase of mechanical integrity came at the expense of PEO segmental mobility, which was 

reflected in the elevated Tg of the filled composites (Table 5). 

In contrast to the previously examined semi-crystalline PEOx-KTFSIy (4:1 < x:y < 20:1) and 

nano-Al2O3-/SiO2-filled PEO12-KTFSI1 composites, BPE15- and BPE10-KTFSI1 revealed fully 

amorphous nature, which can potentially improve their room temperature ionic conductivity. 

Therefore, the BPE-KTFSI might be advantageous in terms of ionic conductivity over the 

corresponding polymer electrolytes based solely on PEO at temperatures below Tm. Despite a 
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fully amorphous nature, BPE15-KTFSI1 manifested solid-like properties (G’ > G’’) at 25-55 ℃, 

which contrasted with predominantly amorphous PEO-KTFSI compositions (i.e. PEO16-

KTFSI1 and PEO12-KTFSI1) that revealed liquid-like properties (G’’ > G’) at given conditions. 

Moreover, as demonstrated in Figure 21, enhanced shear moduli of the the BPE15-KTFSI1 

sample corresponded to oscillation stress values of 1200-1750 Pa. The combination of 

following advantages: (1) mobile segmental motion through PEO amorphous regions and (2) 

mechanical stiffness due to the formation of a rigid microphase-separated PS phase proved 

BPE-KTFSI to be promising candidates for SPEs application, especially at near-ambient 

temperatures. 

 

6.2.  Ion Transport in PEO-based SPEs 

6.2.1. Total Ionic Conductivity 

Temperature-dependent EIS measurements in the frequency range from 1 MHz to 500 mHz 

were conducted at temperatures from 15 to 85 ℃ (in 10 ℃ steps) for (1) the PEOx-KTFSI1 (x 

= 20, 16, 12, 8, 4) series, (2) the Al2O3- and SiO2-filled PEO12-KTFSI1-based composites with 

2-15 wt.% of nanofillers, (3) the BPEx-KTFSI1 (x = 20, 15, 10) compositions to determine their 

total ionic conductivities (Figure A4). 

 

6.2.1.1. PEO-KTFSI SPEs 

The conductivity dependencies on EO:K molar ratio in the PEO-KTFSI SPEs at 25 and 55 ℃ 

(below and above their Tm, respectively) are presented in Figure 22a. At first, the increase of 

ionic conductivity can be seen as the EO:K molar ratio changes from 20:1 to 16:1 due to the 

simultaneous decrease of crystallinity and increase of charge carriers number. PEO16-KTFSI1 

demonstrated the highest values of ionic conductivity over the investigated temperature range 

as compared to other PEO-KTFSI SPEs. As given in the appendix Table A4, PEO16-KTFSI1 

possessed 3.56×10-5 S cm-1 at 25 ℃. It is noteworthy that a literature reference of PEO-LiTFSI 

system with molar ratio of EO:Li = 15:1 featured comparatively similar ionic conductivity of 

3.54×10-5 S cm-1 at ambient temperature.235 Following the results of DSC measurements of the 

PEOx-KTFSIy series (Figure 15 and Table A1), the highest ionic conductivity should be 

expected for PEO12-KTFSI1 since this composition showed the lowest crystallinity degree in 

combination with comparatively low Tg. However, in practice this did not appear to be the case 

as the highest ionic conductivity was found for the PEO16-KTFSI1 sample. As the KTFSI 

content increased from the 16:1 to 4:1 ratio, the ionic conductivity decreased continuously 

(Figure 22a).  



66 
 

 

 

Figure 22. The dependence of ionic conductivity (derived from EIS measurements conducted 

in the frequency range from 1 MHz to 500 mHz) of (a) PEO-KTFSI SPEs on EO:K molar ratio, 

PEO12-KTFSI1-based SPEs on mass fraction of (b) Al2O3 and (c) SiO2, and (d) BPE-KTFSI 

SPEs on EO:K molar ratio at 25 and 55 ℃. 

 

As the concentration of potassium ions increases, an increasing number of oxygen atoms in the 

PEO chain is coordinated to potassium ions. This alters both dynamic segmental motion as well 

as the availability of coordination sites. To the extent of available research, for PEO-K+ system 

coordination geometry has been studied in the work of Bruce et al.,163 who investigated PEO-

based complexes incorporating Li, Na, K, and Rb cations. Their results demonstrated that the 

total coordination number increased in the raw PEO-LiCF3SO3 < PEO-NaClO4 < PEO-

K(Rb)SCN, corresponding to the increasing ionic radii of the cations. Specifically, total 

coordination numbers of 5, 6, and 7 were reported for Li+, Na+, and K+(Rb+), respectively. 

Moreover, as the coordination number increased, the strength of the coordinate bonds weakened 

due to the polymer adjusting its conformation to accommodate the larger cations. 
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However, different coordination geometry and binding strength can have a strong impact. For 

the series of PEO-KTFSI this specifically means that the lower ionic conductivity of the 

PEO12-KTFSI1 blend is presumably related to an increasing number of occupied coordination 

sites, thus slowing down the hopping mechanism. For the blends with a higher salt content 

(PEO8-KTFSI1 and PEO4-KTFSI1), not only a large degree of occupied hopping sites, but also 

the presence of crystalline intermediate compounds, i.e. a high number of physical cross-

links179,180,25 resulted in a significant drop of ionic conductivity. As can be seen in Figure 22a, 

the described trends are less pronounced at temperatures above the melting point of PEO-

KTFSI SPEs due to the absence of crystalline regions. In contrast to other compositions, PEO16-

KTFSI1 and PEO12-KTFSI1 possessed already a low degree of crystallinity and consequently 

did not exhibit an equally dramatic change of ionic conductivity over up to 3 orders of 

magnitude at elevated temperatures (Figure 22a). 

 

6.2.1.2. Al2O3- and SiO2-filled PEO-KTFSI SPEs 

When examining the total ionic conductivity of the Al2O3- and SiO2-filled PEO12-KTFSI1 

composites (Figure A4b & 4c), no change in total ionic conductivity was observed with respect 

to the filler-free PEO12-KTFSI1 at temperatures above Tm. Compared to the filler-free PEO12-

KTFSI1, the samples containing Al2O3 or SiO2 showed one order of magnitude lower σ at 25 ℃ 

(2.1×10-5 vs. 1.2-3.1×10-6 S cm-1, respectively, given in Table A4). When the temperature 

approached 45 °C (close to the Tms of the filled SPEs, see Table A2), the difference in ionic 

conductivities became negligible (the same order of magnitude for the filler-free and modified 

PEO12-KTFSI1, around 1.0×10-4 S cm-1). Upon further increase of the experimental 

temperature, the σ deviation remains the same (55-85 ℃). At 55 ℃, the samples demonstrated 

σ of 1.4-2.6×10-4 S cm-1 (Figure 22b & 22c). Similar findings of the ion transport dependency 

on temperature were manifested for the SiO2-containing PEO12-KTFSI1 samples.  

As previously highlighted, nanofiller-PEO and nanofiller-salt interactions can result in 

structural reorganisation of the polymer chains around the particles that can promote crystalline 

phase formation through immobilization of the polymer segments in proximity to the particle 

interface. As shown in the previous subsection, the addition of either Al2O3 or SiO2 fillers to 

the PEO12-KTFSI1 matrix resulted in higher degrees of crystallinities of the resulting 

composites (Table A2). Consequently, the overall ion transport properties were adversely 

affected in the presence of more crystalline domains and locally restricted chains motion, since 

ion transport occurs predominantly in the amorphous phase. Hence, as the crystalline domains 

melted above Tm the ionic conductivities of the filler-containing samples approached similar 
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values as the filler-free PEO12-KTFSI1 formulation (Figure 22b & 22c). Conversely, below Tm 

ion transport was hindered in the samples with nanofillers. 

 

6.2.1.3.  BPE-KTFSI SPEs 

Further, EIS measurements were implemented to evaluate the total ionic conductivities σ of the 

BPE20-KTFSI1, BPE15-KTFSI1 and BPE10-KTFSI1 SPEs (Figure A4d, Figure 22d). As already 

highlighted in the discussion of thermal properties, the largest σ values were expected for the 

amorphous BPE15-KTFSI1 due to its lower Tg (PEO phase) value. Supporting thermal 

characterization, a peak ionic conductivity was found at EO:K molar ratio of 15:1 (e.g. 

1.07×10-
 

6 vs. 3.95×10-6 and 8.73×10-7 S cm-1, for EO:K = 20:1, 15:1 and 10:1, respectively, at 

25 ℃, summary given in Table A4). For the BPE20-KTFSI1, suppressed ion transport was 

probably caused by two effects: (1) semi-crystalline nature and (2) a lower concentration of K+ 

charge carriers. Surpassing Tm of this blend (~30 ℃, see Table A3), a significant increase of σ 

was observed (Figure A4d) as a result of the melting of any remaining crystalline regions.25,194 

However, even above Tm of the BPE20-KTFSI1, the ionic conductivity of the SPE with 

EO:K = 15:1 could not be reached, probably due to the lower KTFSI concentration (i.e. lower 

number of charge carriers) in the 20:1 electrolyte formulation. Conversely, the SPE with 

EO:K = 10:1 possessed the largest content of charge carriers but still restrained ion transport 

was observed (Figure 22d) compared to the 15:1 SPE. This can be explained by the higher Tg 

(PEO phase) of BPE10-KTFSI1 and probably more ionic cross-linking as a result of the higher 

cation concentration.25,181,212 

In Figure 23 the temperature dependencies of ionic conductivity in the SPEs based on solely 

PEO and block copolymer PVBmPEO-b-PS, BP, (as PEO20-KTFSI1 and BPE15-KTFSI1, 

respectively) are presented. The PEO20-KTFSI1 sample was chosen as an example of semi-

crystalline PEO-based SPE (Table A1). As has been highlighted above, at ambient temperature 

the ion transport was expected to be advanced in BPE-based compositions due to their 

amorphous state enabled by the sophisticated architecture, in contrast to the semi-crystalline 

nature of pure PEO-based samples. As seen in Figure 23, compared to semi-crystalline PEO-

based sample, amorphous BPE15-KTFSI1 revealed higher total ionic conductivities at 

temperatures below 35 ℃. However, when approaching Tm of PEO20-KTFSI1 (melting point of 

37 ℃, see Table A1), the difference in ionic conductivities disappeared as crystalline domains 

of PEO phase started to melt. Up to 55 ℃ the ionic conductivity of PEO20-KTFSI1 enhanced 

rapidly (1.20×10-5 vs. 2.86×10-4 S cm-1 at 35 and 55 ℃, respectively), exceeding ionic 

conductivities of BPE15-KTFSI1 of around one order of magnitude (Figure 23). This could 
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result from lower PEO domain fractions in block copolymers as compared to SPEs based solely 

on PEO (due to the additional PS phase). Therefore, at higher temperatures BPE-based SPEs 

possessed relatively modest ionic conductivities, while the mechanical stability was 

significantly improved.58 

 

 

Figure 23. Temperature-dependent ionic conductivity (derived from EIS measurements 

conducted in the frequency range from 1 MHz to 500 mHz in the temperature range from 15 to 

85 ℃) of PEO20-KTFSI1 and BPE15-KTFSI1 SPEs. 

 

6.2.2. Transference Number Measurements 

The ionic conductivities obtained from the EIS measurements provide only the total ionic 

conductivities of the SPEs, including contributions from both cations and anions. While SPEs 

containing the same electrolyte salt but different polymer host material may exhibit similar total 

ionic conductivities, the mobility of cations (involved in electrochemical redox processes) may 

differ. This can be associated with different polymer chain dynamics due to a lower or higher 

degree of interchain links, i.e. ionic cross-links, and/or different coordination strength between 

cations and polymer. Therefore, in the following subsection the transference number, TK
+, was 

measured using the commonly employed Bruce-Vincent method,198 combination of 

potentiostatic polarization and EIS in symmetrical K/PEO20-KTFSI1/K and K/BPE15-KTFSI1/K 

cells, shortened to Sym-PEO- and Sym-BPE-cells, respectively (Figure 24, Table 6).  

First, the experiment was carried out in the symmetrical Sym-PEO-cell at elevated temperature 

of 55 ℃ and ΔV of 30 mV. A constant dc bias potential in this experiment was set to 30 mV, 

as it should be low enough to obtain linear response of the system, yet high enough to receive 

reasonable current values. In Figure 24 dependency of the current density (j mA cm-2) on time 

as well as area specific resistance (ASR, Ohm cm2) derived from EIS spectra (before and after 
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potentiostatic polarization) are plotted. Summary of the obtained characteristics is given in 

Table 6.  

 

 

Figure 24. Chronoamperometry and area specific resistance (ASR) derived from EIS spectra 

(before and after potentiostatic polarization) of (a) K/PEO20-KTFSI1/K cell at ΔV of 30 mV 

and 55 ℃, EIS recorded in the frequency range from 200 kHz to 10 mHz, and (b) K/BPE15-

KTFSI1/K cell at ΔV of 50 mV and 55 ℃, EIS recorded in the frequency range from 1 MHz to 

100 mHz. 

 

Table 6. Characteristics derived from potentiostatic polarization and EIS (before and after 

polarization) of symmetrical K/PEO20-KTFSI1/K and K/BPE15-KTFSI1/K cells. 

SPE in 

symmetrical 

K-cell 

Resistance 

initial R0, 

Ohm 

Resistance 

steady-state 

Rs, Ohm 

Current 

initial 

I0exp, 

mA 

Current 

initial 

I0theor, mA 

Current 

steady-

state Is, 

mA 

Is/I0exp TK
+ 

PEO20-

KTFSI1 
4130 4330 0.024 0.007 0.008 0.33 5.0 

BPE15-

KTFSI1 
3290 3351 0.015 0.014 0.009 0.60 0.02 

 

As indicated in Table 6, for the Sym-PEO-cell initial resistance R0 of 4130 Ohm was derived 

from the Nyquist plot (EIS recorded before polarization). Furthermore, the cell exhibited initial 

current value I0 of 0.024 mA (j = 0.012 mA cm-2), followed by a steady-state value 

Is of 0.008 mA (j = 0.004 mA cm-2), resulting in Is/I0 ratio of 0.33. After polarization, the Sym-

PEO-cell showed resistance increase ΔR of 200 Ohm. According to Equation 15, TK
+ of 

PEO20-KTFSI1 was calculated to be 5.0, which is larger than theoretical TK
+ maximum 

(TK
+ ≤ 1). Moreover, the obtained experimental initial current I0exp of 0.024 mA is not in line 

with theoretical I0theor (0.007 mA, calculated through Ohm´s law, Equation 16), which 
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contradicts reliability of the measurement. Such inconsistency can be caused by the high 

reactivity of potassium metal, resulting in a large resistance at K-metal/PEO20-KTFSI1 

interface, reflected in a high overpotential. 

Further, TK
+ was measured for BPE15-KTFSI1 in the symmetrical K-cell at 55 ℃. As compared 

to the Sym-PEO-cell, the BPE-based one showed close values of initial ASR (Figure 24) but 

smaller R change after polarization (ΔR = 200 vs. 61 Ohm for the Sym-PEO- and Sym-BPE-

cells, respectively, Table 6). In contrast to the Sym-PEO-cell, I0exp value is in line with the 

theoretically calculated I0 (Table 6) for the Sym-BPE-cell. Furthermore, the ratio of steady-

state to experimental initial current Is/I0exp is higher for the Sym-BPE-cell, indicating a smaller 

current decay in this system. In a setup with non-blocking, yet inert, electrodes, an increase in 

the Is/I0 ratio can be interpreted as a sign of higher ionic mobility. However, potassium 

electrodes are well known for their high reactivity towards electrolyte components284,293,294 and 

thus may also exhibit a leaking current from recurrent degradation reactions. On the other hand, 

the impedance measurements before and after polarization suggested that, although the 

interfacial resistance was large, the cell impedance did not change significantly. However, the 

calculated transference number TK
+ for the K/BPE15-KTFSI1/K cell is 0.02, which contradicts 

the galvanostatic cycling results of this electrolyte in the half cell configuration (discussed 

further in Section 6.3.2.3), where BPE15-KTFSI1 conducted K+ ions to a decent extent. 

As stated in this subsection, the interfacial resistances at the K-metal/SPE interfaces were large. 

With the transport across the electrode-electrolyte interface being a determining factor, no 

meaningful parameters could be obtained. Although, the Bruce-Vincent method is the most 

used technique to determine the TA
+ (especially for traditional Li-based systems), similar 

observations have been reported in literature for Na- and K-cells, indicating that the Bruce-

Vincent method is difficult to adapt to post-Li systems due to their large interfacial 

resistances.206,207,293,295 Such alternative methods as Watanabe method,208 Sørensen and 

Jacobsen approach,209 also utilize metallic non-blocking cell configurations. While suitable for 

symmetrical Li-based cells, their reliability in Na- and K-based systems is uncertain due to high 

overpotentials and metal passivation, which can distort measurements. PFG-NMR210 has also 

been proposed for determining TA
+, however, its application in post-Li systems is limited by 

the short spin relaxation times of the relevant NMR-active isotopes. Moreover, mentioned 

above methods remain valid in dilute systems where ion-ion interactions are negligible, while 

in concentrated electrolyte solutions, ion pair diffusion leads to an overestimation of TA
+. 

Recent studies have combined electrophoretic NMR with EIS to determine TLi
+, TNa

+, TK
+ in 

PEO- and PCL-based electrolytes.65 Although, the authors highlighted a distinct correlation 
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between strong coordination and a low TA
+, yet similar values were found for all three alkali 

metals (~0.2 in PEO and ~0.5 in PCL). This is in contrast to findings of the theoretical work of 

Fortuin et al. who investigated PEO-LiTFSI, -NaTFSI, -KTFSI complexes and found higher 

transference numbers for larger cations.236 

Given the challenges in accurately determining cation transference numbers in post-Li systems, 

a more practical approach suggests measuring the limiting current density in symmetrical cells, 

representing the maximum sustainable cationic current.147 

 

6.3. Electrochemical Performance 

6.3.1. Potassium Plating and Stripping Experiments 

To evaluate the interfacial stability of PEO-based SPEs against K-metal, overpotentials 

originating from plating and stripping in symmetrical K/SPE/K cells were determined at current 

densities (j) of 0.01-0.1 mA cm-2 (increasing current density each 10 cycles, 1 h per semi cycle 

with an OCV step, see details in the experimental section, Section 4). The temperature of the 

experiment was elevated to 55 ℃ to improve ionic conductivity of the PEO-based SPEs and 

reduce the contribution of SPE bulk resistance to the overall cell resistance. 

PEO- and BPE-KTFSI SPEs. For potassium plating and stripping experiments, PEO20-KTFSI1 

was tested because this formulation provided the highest ionic conductivity among the 

compositions maintaining mechanical integrity at elevated temperatures. As already discussed, 

amorphous nature of PEO12-KTFSI1 and PEO16-KTFSI1 blends adversely affected their 

mechanical stability, and therefore free-standing films based on these compositions could not 

be obtained, which was a prerequisite for the practical application in solid-state potassium 

batteries. As for the BPE-based group, BPE15-KTFSI1 was chosen as a representative since it 

fulfilled the requirements of sufficient ionic conductivity as well as mechanical stiffness at 

elevated temperatures.  

In Figure 25, a reversible K-metal deposition can be seen in symmetrical K/PEO20-KTFSI1/K 

(Sym-PEO-) and K/BPE15-KTFSI1/K (Sym-BPE-) cells at 55 ℃ with j of 0.01, 0.02, 0.05 and 

0.01 mA cm-2. At an initial current density of 0.01 mA cm-2, a maximum overpotential of 

100 mV was detected for the Sym-PEO-cell, followed by further increase at higher current 

densities (Figure 25a). Thus, maximum overpotentials of 180 and 350 mV were observed at j 

of 0.02 and 0.05 mA cm-2, respectively. When decreasing the current density (from 0.05 to 0.01 

mA cm-2, the last sequence in Figure 25a), the K/PEO20-KTFSI1/K cell exhibited neither 
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voltage noise nor following short circuit, showing a slight increase of overpotentials during 10 

cycles (~80-100 mV). 

 

 

Figure 25. Plating/stripping experiments in symmetrical K/SPE/K cells at 55 ℃ with current 

densities (j) of 0.01, 0.02, 0.05 and 0.01 mA cm-2 (for 10 cycles at each current density and 1 h 

per semi cycle) where SPE = (a) PEO20-KTFSI1 and (b) BPE15-KTFSI1. 

 

As displayed in Figure 25b, the Sym-BPE-cell showed similar stripping and plating behaviour 

but slightly lower values of overpotentials as compared to the Sym-PEO-cell (±20-30 mV). 

Since a precise measurement of the TK
+ was not possible, it is hard to estimate the actual 

influence of host material on the ion transport through the polymer electrolytes. For 

comparison, lower overpotentials (even at higher current densities) are commonly observed 

during lithium plating and stripping experiments in SPE-based symmetrical cells.269,296 Higher 

potentials in the case of K-metal can be attributed to a larger cell resistance, which originates 

presumably from the resistance of the electrolyte, thicker and/or poorer ion-conducting SEI, as 

well as the charge-transfer.297  

Al2O3- and SiO2-filled PEO-KTFSI SPEs. As previously shown in Figure A3, all tested Al2O3- 

and SiO2-filled PEO12-KTFSI1 SPEs displayed solid-like properties. However, in practice some 

samples did not yield processable free-standing films. Therefore, in this subsection the 

compositions containing 8 wt.% of filler were chosen for a first evaluation of cell resistances in 

plating and stripping experiments in symmetrical K/AlOx-8/K (Sym-AlOx-8-) and K/SiOx-8/K 

(Sym-SiOx-8-) cells at 55 ℃ (Figure 26a & 26b, respectively). Unlike the previous potassium 

plating/stripping experiments, the cells were cycled at higher current densities, gradually 

increasing j of 0.01, 0.02, 0.05, 0.075 and 0.1 mA cm-2. 
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Figure 26. Plating/stripping experiments in symmetrical K/SPE/K cells at 55 ℃ with current 

densities (j) of 0.01, 0.02, 0.05, 0.075 and 0.1 mA cm-2 where SPE = (a) AlOx-8, (b) SiOx-8. 

EIS conducted in the frequency range from 200 kHz to 10 mHz after every j increase in 

K/SPE/K cells where SPE = (c) AlOx-8, (d) SiOx-8. 

 

As seen in Figure 26a, the symmetrical K-cell with AlOx-8 SPE demonstrated a reversible 

metal deposition at j of 0.01, 0.02, 0.05 mA cm-2. At the lowest current density, i.e. j = 0.01 

mA cm-2, the cell showed overpotentials of ~60 mV. In the 3rd cycle, voltage fluctuations were 

observed (see inset in Figure 26a), possibly associated with surface processes.228 At higher j of 

0.02 mA cm-2, overpotentials almost doubled and corresponded to ~110 mV. At j = 0.05 

mA cm-2, Sym-AlOx-8-cell enabled cell cycling only under substantial overpotential of 

≤220 mV. Thus, in first approximation, the plating and stripping overpotentials scale linearly 

with j. Further, a short circuit occurred in the following sequence at 0.075 mA cm-2. This is 

most likely associated with K-metal dendrite growth, adversary affecting the cell performance 

in plating and stripping experiments.28,226 
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For Sym-SiOx-8-cell (Figure 26b), notably higher overpotentials were observed when plating 

and stripping at the same current densities as in the case of symmetrical cell with AlOx-8. Thus, 

overpotentials of ~180 mV corresponded to j=0.01 mA cm-2, followed by increase to ~260 mV 

at 0.02 mA cm-2, and further to ~360 mV at 0.05 mA cm-2. Contrary to the AlOx-8 electrolyte, 

neither fluctuating voltages nor short circuit were noted. Moreover, the cell with SiO2-filled 

sample completed the sequence at 0.075 mA cm-2 with initial overpotentials of ~520 mV. The 

overpotential decreased with increasing number of cycles to 430 mV, which is still quite 

substantial. Overall, the cell could be operated for over 250 h at a current density of 0.1 mA 

cm-2 and thus showed considerably better cycling stability than the Al2O3 composite.  

For comparison, under the same experimental conditions Sym-BPE-cell, previously discussed 

in current subsection, displayed overpotentials of 330 mV at 0.05 mA cm-2, which is in the same 

range as the SiO2 composite but about 110 mV higher than the Al2O3. However, analogous 

symmetrical Li-cells typically demonstrate ca. 10 times lower overpotentials at given current 

densities.2 As mentioned, higher overpotentials in the case of K-metal are attributed to larger 

cell resistance, due to formation of a resistive SEI layer.297 

For this reason, in this experiment EIS spectra were recorded at the end of each cycling segment, 

i.e. before the next higher current density was applied. Figure 26 shows the evolution of the 

cell impedance after every 10 cycles (each cycling segment) for Sym-AlOx-8-cell (Figure 26c) 

and Sym-SiOx-8-cell (Figure 26d). At least two discernible processes with different time 

constants contributed to the impedance spectrum before plating and stripping, while different 

electrode processes in the spectra of the cycled cells could not be properly distinguished. 

Considering a high reactivity of potassium, contributions of both the charge-transfer reaction 

and the surface layer were expected.297 In addition, the electrolyte resistance and a dielectric 

contribution from the polymer electrolyte might add to the frequency arcs that may be 

interpreted as a single electrode process, i.e. a single semicircle. Comparing the diameter of the 

frequency arcs (using data points at the same frequency), it is seen that the impedance in the 

system decreased with increasing current density. This finding is in contrast with the 

expectation that a reactive K-metal electrode should show increasing impedance as cycling (and 

thus aging) progresses. It is an indication, however, that the plating and stripping process 

removes some of the charge-transfer inhibiting compounds from the surface (or fresh K-metal 

is plated on the surface). Noteworthy, increase of the electrode surface, e.g., by growth of 

dendrites or formation of more porous morphologies may reduce the impedance that is 

normalized to the geometric electrode area. At the same time, based on the EIS results, the SEI 
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layer growth does not appear to be critical at this stage of the cycling process (but might become 

more significant as the cell ages).  

Evidently, SiO2-based polymer electrolytes showed higher areal resistance (by a factor of 5) 

compared to Al2O3 composites at the beginning of the first cycling sequence. Interestingly, over 

the course of 30 cycles at three different current densities, the impedance of the cell containing 

SiOx-8 decreased considerably and approached similar values than the cell containing AlOx-8. 

Although the impedances equilibrate to similar values, the overpotentials during cycling 

remained larger for the SiO2 composite, indicating that practically K+-ion transport is slower 

(higher polarization) in this formulation. 

 

6.3.2. Capacity Retention in Galvanostatic Cycling Experiments 

In this last subsection, the investigated PEO-based SPEs were tested in potassium half cells 

with K-metal/electrolyte/cathode configurations comprising the Prussian blue analogue 

K2-xFe[Fe(CN)6], KFF, as the positive electrode and K-metal as negative electrode. As cathode 

material, KFF was chosen for its widespread use in post-Li applications, i.e. in Na- and K-based 

batteries, and high cycling stability reported for both liquid and solid-state polymer 

electrolytes.11,79,298 In addition, the material purely iron-based and free of critical heavy metals 

like cobalt or nickel, rendering this material more sustainable. Herein, KFF was synthesized by 

the precipitation method.11 Using the combination of TGA and ICP-OES analyses, the resulting 

stoichiometry of the compound was calculated to K1.90Fe[Fe(CN)6]0.98×1.0H2O that would 

correspond to a theoretical capacity of ~141 mAh g-1. 

 

6.3.2.1. Liquid vs. Solid with PEO-KTFSI as an Example 

Capacity retention of PEOx-KTFSIy SPEs with x:y = 4:1, 8:1, 20:1 (the samples with solid-like 

properties) was compared to that of a liquid electrolyte, LE, the reference system, comprising 

a solution of KPF6 in a mixture of EC and PC with a fluorine-containing additive (see in the 

experimental section, Section 4) to suppress electrode-electrolyte side reactions. The EC:PC 

solvent mixture has been reported as a particularly stable combination towards oxidation in the 

high voltage region.299 Furthermore, KTFSI was avoided as electrolyte salt, as it may induce 

corrosion processes at the Al current collector.11 Because of the comparatively low ionic 

conductivity at room temperature, galvanostatic cycling of SPE-based cells was carried out at 

55 ℃ while the reference LE-based cell was tested at ambient temperature (25 ℃) (Figure A5). 

In both cases the cycling rate was C/25 with a voltage window of 2.5-4.3 V vs. K+/K. In Figure 

A5a only 7 cycles can be seen for the cell employing PEO4-KTFSI1 due to its failure afterwards, 
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while the cell with PEO8-KTFSI1 SPE failed after 45 cycles (Figure A5b). Both experiments 

were not repeated due to the observed high polarization resulting in low capacities. 

 

 

Figure 27. Comparison of K-metal/electrolyte/KFF cells with different electrolyte systems: (a) 

galvanostatic discharge profiles in the 2nd cycle, (b) galvanostatic charge profiles in the 2nd 

cycle. (c) Capacity retention and (d) corresponding Coulombic efficiencies. 

 

In Figure 27, the cycling results of the tested electrolytes are shown. The galvanostatic profiles 

of the electrolytes in the 1st cycle correspond to the conditioning process and are not discussed 

herein, while the discharge and charge profiles in the 2nd cycle are presented in Figure 27a & 

27b. As can be seen in Figure 27a, a practical capacity of 104.6 mAh g-1 was delivered in the 

2nd cycle of the discharge process of the cell with the PEO20-KTFSI1 electrolyte, which is 

~74 % of the theoretical capacity of K1.90Fe[Fe(CN)6]0.98×1.0H2O and only 7 % lower than that 

of the reference cell (113.1 mAh g-1) with LE. Significantly lower discharge capacities were 

obtained in the 2nd cycle of the cells employing PEO8-KTFSI1 and PEO4-KTFSI1 SPEs 

(67.2 mAh g-1 and 40.5 mAh g-1 respectively). In Figure 27a & 27b two distinct voltage 
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plateaus can be observed for PEO20-KTFSI1 and LE, and only a negligible polarization effect 

is seen in the case of PEO20-KTFSI1 (changes in redox potentials ΔV < 0.06 V), which indicates 

sufficient ionic conductivity at the chosen cycling rate and good interfacial compatibility with 

the cathode material. In contrast, the galvanostatic profiles of the cells employing PEO8-KTFSI1 

and PEO4-KTFSI1 electrolytes exhibited significant polarization (ΔV ≈ 0.2-0.4 V) compared to 

the sample with LE. Therefore, the PEO4-KTFSI1 cell did not show the second voltage plateau 

in the charge profile before the upper voltage cut-off (4.3 V) was reached. The PEO8-KTFSI1 

cell showed the onset of the second plateau before the cycling was stopped at 4.3 V. This 

generally reflects well the differences of ionic conductivity depending on the KTFSI content 

(see Table A4). 

As highlighted in Figure 27c, the benefit of using a solid electrolyte rather than a liquid 

electrolyte is the significantly improved capacity retention. Thus, the PEO20-KTFSI1 cell 

reached a capacity retention of 90 % over the first 50 cycles, while the reference LE-based 

system retained only 66 % of its initial capacity over the same cycle number interval (i.e. 36 % 

improvement in capacity retention). By the 100th cycle, the improvement of capacity retention 

in the SPE-based cell remained (14 %). In general, higher capacity retention indicates lower 

degrees of side reactions and therefore improved electrochemical stability of SPE in comparison 

to LE. This is further reflected in the Coulombic efficiency, shown in Figure 27d, which will 

be discussed further. Higher electrochemical stability is strongly linked to the interface 

processes between electrode and electrolyte. In a battery, the SEI acts as a protective layer 

supressing excessive electrolyte consumption. However, the nature and quality of the SEI may 

vary strongly in different electrolytes.284  

As can be seen in Figure 27c, the PEO20-KTFSI1 cell showed an increasing discharge capacity 

(Qdisch) from the 1st to the following cycles. Thus, the highest Qdisch was detected in the 3rd cycle 

(105.4 mAh g-1, about 5 % higher compared to the 1st cycle). This behaviour was more 

pronounced in the PEO4-KTFSI1 cell (Figure A5a) that exhibited a considerably smaller initial 

discharge capacity, but the capacity continued to increase over the following cycles. A similar 

behaviour was observed for the cell employing PEO8-KTFSI1 (Figure A5b). This behaviour is 

generally attributed to the excluded electrode domains from the ion-conducting SPE due to the 

insufficient electrode-electrolyte surface contact and uncompleted penetration of SPE into the 

remaining cathode void space during the first cycles. Over time polymer electrolytes creep 

further into the porous network of the cathode, involving more active material particles.146 It 

can be seen that the creeping process took longer for PEO4-KTFSI1 and PEO8-KTFSI1 SPEs, 
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which can be attributed to their significant morphology change due to a gradual fade of 

crystalline intermediate ionic associates over time.  

The analysis of Coulombic efficiency is a measure of the degree of irreversible processes at the 

electrode-electrolyte interface during charge and discharge and is presented for the tested cells 

in Figure 27d. The CE data reveals significant difference in both the SEI formation process in 

the first cycles and the long-term CE. In the 1st cycle the cell based on PEO20-KTFSI1 

demonstrated a CE of around 85 %, which is 7 % lower than that of LE-based cell (92 %). This 

can be addressed to a higher degree of irreversible reactions at the reactive potassium-SPE 

interface in the beginning of the experiment due to the elevated test temperature (55 °C instead 

of 25 °C for the LE). In the setup with conventional LE a significant drop of CE was observed 

on subsequent cycles (from 92 % in the 1st cycle to 83 % in the 10th cycle) indicating the gradual 

increase of side reactions typical for carbon-based electrolyte/K-metal setups,10,11 leading to 

recurrent electrolyte consumption and capacity fade. Meanwhile, the systems with the 

PEO20-KTFSI1 polymer electrolyte displayed CE increase and remained stable throughout 

subsequent cycles, approaching 97 % in the 100th cycle. Although the observed CE correspond 

to a relatively high value of 97 %, it still indicates a significant degree of irreversible reactions 

consuming K, which can be mitigated by the presence of excess potassium due to the potassium 

metal anode. 

 

6.3.2.2.  Inorganic Fillers in PEO-KTFSI: Toward Better Capacity Retention 

The SPEs based on PEO12-KTFSI1 with Al2O3 and SiO2 nanofillers were tested in potassium 

half cells, comprising KFF as the positive electrode and K-metal as the negative electrode. 

Previously, the Al2O3- and SiO2-filled SPEs showed improved mechanical stability with respect 

to the pristine PEO-KTFSI composition, and therefore, better electrochemical stability, i.e. 

higher capacity retention, could be expected. 

For galvanostatic cycling tests of Al2O3-SPEs, three compositions were chosen with 8, 10, and 

12 wt.% of nano-Al2O3, (AlOx-8, AlOx-10, AlOx-12, respectively). The cells were cycled at a 

C-rate of C/15 with a voltage window of 2.5-4.3 V vs. K+/K at elevated temperature of 55 °C. 

Capacity retentions and corresponding Coulombic efficiencies, CE, are provided in Figure 28a-

c. The voltage profiles for selected cycles can be found in Figure A6a-c. 

The AlOx-8 cell demonstrated Qdisch of 82.5 mAh g-1 in the 1st cycle, approaching the maximum 

of 99.4 mAh g-1 in the 13th cycle. As seen in Figure 28a, the cell demonstrated a slight capacity 

decline over 60 cycles (from 99.4 to 98.2 mAh g-1, ~1 %), followed by a recovery back to 

99.0 mAh g-1. This can be associated with electrode-electrolyte contact changes over time.146 
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Upon further cycling, the cell reached a notably high capacity retention over the first 100 cycles. 

Specifically, with respect to the maximum of Qdisch in the 13th cycle, the capacity loss on 

following cycles was ca. 1% up to the 100th cycle. 

 

 

Figure 28. Capacity retention and corresponding Coulombic efficiencies of K-metal/SPE/KFF 

cells with different SPE composites: (a) AlOx-8, (b) AlOx-10, (c) AlOx-12, (d) SiOx-8 (failed 

after 14 cycles), (e) AlOx-5-SiOx-5. 
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The cell with AlOx-12 SPE showed a similar behaviour to that employing AlOx-8, i.e. 

increasing capacities in the conditioning phase in combination with a peak in CE after a few 

cycles Figure 28c). The maximum Qdisch of 94.1 mAh g-1 was obtained in the 13th cycle, and 

the CE values varied between 99.0 and 99.6 % until the 100th cycle. The capacity dropped 

between the 13th and 50th cycle by ca. 3 % before it started to increase slightly again. As a result, 

the capacity retention was 99 % after 100 cycles. It is worth noting that both AlOx-8 and AlOx-

12 showed reversible discharge capacities around 100 mAh g-1, while in the previous subsection 

a higher initial specific discharge capacity of 115 mAh g-1 was found in reference measurement 

with an organic carbon-based liquid electrolyte.  

Contrary to the previously observed tendency of increasing initial discharge capacities in the 

conditioning phase, the AlOx-10 cell reached its maximum Qdisch of 115.9 mAh g-1 in the 1st 

cycle (Figure 28b), which is in the same range as for a corresponding LE cell (see in 6.3.2.1). 

A continuous capacity decay was observed, that was most pronounced from the 1st to 20th cycle 

and resulted in a total capacity retention of 83 % after 100 cycles. The initial CE of 91.3 % 

increased to above 99.0 % after the 20th cycle and reached 99.4 % in the 100th cycle. In the 

series of Al2O3-composition SPEs, AlOx-10 was an exception. However, this not only applies 

to the electrochemical test but is also in agreement with its thermal and rheological properties, 

where AlOx-10 deviated from the other compositions. For instance, its rheological properties 

(G’ ≈ G’’ at low angular frequencies at 55 °C; Figure 18a), could potentially facilitate the SPE 

penetration into the cathode coating layer.  

Further, the PEO12-KTFSI1 SPE employing 8 wt.% of SiO2 nanofillers was tested in the same 

cell configuration (K-metal/SPE/KFF) under the same cycling conditions (Figure A6d). As can 

be seen in the voltage profiles in Figure A6d, the cell only enabled 13 cycles before showing 

voltage noise in the 14th cycle, which marked the onset of the cell failure. The effect of voltage 

fluctuations during the charge/discharge process is often observed for the PEO-based SPEs in 

lithium metal cells226,228 and is attributed to metallic dendrite growth.28 As presented in Figure 

28d, the cell achieved 4 mAh g-1 higher Qdisch maximum compared to the analogous 

K-metal/SPE/KFF cell with 8 wt.% of Al2O3 (Figure 28a).  

A «hybrid» PEO12-KTFSI1 SPE filled with 5 wt.% each of Al2O3 and SiO2 (i.e. 10 wt.% of the 

nanofillers in total) was further tested, attempting to merge a stable long-term cycling and a 

higher capacity (Figure A6e). Capacity retention and corresponding Coulombic efficiencies of 

the cell employing the «hybrid» SPE are shown in Figure 28e. In the 1st cycle, the cell 

demonstrated a modest Qdisch of 86.0 mAh g-1 that drastically increased over the conditioning 

phase, resulting in the maximum of 96.4 mAh g-1 in the 20th cycle. The corresponding CE in 
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the first cycles increased from 85.2 to 99.2 % (from the 1st to the 20th cycle, respectively) most 

likely due to the improvement of the electrode-electrolyte interface. After reaching the 

maximum Qdisch, the cell exhibited a slight but continuous capacity decay, eventually showing 

capacity retention of 95 % after 100 cycles, and 94 % after 160 cycles. Furthermore, the cell 

with this «hybrid» formulation quickly approached CEs >99 % (featuring 99.4 % CE in the 

160th cycle) and displayed the stable long-term cycling behaviour. In fact, for other composites, 

testing beyond 100 cycles has not been conducted, so their long-term performance remains 

unknown. 

 

6.3.2.3.  Block Copolymer Design: Prospects of SPE Applications 

Galvanostatic cycling of a K-metal/BPE15-KTFSI1/KFF cell was conducted at the chosen 

conditions, i.e. at a C-rate of C/15 and a voltage window of 2.5-4.3 V vs. K+/K at 55 °C (Figure 

A7). Figure 29 presents capacity retention and corresponding CE that are discussed in the 

following.  

 

 

Figure 29. Capacity retention and corresponding Coulombic efficiencies of K-metal/BPE15-

KTFSI1/KFF cell. 

 

As can be seen in Figure 29, the K-metal/BPE15-KTFSI1/KFF cell enabled stable cycling over 

100 cycles. A discharge capacity of 105 mAh g-1 was obtained in the 1st cycle followed by a 

slight increase in the 2nd cycle (105.2 mAh g-1), which is ~75 % of theoretical capacity of the 

synthesized KFF (141 mAh g-1) and about 90 % of the achievable capacity in the same cell 

configuration with a liquid electrolyte. Interestingly, the maximum of Qdisch was achieved in the 

first cycles, indicating a good interfacial compatibility, likely resulting in a good wetting of the 

active material of the porous cathode. The most notable capacity decay was observed from the 
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2nd to the 17th cycle, corresponding to a capacity loss of ~5 %. This was also reflected in the 

evolution of the CE, which increased from 91.2 to ~97 % over the same cycle interval, 

indicating a higher degree of irreversible reactions in the first cycles that attenuated in the 

subsequent cycles (Figure 29). Notably, after the interfaces were formed, both discharge 

capacity and CE remained stable over following cycles, resulting in a total capacity retention 

of 94 % and CE of ~98 % over 100 cycles.  

 

6.4. PEO-based SPEs Comparison  

In conclusion, different PEO-based electrolyte compositions were investigated for SPE 

application in potassium metal batteries. The first group of electrolytes was based on solely 

PEO as a host material and was considered as a reference experiment. As alternative strategies, 

the addition of Al2O3/SiO2 inorganic nanofillers (composite materials approach), and the 

utilization of a copolymer with both a rigid (high Tg) PS block and an amorphous (low Tg) PEO 

block (block copolymer approach) were made. All host materials were tested with KTFSI salt, 

thus giving PEOx-KTFSIy, AlOx-PEOx-KTFSIy, SiOx-PEOx-KTFSIy and BPEx-KTFSIy. Since 

all the experiments described above were conducted under similar conditions, differences in 

performance can be related to the electrolyte formulations. The previous subsections have 

discussed differences in the electrochemical characteristics of SPEs within the same group, but 

no overall comparison has been made so far. This section discusses the advantageous and 

shortcomings of different material approaches and traces the relationship between the 

rheological properties and ionic conductivities of different SPEs and their performance in 

potassium metal cells. Table 7 summarizes the maximum Qdisch, capacity retention after 100 

cycles and CE of the electrolytes studied in Chapter 6. A comparison of the galvanostatic 

cycling results of selected samples is shown in Figure 30. 

 

Table 7. Characteristics (maximum of discharge capacity, Qdisch, capacity retention over 100 

cycles and Coulombic efficiency, CE) derived from galvanostatic cycling experiments of K-

metal/SPE/KFF cells with different SPEs. 

Sample 
Maximum of Qdisch, 

mAh g-1 

Capacity retention 

(over 100 cycles), % 

CE 

(at the 100th cycle), % 

PEO20-KTFSI1 105.4 77 97 

AlOx-8 99.4 99 

>99 
AlOx-10 115.9 83 

AlOx-12 94.1 99 

AlOx-5-SiOx-5 96.4 95 

BPE15-KTFSI1 105.2 94 98 
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Figure 30. Comparison of (a) capacity retention and (b) corresponding Coulombic efficiencies 

of K-metal/SPE/KFF cells with different SPE systems representing different material 

approaches: PEO20-KTFSI1 (homopolymer), AlOx-8 filled PEO12-KTFSI1 (composite), BPE15-

KTFSI1 (block copolymer). 

 

The composite strategy, specifically the incorporation of Al2O3 and SiO2 nanoparticles into the 

PEO-KTFSI matrix in this thesis, led to the formation of specific nanoparticle-ion-polymer 

Lewis acid-base interactions that increased the Tg values of the filled samples. As the polymer 

free volume decreased, lower total ionic conductivities were observed at near-ambient 

temperatures. Although the direct evaluation of cationic conductivity was not possible (due to 

the challenges associated with the measurement of TK
+), higher TK

+ can be expected for 

composite electrolytes with respect to their filler-free counterparts.46,252,53 In this thesis, higher 

cationic conductivity can be evidenced by the means of galvanostatic cycling as AlOx-/SiOx-

based SPEs showed an improvement in capacity retention up to 99 % and CE above 99 % in 

the 100th cycle (Table 7). Importantly, the composite approach effectively transformed liquid-

like properties into solid-like properties. Thus, the Lewis acid-base interactions provided 

mechanical reinforcement that contributed to the suppression of dendrite growth, thereby 

improving cycling stability. 

The block copolymer approach effectively suppressed the inherent crystallinity of PEO, 

resulting in fully amorphous BPE-based electrolytes while maintaining solid-like properties. 

The amorphous nature contributed to enhanced total ionic conductivity at near-ambient 

temperatures, whereas microphase separation played a crucial role in mitigating dendrite 

formation. This structural optimization led to improved capacity retention as compared to the 

electrolyte based of pure PEO (Table 7). Specifically, with respect to the PEO20-KTFSI1-based 

cell, the BPE15-KTFSI1-based one demonstrated the same initial discharge capacity 
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(105 mAh g-1) but the capacity retention improvement of 17 % over 100 cycles. Both SPEs 

(based on either PEO or BP) approached Coulombic efficiencies of 97-98 % in the 100th cycle, 

indicating that there was still a significant degree of side reactions. 

To summarize, although at 55 ℃ the PEO20-KTFSI1 (homopolymer approach) revealed the 

highest shear moduli and total ionic conductivity with respect to all examined AlOx-/SiOx-, 

BPE-based SPEs (Figure 21, Table A4), the latter showed an improvement of capacity 

retention and CE over 100 cycles. It should be noted that a C-rate of C/15 allowed shorter times 

in the high potential region, as PEO reaches its stability limit in the voltage region between 4.1 

to 4.3 V vs. K+/K,29,222 but the improved capacity retention was mainly ascribed to the impact 

of the inorganic fillers and/or the advanced microphase-separated architecture of the BPE-based 

SPE.45,190 
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7. Polycarbonate-based SPEs: as Beyond PEO 

The previous section revealed the main bottleneck of the PEO-based SPEs, i.e. low ionic 

conductivity, especially at near-ambient temperatures, which imposed limitations on the cell 

cycling conditions (requiring conditions such as elevated temperature and low cycling rate). 

Alternatively to the polyether-based materials, polycarbonates – the polymeric analogues to the 

liquid carbonate solvents, like EC or PC used in this thesis for the reference cell operated with 

liquid electrolyte, – have shown favorable solvation of electrolyte salts.65,186 In contrast to the 

ether unit of PEO, the carbonyl-containing group demonstrated a relatively weak coordination 

strength of A+,62,186 which may be a key towards higher cationic conductivity and thus lower 

cell polarization, which is crucial for stable cycle life. The parent material for polycarbonates 

is PTMC, that typically features a predominantly amorphous nature, while the presence of 

crystalline domains can restrict its ionic conductivity at ambient temperature.276 By varying the 

polymer architecture via random co-polymerization with ɛ-caprolactone, CL, units, a fully 

amorphous copolymer P(CLm-TMCn) with increased ionic conductivity (up to 10-5 S cm-1 at 

ambient temperature)192,278 can be synthesized that is of a high interest due to the feasibility of 

room temperature operating cell. 

For this thesis, polycarbonate-based polymers were synthesized using previously reported route 

(Scheme 2).276,282 P(CLm-TMCn) with molar ratio m:n of 80:20 was chosen because it offered 

the best trade-off between mechanical strength and ionic conductivity, when tested with Li- and 

Na-containing salts.192,278 

 

 

Scheme 2. Synthesis of (a) poly(trimethylene carbonate) PTMC and (b) poly(caprolactone-co-

trimethylene carbonate) P(CLm-TMCn) through ring-opening (co)polymerization of 

corresponding (co)monomers (catalyzed by Sn(Oct)2). 
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Using 1H NMR and 13C NMR spectroscopy, the chemical structures of the polymers and the 

desired molar ratio of CL and TMC blocks of P(CL80-TMC20) were confirmed. The polymers 

featured an average Mn of around 140.000 g mol−1 and 310.000 g mol−1 for PTMC and P(CL80-

TMC20), respectively (determined by gel permeation chromatography, GPC).  

 

7.1. Thermal Properties  

Firstly, DSC was performed on the synthesized polymeric materials, PTMC and P(CL80-

TMC20), to characterize their thermal properties. As shown in Figure A8, the Tg of the pristine 

PTMC was determined to be -16 ℃, while the P(CL80-TMC20) exhibited Tg of -57 ℃, both in 

agreement with reported Tg values for these materials.147 Consistent with the literature for high 

molecular weight PTMC,192 no endothermic peaks were observed in the thermogram, indicating 

its amorphous structure. In contrast, semi-crystalline P(CL80-TMC20) displayed a broad 

endothermic peak, corresponding to a melting temperature of 15 °C (Table A5). 

Further, polycarbonate-based SPEs with a broad concentration range of KTFSI (1 < [TMC]/[ 

CL80-TMC20]:K < 24) were prepared and their thermal properties were investigated by DSC 

(Figure A8). While increasing the content of amorphous phase is a desired outcome for the 

SPEs, the PTMC-KTFSI blends appeared to be fully amorphous at the KTFSI concentration 

range of 4 < [TMC]:K < 24. In contrast, for P(CL80-TMC20)-based SPEs, the compositions with 

[CL80-TMC20]:K = 24:1, 16:1 featured Tm of around 13-15 °C (Figure A8, Table A5), most 

likely indicating the mixed-phase systems, where Tm can be assigned to K-depleted (polymer-

rich) phases. Interestingly, mixed-phase systems were also observed for both PTMC- and 

P(CL80-TMC20)-based compositions with high KTFSI fraction (i.e. 2:1 and 1:1 blends) that 

exhibited broad endothermic peaks at high temperature range (~125-170 °C, Figure A8, Table 

A5). As for the previously investigated PEO4-KTFSI1 (Figure A1, Table A1), these additional 

endothermic peaks can be attributed to intermediate crystalline K-rich phases, that occurred 

when surpassing the saturation limit of KTFSI in polymers, thus changing to polymer-in-salt 

regime.  

Dependency of the Tg values of the polycarbonate-based electrolytes on KTFSI concentration 

can be seen in Figure 31. As for the previously investigated PEO-based electrolytes, Tg shifted 

to higher values with increasing salt concentration due to ionic cross-linking effect. A more 

gradual increase of Tg can be seen for the PTMC-KTFSI compositions with 1 < [TMC]:K < 8, 

with an overall Tg increase of ~20 °C (in the whole range of KTFSI concentration). Meanwhile, 

for P(CL80-TMC20)-KTFSI blends, a more rapid increase of Tg was observed over the examined 

range of salt concentration (with several points being inconsistent with general trend), 
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exhibiting a total increase of Tg of ~27 °C. Most likely, CL-units coordinate stronger to 

potassium cations as compared to TMC-units, restricting segmental motion of the copolymer 

chains to a higher extent. This is in contrast to findings of Andersson and co-authors,64 who 

reported that Na+ preferably coordinated to the carbonyl group of TMC than that of CL. 

Similarly to the results obtained herein, stronger ion-polymer interactions to CL units as 

compared to carbonate groups of TMC were reported for the Li+ systems.62–64  

 

 

Figure 31. The dependence of glass transition temperature Tg on the [TMC]/[CL80-TMC20]:K 

molar ratios in (a) PTMC-KTFSI and (b) P(CL80-TMC20)-KTFSI SPEs. 

 

7.2. Total Ionic Conductivity 

Further, total ionic conductivities of PTMC- and P(CL80-TMC20)-based SPEs containing 

various concentrations of KTFSI were evaluated using EIS in the frequency range from 10 MHz 

to 1 Hz at the temperature range of 25-85 ℃ (in 10 ℃ steps) (Figure A9). Based on the DSC 

results, higher ionic conductivities were expected for the P(CL80-TMC20)-KTFSI blends 

because these demonstrated lower values of Tg, indicating a higher degree of amorphous phase 

(preferable for the ion transport mechanism coupled to segmental motion). As seen in Figure 

A9 and Figure 32, this hypothesis was confirmed by the results of the EIS measurements. At 

low temperature region (near-ambient temperatures), the σ values of the copolymer P(CL80-

TMC20) were found to be 2-3 orders of magnitude higher as compared to that of the 

homopolymer. As the temperature of the EIS measurement increased, variance of σ values 

obtained for the homopolymer and the copolymer decreased (i.e. one order of magnitude at 

55 ℃, Figure 32), which can be assigned to the larger change of polymer free volume in 

homopolymer PTMC. For the P(CL80-TMC20)-based SPEs, the highest ionic conductivity was 

demonstrated by the sample with 12:1 molar ratio of [CL80-TMC20]:K (6.1×10-6 S cm-1, 
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9.5×10-5 S cm-1 at 25 and 55 ℃, respectively). Meanwhile, among the PTMC-KTFSI 

electrolytes, the highest σ was observed for the blend with [TMC]:K = 16:1 (2.9×10-8 S cm-1, 

3.2×10-6 S cm-1 at 25 and 55 ℃, respectively). 

 

 

Figure 32. The dependence of ionic conductivity (derived from EIS measurements conducted 

in the frequency range from 10 MHz to 1 Hz) of (a) PTMC-KTFSI and (b) P(CL80-TMC20)-

KTFSI SPEs on [TMC]/[CL80-TMC20]:K molar ratios at 25 and 55 ℃. 

 

In both systems, at first ionic conductivity enhanced with increasing KTFSI fraction (from 24:1 

to 16/12:1 [TMC]/[CL80-TMC20]:K molar ratios) due to increase of the number of charge 

carriers, K+. When further increasing concentration of KTFSI, higher degree of occupied 

coordination sites unfavourably effected the ionic conductivity (i.e. lowered free volume of the 

polymers). Following the results of DSC, the samples with the highest KTFSI content (2:1, 1:1 

[TMC]/[CL80-TMC20]:K molar ratio) contained crystalline intermediate compounds that 

showed endothermic effects at high temperatures (Figure A8), and therefore exhibited 

relatively low σ values at examined temperatures. Noteworthy, this is inconsistent with the data 

reported for PTMC-NaTFSI and -NaFSI electrolytes185,277 that exhibited high ionic 

conductivities at extreme salt concentrations due to percolation ion transport mechanism. 

Instead, the pattern of σ dependency on [polymer unit]:K molar ratio appeared to be consistent 

with the previously observed results for the investigated PEO-based SPEs. 

When comparing to polyether-based SPEs (specifically semi-crystalline PEO20-KTFSI1 and 

amorphous BPE15-KTFSI1 previously discussed), P(CL80-TMC20)-KTFSI with 12:1 [CL80-

TMC20]:K molar ratio presented higher ionic conductivities at low temperature region (Table 

A4 and Figure 33). Moreover, following literature data,192,186 P(CL80-TMC20)-based SPEs with 

electrolyte salts possess higher transference number as compared to electrolytes based on PEO, 
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and presumably might benefit a K-cell in terms of lower cell polarization. Another advantage 

of polycarbonate-based SPEs might be better compatibility with the components of K-ion cell. 

These points should be of a great focus of further K-research.  

 

 

Figure 33. Comparison of temperature-dependent ionic conductivity of PEO-based (PEO20-

KTFSI1, BPE15-KTFSI1) and polycarbonate-based (P(CL80-TMC20)12-KTFSI1) SPEs. 
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8. Conclusion and Outlook  

The pursuit of high-energy battery technologies to complement lithium-ion batteries has driven 

increasing research into post-Li systems, particularly potassium-ion batteries, KIBs. To achieve 

volumetric and gravimetric capacities comparable to that of LIBs, the integration of high-

voltage cathode materials is essential. When combined with a metallic anode, this strategy 

enables the maximization of cell voltage. However, the progression of KIB technology remains 

hindered by several critical challenges, mostly associated with the high reactivity of potassium, 

leading to low CE and rapid cell failure due to dendrite growth, which compromises electrolyte 

stability. Given these limitations, the development of more stable electrolytes is crucial, making 

the solid polymer electrolyte, SPE, approach particularly relevant for potassium metal batteries. 

Despite a few recent studies,18,146 research on SPEs for all-solid potassium batteries remains 

limited. 

Therefore, the goal of this thesis was to identify K+-SPEs that possess sufficient ion transport 

in combination with mechanical strength and electrochemical stability, while demonstrating 

their feasibility in potassium metal batteries. To do so, the following approaches were 

employed: analysis of SPEs physical properties to evaluate polymer chain dynamics and 

mechanical stability (DSC, SAOS), examination of ion transport (EIS), a complex of 

electrochemical analyses to study the electrode processes. Three key objectives were the focus 

of this thesis. The primary objective was to investigate how different material approaches – 

namely (1) homopolymer, (2) composite, (3) block copolymer with the example of PEO as the 

state-of-the-art host material – affect the key physical properties and ion transport of SPEs. 

Secondly, to explore the solid-state diffusion kinetics of K+ within the alternative polymer 

hosts, such as polycarbonates and polyesters. The third objective was to demonstrate the 

feasibility of selected materials as SPEs in potassium metal battery prototypes. 

As the material selection began with the most commonly used polymer host, PEO, a 

comprehensive investigation was conducted on a series of PEOx-KTFSIy electrolytes across a 

broad range of salt concentration (4 < x:y < 20). The results revealed the critical role of K+-salts 

in shaping the physical properties of PEO-based electrolytes. Since bulk anions acted as 

plasticizers, the addition of KTFSI reduced the crystallinity of PEO, mitigating the restricted 

ion mobility at near-ambient temperatures. However, cations demonstrated a dual effect: 

increasing K+-species provided a higher number of charge carriers but also resulted in strong 

Lewis acid-base interactions with EO units, leading to ionic cross-linking and reduced chain 

mobility, as evidenced by a 13 ℃ Tg increase along with rising KTFSI content. The mechanical 

integrity of PEOx-KTFSIy was governed by crystalline domains and/or ionic cross-links, both 



92 
 

restricting ion transport coupled to segmental motion. The highest conductivities at 25 °C were 

observed in predominantly amorphous samples, but their liquid-like rheological behaviour 

rendered them unsuitable as SPEs. In contrast, blends with higher salt content exhibited solid-

like properties, but suffered a three order of magnitude drop in conductivity at 25 °C. These 

findings underscored the necessity of optimizing material design to achieve a balance between 

ionic conductivity and mechanical integrity, motivating further exploration of composite 

strategy and alternative polymer architectures. 

The composite approach involved the incorporation of Al2O3 and SiO2 nanoparticles (at mass 

fractions of 2-15 wt.%), which transformed the liquid-like state PEO-KTFSI into a solid-like 

state electrolyte, fulfilling a critical SPE requirement for suppressing dendrite growth in 

potassium batteries. This transition was driven by specific Lewis acid-base interactions between 

the nanofillers, KTFSI, and PEO. While ceramic fillers effectively modified the rheological 

properties, they did not improve the ionic conductivities at near-ambient temperatures. 

However, above the melting point at ~45 °C, the difference in conductivity between the samples 

with and without ceramics disappeared. 

The block copolymer strategy utilizing PVBmPEO-b-PS (denoted as BP) successfully 

suppressed the intrinsic crystallinity of PEO, yielding fully amorphous electrolytes. Unlike the 

electrolytes based on solely PEO, BPE-KTFSI exhibited solid-like properties due to the 

formation of a microphase-separated structure that enabled efficient ion transport through the 

PEO phase while maintaining mechanical strength through the PS domains. This resulted in 

improved ionic conductivity at low temperatures, with values approximately half an order of 

magnitude higher than those of the PEO-KTFSI electrolytes. These findings highlight block 

copolymerization as a promising approach to balancing ion transport and mechanical integrity 

in potassium-ion SPEs. 

Another class of polymer materials – polycarbonate-based PTMC and P(CL80-TMC20) – was 

introduced for the first time as host materials for K+. Owing to high molecular weight of the 

polymer materials, the investigated SPEs demonstrated sufficient mechanical strength in the 

whole range of KTFSI concentration. Notably, the observed trend of dependency of Tg and total 

ionic conductivity on the [polymer unit]:K molar ratio appeared to be consistent with the 

previously discussed results for the PEO-based SPEs. The P(CL80-TMC20)-KTFSI electrolytes 

showed temperature-dependent ionic conductivities comparable to those of the reference PEO-

based SPEs. Moreover, higher cationic conductivity can be expected for this class of polymer 

host materials,65 however, evaluating TK
+ appeared to be a challenging task in this thesis. 

Analysis of the processes at the electrode-electrolyte interfaces revealed large impedances and 
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overpotentials, presumably due to the large interfacial resistances in the symmetrical K-metal 

cells, for all examined PEO-based SPEs. This contributed unreliability into the plating and 

stripping experiments as well as the determination of the transference number and emphasized 

the need to develop novel techniques and methods for the characterization of transport 

parameters in K+-containing SPEs. 

Within this thesis, the feasibility of the SPE applications in potassium metal batteries was 

demonstrated. Thus, selected PEO-based SPEs were integrated into solid-state potassium 

batteries with a Prussian blue analogue K2-xFe[Fe(CN)6] positive electrode and a K-metal 

negative electrode with an average cell voltage of 3.6 V. In particular, this thesis revealed how 

the architecture of the polymer host materials influences the electrochemical characteristics of 

the corresponding SPE-based K-cells. Both the filler-containing and BPE-based SPEs exhibited 

higher capacity retention over the same cycles number with respect to the unmodified PEO-

KTFSI. This was attributed to the significant improvement in mechanical stability of the SPEs 

architectures. The Coulombic efficiencies in the tested cells were about 98-99 % at the 100th 

cycle, which clearly shows that at elevated temperatures and in contact with reactive alkali 

metals as negative electrode, side reactions occur to a considerable extent. 

This work highlights key strategies for advancing SPE architectures for long-term cycling KIBs 

and provides valuable insights into overcoming key challenges such as large crystallization 

degree and the trade-off between mechanical stability and ionic conductivity. The results 

contribute to the development of more robust K+-SPEs, paving the way for improved 

performance in potassium metal batteries. Interfacial stability remains a major challenge, with 

large resistances and overpotentials, underlying the need for advanced characterization methods 

to better understand cation transport in post-Li systems. This thesis offers the foundation for 

further research towards the high-performance, sustainable solid-state potassium batteries. 
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Appendix  

 

Table A1. Thermal quantities (Tg, Tm, ΔHm and degree of crystallinity ΧC) of PEO-KTFSI-

based polymer electrolytes with different molar ratio of EO:K. 

Entry 
EO:K 

molar ratio 

Tg, 

℃ 

Tm, 

℃ 

ΔHm, 

J g-1 

Crystallinity ΧC*, 

% 

1 100:0 -59.8 69.2 126.2** 64.3** 

2 20:1 -48.1 53.0/37.0 68.1 34.7 

3 16:1 -46.9 48.8 27.5 14.0 

4 12:1 -47.7 39.5 11.1 5.7 

5 8:1 -40.6 54.6 30.2 15.4 

6 4:1 -35.2 51.3/135.2 38.5 19.6 

* For PEO-KTFSI compositions, crystallinity was calculated relatively to theoretical ΔHm of 

PEO = 196.4 J g-1,34 according to Equation 7. ** Pre-dried molten and thus not completely 

recrystallized PEO was used, and its crystallinity was calculated relatively to the theoretical 

ΔHm of PEO as well as for all PEO-KTFSI SPEs. 

 

Table A2. Thermal quantities (Tg, Tm, ΔHm, and degree of crystallinity ΧC) of Al2O3/SiO2-filled 

PEO12-KTFSI1 samples with different mass fraction of the nanofillers. 

Sample Nanofiller 

Nanofiller 

mass 

fraction, 

wt.% 

Tg, 

℃ 

Tm, 

℃ 

ΔHm, 

J g-1 

Crystallinity 

ΧC***, 

% 

AlOx-2 

Al2O3 

2 -43.5 50.1 47.5 24.7 

AlOx-5 5 -38.7 43.2/59.0 54.4 29.2 

AlOx-8 8 -41.5 48.8 43.6 24.1 

AlOx-10 10 -43.2 56.3 52.7 29.8 

AlOx-12 12 -38.1 45.0 40.7 23.5 

AlOx-15 15 -42.6 46.6 38.1 22.8 

SiOx-2 

SiO2 

2 -46.5 45.5 46.1 24.0 

SiOx-5 5 -45.4 46.5 42.4 22.7 

SiOx-8 8 -43.7 47.7 46.2 25.6 

SiOx-10 10 -43.1 51.4 41.4 23.4 

*** For the samples with the nanofillers the total amount of the additives, ϕadd, was accounted 

according to Equation 7. 
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Table A3. Thermal quantities (Tg, Tm, ΔHm and degree of crystallinity ΧC) of the BPE-KTFSI 

polymer electrolytes with different molar ratio of EO:K. 

EO:K 

molar ratio 

in BPE-

KTFSI 

Tg (PEO 

phase), 

℃ 

Tg (PS 

phase), 

℃ 

Tm (PEO 

phase), 

℃ 

ΔHm (PEO 

phase), 

J g-1 

Crystallinity 

ΧC**** (PEO 

phase), 

% 

20:1 -56.5 100.6 29.6 11.9 12.1 

15:1 -49.9 102.2 – – – 

10:1 -46.5 100.1 – – – 

**** Calculated relative to theoretical ΔHm of PEO, 196.4 J g-1 34, according to Equation 7, 

and divided by two, 98.2 J g-1 (since BPE blocks were matched to ~ 50:50 weight ratio). 

 

Table A4. Total ionic conductivity σ (derived from EIS measurements carried out in the 

frequency range from 1 MHz to 500 mHz) of the PEO-based SPEs at 25 and 55 ℃. 

SPE 
EO:K 

molar ratio 

σ (25 ℃), 

S cm-1 

σ (55 ℃), 

S cm-1 

PEO-KTFSI 

20:1 1.30×10-6 2.86×10-4 

16:1 3.56×10-5 6.77×10-4 

12:1 2.11×10-5 2.65×10-4 

8:1 1.79×10-7 6.18×10-5 

4:1 4.01×10-8 3.03×10-5 

AlOx-2 12:1 1.75×10-6 2.61×10-4 

AlOx-5 12:1 3.07×10-6 2.09×10-4 

AlOx-8 12:1 1.74×10-6 1.80×10-4 

AlOx-10 12:1 1.85×10-6 2.52×10-4 

AlOx-12 12:1 1.68×10-6 1.40×10-4 

AlOx-15 12:1 1.43×10-6 1.46×10-4 

SiOx-2 12:1 1.61×10-6 2.22×10-4 

SiOx-5 12:1 1.18×10-6 1.68×10-4 

SiOx-8 12:1 1.58×10-6 1.93×10-4 

SiOx-10 12:1 1.59×10-6 1.96×10-4 

BPE-KTFSI 

20:1 1.07×10-6 1.67×10-5 

15:1 3.95×10-6 3.57×10-5 

10:1 8.73×10-7 1.37×10-5 
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Table A5. Thermal quantities (Tg, Tm) of the PTMC-KTFSI and P(CL80-TMC20)-KTFSI 

polymer electrolytes with different molar ratios of [TMC]:K, [CL80-TMC20]:K. 

Polycarbonate-based host material 

PTMC P(CL80-TMC20) 

[TMC]:K 

molar ratio 

Tg, 

℃ 

Tm, 

℃ 

[CL80-TMC20]:K 

molar ratio 

Tg, 

℃ 

Tm, 

℃ 

100:0 -15.6 – 100:0 -57.2 14.7 

24:1 -13.8 – 24:1 -53.3 13.5 

20:1 -15.2 – 20:1 -46.8 – 

16:1 -15.9 – 16:1 -50.3 15.6 

12:1 -14.3 – 12:1 -42.9 – 

8:1 -11.6 – 8:1 -32.2 – 

4:1 -0.8 – 4:1 -40.1 – 

2:1 1.2 125.0 2:1 -26.6 145.6 

1:1 3.8 170.9 1:1 -25.7 167.9 
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Figure A1. DSC thermograms of SPEs: (a) PEO-KTFSI with different molar ratio of EO:K 

and pure PEO (EO:K = 100:0); PEO12-KTFSI1 with different mass fraction of nano-sized (b) 

Al2O3 and (c) SiO2; (d) BPE-KTFSI with different molar ratio of EO:K. DSC thermograms 

were recorded at heating rate of 10 K min-1 for the determination of glass transition Tg and 

melting Tm temperatures.  

 



129 
 

 

Figure A2. The dependence of storage (G’) and loss (G’’) moduli of PEO-KTFSI SPEs with 

different molar ratio of EO:K on angular frequency at (a) 25 ℃, (b) 35 ℃, (c) 45 ℃, (d) 55 ℃, 

(e) 65 ℃.  
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Figure A3. The dependence of storage (G’) and loss (G’’) moduli on angular frequency of 

PEO12-KTFSI1-based SPEs with different mass fraction of Al2O3 at (a) 25 ℃ and (b) 55 ℃, 

and SiO2 at (c) 25 ℃ and (d) 55 ℃.  
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Figure A4. Temperature-dependent ionic conductivity (derived from EIS measurements 

conducted in the frequency range from 1 MHz to 500 mHz in the temperature range from 15 to 

85 ℃) of (a) PEO-KTFSI SPEs with different molar ratio of EO:K; PEO12-KTFSI1-based SPEs 

with different mass fraction of (b) Al2O3 and (c) SiO2; and (d) BPE-KTFSI SPEs with different 

molar ratio of EO:K. 
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Figure A5. Galvanostatic charge-discharge profiles of K-metal/electrolyte/KFF cells with 

different electrolyte systems at C/25 (at 25 ℃ for liquid electrolyte (LE)-based system, and at 

55 ℃ for the systems with SPEs): (a) PEO4-KTFSI1, (b) PEO8-KTFSI1, (c) PEO20-KTFSI1, (d) 

organic LE. 
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Figure A6. Galvanostatic charge-discharge profiles of K-metal/SPE/KFF cells with different 

SPE composites: (a) AlOx-8, (b) AlOx-10, (c) AlOx-12, (d) SiOx-8 (failed after 14 cycles), (e) 

AlOx-5-SiOx-5. 
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Figure A7. Galvanostatic charge-discharge profiles of K-metal/BPE15-KTFSI1/KFF cell. 

 

 

Figure A8. DSC thermograms of (a) pristine homopolymer PTMC and copolymer P(CL80-

TMC20); SPEs based on (b) PTMC and (c) P(CL80-TMC20) with different [TMC]/[CL80-

TMC20]:K molar ratios. DSC thermograms were recorded at heating rate of 10 K min-1 for the 

determination of glass transition Tg and melting Tm temperatures.  
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Figure A9. Temperature-dependent ionic conductivity (derived from EIS measurements 

conducted in the frequency range from 1 Hz to 10 MHz in the temperature range from 25 to 

85 ℃) of (a) PTMC-KTFSI and (b) P(CL80-TMC20)-KTFSI SPEs with different [TMC]/[CL80-

TMC20]:K molar ratios. 

 


