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Summary 

This thesis is dedicated to the development of alternative electrolytes for electrochemical 

energy storage devices which have become a crucial part of modern society and 

infrastructure. Conventional electrolytes for supercapacitors or batteries are usually based on 

a combination of conducting salt and flammable or volatile solvents. Replacing them with 

inflammable and very low volatile ionic liquids (ILs), molten salts with a melting point below 

100 °C, can increase the safety of the devices, which is an imperative for mobile as well as 

stationary applications. 

While there are many different types of ILs, the works within this thesis focus on protic ionic 

liquids (PILs), bearing an available proton in their structure. They have the advantage of an 

easier, thus often cheaper synthesis as well as the possibility of an additional charge transport 

mechanism besides conventional vehicular ion transport. Both points address the most often 

cited drawbacks of ionic liquids, meaning the cost as well as bad transport characteristics, i.e., 

high viscosity and low ionic conductivity. 

The implementation of PILs in electrochemical energy storage devices is yet not as advanced 

compared to their aprotic counterparts. This is related to the presence of an easily reducible, 

available proton in their structure. Nevertheless, their application in supercapacitors as well 

as batteries documented in the literature so far show promising results. They are summarized 

in the introduction part of this thesis, which is based on Publication 1 (review article).  

The first part of the work covers the implementation of PILs in electrical double layer 

capacitors (EDLCs). In Publication 2, the investigated PIL 1-butylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide ([PyrH4][TFSI]) was mixed with small amounts of water to 

increase the transport properties drastically as well as lowering the melting point below room 

temperature. While the addition of water comes for the price of a lower operating voltage 

compared to the neat PIL, the power capability of EDLC employing these PIL-water-based 

electrolytes could be increased significantly. Furthermore, the investigations were supported 

by classical molecular dynamics simulations, which give insight on the interactions between 

water and PIL molecules. Continuing this work, Publication 3 is focusing on the simulations, 

going even more into detail of the analysis of the interactions. 
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Publication 4 also concerns the implementation of PILs in EDLCs, in this case a sodium-ion-

based system. Electrolytes for sodium-based systems are often glycol ether (glyme) based, 

offering the possibility to employ electrode materials like graphite. Unlike lithium-ions, 

sodium-ions are stored in these intercalation materials via co-intercalation together with 

solvent molecules. Thus, the PIL used in this work ([PyrH4][TFSI]) was mixed with bis(2-

methoxyethyl) (diglyme). Additionally, a comparison with an aprotic ionic liquid (AIL) was 

carried out, using 1-butyl-1-methyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide 

([Pyr14][TFSI]). The optimal ratio of glyme to IL was determined by investigating chemical-

physical characteristics of the electrolytes as well as the performance of EDLCs employing 

these diglyme-IL-mixtures. 

The second part of the thesis is comprised of publications related to the employment of PILs 

in battery devices. More specifically, Publication 5 is about the synthesis of imidazolium-based 

PILs and their application in lithium-ion batteries. Four different PILs were synthesized, fully 

characterized, and employed in combination with lithium iron phosphate (LFP, LiFePO4). While 

LFP electrodes could successfully be cycled in all PILs, the best performance was achieved in 

1-2-Dimethylimidazolium bis(trifluoromethanesulfonyl)imide as well as 

1-2-Dimethylimidazolium bis(fluorosulfonyl)imide. 

The effect of additives in PIL based electrolytes, e.g., for an effective solid-electrolyte-

interphase formation, was researched in Publication 6. [PyrH4][TFSI] and 1-butylpyrrolidinium 

bis(fluorosulfonyl)imide ([PyrH4][FSI]) were combined with Li[TFSI] and Li[FSI], respectively, as 

well as vinyl ethylene carbonate (VEC). These electrolytes were successfully employed in 

lithium-metal cells using LFP but also lithium-nickel-manganese-cobalt-oxide as cathode 

material. Furthermore, it could be shown that with the addition of VEC, even the reversible 

cycling of lithium-metal electrodes is possible in these PIL-based electrolytes, which are 

usually prone to reduction when combined with elementary lithium. 

Another post-lithium system in combination with PIL-based electrolytes has been examined 

in Publication 7. In this work, calcium-ion-based electrolytes, utilizing [PyrH4][TFSI] as well as 

[Pyr14][TFSI] respectively, were compared and their application in an EDLC as well as in a 

battery setup was investigated. While activated carbon-based electrodes could be cycled in 

both electrolyte systems, TiS2-based electrodes could only be successfully cycled in the aprotic 

electrolyte. The results make clear that more investigations are necessary to establish PILs in 



XIII 

calcium-based systems, for example employing additives to achieve a reversible storage of 

calcium-ions in battery materials. 

The final part of the thesis is about the confinement of PILs in host structures. This way, the 

safety of an electrolyte can be increased in terms of leakage but also to enable flexible energy 

storage devices. Publication 8 focusses on the chemical-physical changes of an AIL 

([Pyr14][TFSI]) and PIL ([PyrH4][TFSI]) when encompassed in a silica based material, resulting in 

ionogels. Furthermore, the influence of the addition of a lithium salt has been assessed. 

Depending on the nature of the ILs, these influences differ, mainly due to the 

presence/absence of the protic network in an IL, leading to different changes within the ILs. 

Finally, a polymer based on polyethylene oxide combined with the PIL [PyrH4][TFSI] was 

examined in Publication 9. First, its conductivity as well as flammability were investigated, 

revealing high conduction as well as high resistance towards ignition. Afterwards it was 

employed in an EDLC and in a battery system. While the former is able to achieve capacitance 

values comparable to an EDLC system employing neat [PyrH4][TFSI], the power performance 

needs to be improved in the future. The battery system, on the other hand, was showing not 

only good energy densities, but also power performance. 
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Zusammenfassung 

Die vorliegende Doktorarbeit befasst sich mit der Entwicklung von alternativen Elektrolyten 

für elektrochemische Energiespeichergeräte, welche zu einem wichtigen Bestandteil der 

modernen Gesellschaft als auch der Infrastruktur geworden sind. Konventionelle Elektrolyte 

für Superkondensatoren oder Batterien basieren normalerweise auf einer Kombination aus 

Leitsalz und brennbaren oder flüchtigen Lösungsmitteln. Das Ersetzen dieser Lösungsmittel 

mit unbrennbaren und schwerflüchtigen ionischen Flüssigkeiten (ILs), geschmolzene Salze mit 

einem Schmelzpunkt unter 100 °C, kann die Sicherheit der Speichergeräte erhöhen. Diese 

letztgenannte Eigenschaft ist nicht nur zwingend notwendig für mobile, sondern auch für 

stationäre Anwendungen. 

Es gibt viele verschiedene Typen von Ils, der Fokus der meisten Arbeiten in dieser Doktorarbeit 

liegen jedoch auf protischen ionischen Flüssigkeiten (PILs), welche ein verfügbares Proton in 

ihrer Struktur beinhalten. Sie haben den Vorteil einer einfacheren, dadurch oftmals 

günstigeren Synthese als auch die Möglichkeit eines weiteren Ladungstransportmechanismus 

neben der konventionellen einfachen Bewegung von Ladungsträgern. Beide Punkte betreffen 

die meistgenannten Nachteile von ILs, nämlich die Kosten als auch die schlechten 

Transporteigenschaften, im speziellen eine hohe Viskosität und geringe ionische Leitfähigkeit. 

Die Implementierung von PILs in elektrochemischen Energiespeichergeräten ist noch nicht so 

weit vorangeschritten verglichen mit ihren aprotischen Gegenstücken. Dies liegt an der 

Anwesenheit eines leichtreduzierbaren Protons in ihrer Struktur. Nichtsdestotrotz zeigen die 

bisher vorliegenden Veröffentlichungen mit Anwendungen in Superkondensatoren als auch 

Batterien vielversprechende Ergebnisse. Diese sind in der Einleitung der vorliegenden 

Doktorarbeit zusammengefasst, welche auf Publikation 1 (Review Artikel) basiert. 

Der erste Teil der Arbeit befasst sich mit der Implementierung von PILs in elektrochemischen 

Doppelschichtkondensatoren (EDLCs). In Publikation 2 wurde die untersuchte PIL 1-

Butylpyrrolidinium Bis(trifluormethansulfonyl)imid ([PyrH4][TFSI)] mit geringen Mengen 

Wasser gemischt, um die Transporteigenschaften drastisch zu verbessern als auch den 

Schmelzpunkt unter Raumtemperatur zu verringern. Während die Zugabe von Wasser zwar 

zu einer niedrigeren Betriebsspannung führt, konnte das Leistungspotential von EDLCs mit 

diesen PIL-Wasser-basierten Elektrolyten, verglichen mit der reinen PIL, erheblich verbessert 

werden. Weiterhin wurden die Untersuchungen mit klassischen molekularen dynamischen 
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Simulationen unterstützt, welche Einblicke in die Interaktionen zwischen Wasser und PIL 

Molekülen geben. Diese Arbeit weiterführend wird der Fokus in Publikation 3 auf die 

Simulationen gelegt, mit detaillierteren Analysen bezüglich der Molekülinteraktionen. 

Publikation 4 betrifft ebenfalls die Implementierung von PILs in EDLCs, in diesem Fall ein 

natriumionenbasiertes System. Elektrolyte für natriumbasierte Systeme sind oftmals 

glykoletherbasiert (glyme), was die Möglichkeit eröffnet Elektrodenmaterialien wie Graphit zu 

nutzen. Anders als Lithiumionen werden Natriumionen in diesen Interkalationsmaterialien 

durch „co-Interkalationen“ zusammen mit Lösungsmittelmolekülen eingelagert. Deswegen 

wurde die in dieser Arbeit untersuchte PIL [PyrH4][TFSI] mit Bis(2-methoxyethyl)ether 

(diglyme) gemischt. Zusätzlich wurde ein Vergleich mit einer aprotischen ionischen Flüssigkeit 

(AIL) durchgeführt. Hierfür wurde 1-Butyl-1-Methylpyrrolidinium 

Bis(trifluormethansulfonyl)imid ([Pyr14][TFSI]) verwendet. Das optimale Verhältnis zwischen 

glyme und IL wurde durch Untersuchungen der chemisch-physikalischen Eigenschaften der 

Elektrolyte als auch der Leistungsfähigkeit von EDLCs, die diese diglyme-IL-basierten 

Elektrolyte nutzen, bestimmt. 

Der zweite Teil der Doktorarbeit setzt sich aus Publikationen zusammen, die sich mit der 

Anwendung von PILs in Batterien beschäftigen. Genauer gesagt behandelt Publikation 5 die 

Synthese von imidazoliumbasierten PILs und deren Anwendung in Lithium-Ionen-

Akkumulatoren. Vier verschiedene PILs wurden synthetisiert, vollständig charakterisiert und 

mit Lithium-Eisenphosphat (LFP, LiFePO4) Elektroden kombiniert. Während diese Elektroden 

in allen vier PILs zyklisiert werden konnten, wurden die besten Ergebnisse in 

1-2-Dimethylimidazolium Bis(trifluormethansulfonyl)imid und 1-2-Dimethylimidazolium 

bis(fluorsulfonyl)imid erzielt. 

Der Einfluss von Additiven in PIL-basierten Elektrolyten, um zum Beispiel eine effektive „solid-

electrolyte-interphase“ aufzubauen, wurde in Publikation 6 untersucht. [PyrH4][TFSI] und 

Butylpyrrolidinium Bis(fluormethansulfonyl)imid ([PyrH4][FSI]) wurden jeweils mit Li[TFSI] und 

Li[FSI], als auch mit Vinylethylencarbonat (VEC) gemischt. Diese Elektrolyte wurden erfolgreich 

in Lithiummetall-Zellen mit LFP- aber auch Lithium-Nickel-Mangan-Cobalt-Oxid-Kathoden 

verwendet. Weiterhin konnte gezeigt werden, dass durch die Addition von VEC sogar das 

reversible Zyklisieren von Lithiummetallelektroden in diesen PIL-basierten Elektrolyten 
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möglich ist, welche normalerweise anfällig für Reduktionsreaktionen sind, wenn sie mit 

elementarem Lithium in Kontakt kommen. 

Ein weiteres „post Lithium“-System in Kombination mit PIL basierten Elektrolyten wurde in 

Publikation 7 untersucht. In dieser Arbeit wurden calciumionenbasierte Elektrolyte verglichen, 

jeweils basierend auf [PyrH4][TFSI] und [Pyr14][TFSI], und deren Anwendung in einem EDLC- als 

auch Batteriesetup untersucht. Während Elektroden basierend auf aktiviertem Kohlenstoff in 

beiden Elektrolytsystemen zyklisiert werden konnten, war dies mit TiS2 basierten Elektroden 

nur im aprotischen Elektrolyt möglich. Die Ergebnisse verdeutlichen, dass weitere 

Untersuchungen nötig sind, um PILs in calciumbasierten Systemen zu etablieren, zum Beispiel 

durch das Einsetzen von Additiven, um ein reversibles Einlagern von Calciumionen in 

Batteriematerialien zu ermöglichen. 

Im letzten Teil der Doktorarbeit geht es um das Einschließen von PILs in geeigneten 

Trägerstrukturen. Dadurch kann die Sicherheit eines Elektrolyten in Bezug auf Auslaufen 

erhöht, aber ebenso flexible Energiespeichersysteme ermöglicht werden. Publikation 8 legt 

dabei den Fokus auf die Änderungen der chemisch-physikalischen Eigenschaften einer AIL 

([Pyr14][TFSI]) und einer PIL ([PyrH4][TFSI]) die durch das Einschließen in einem 

siliziumbasierten Material verursacht werden, wodurch „Ionogels“ resultieren. Weiterhin 

wurde der Einfluss der Zugabe eines Lithiumsalzes untersucht. Abhängig von der Art der IL 

fallen die Einflüsse und dadurch verursachte Veränderungen unterschiedlich aus. Dies ist 

hauptsächlich auf die Anwesenheit/Abwesenheit des protischen Netzwerkes zurückzuführen. 

Schließlich wurde ein Polymer basierend auf Polyethylenoxid, welches mit der PIL [PyrH4][TFSI] 

kombiniert wurde, in Publikation 9 untersucht. Zunächst wurde dessen Leitfähigkeit und 

Entflammbarkeit untersucht, wobei ein hohes Leitvermögen als auch eine niedrige 

Brennbarkeit festgestellt worden sind. Anschließend wurde es in einem EDLC- als auch 

Batteriesystem eingesetzt. Obwohl Ersteres fähig ist elektrische Kapazitäten vergleichbar mit 

einem EDLC-System in Kombination mit reinem [PyrH4][TFSI] zu erreichen, muss dessen 

Leistungsfähigkeit jedoch weiter verbessert werden. Das Batteriesystem wiederum zeigte 

nicht nur gute Energiedichten, sondern auch eine hohe Leistungsfähigkeit. 
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1. Introduction 

1.1. Ionic Liquids 

Ionic liquids (ILs) are a class of compounds well-known by most chemists nowadays and 

established in many fields of chemistry. Their nature may appear rather trivial on the first look, 

being molten salts with a melting point below 100 °C. Nevertheless, the very reason for their 

multiple applications, the interplay between anions and cations, is nowhere close from being 

completely understood and predictable. Therefore, they still appear as attractive and 

interesting compounds, even 20 years after their enormous rise in publicity in the research 

community but also in the industry.[1] 

Although this exposure was taking place at the beginning of the 21st century, the principle of 

ILs, or rather molten salts, was known for much longer. In the early 19th century, it was 

Sir Humphry Davy who isolated a series of alkali and alkaline earth metals using molten salt 

electrolysis, admittedly with salts having very high melting points.[2] Until today, this use of 

molten salts is a very important method to produce aluminum, amongst others.[3] The first 

molten salt with a melting point (m.p.) below 100 °C was a “syrupy liquid” reported by W. 

Ramsay in 1876 when synthesizing different picoline allyl compounds, e.g., 1-allyl-2-

methylpyridinium chloride, with a melting point of 93.9 °C.[4] 

This quite unexciting note is not surprising, considering that at this stage, molten salts were 

very hot melts, in which anything other than temperature insensible electrochemistry was not 

possible. How should one visualize sensible chemical reactions or materials in such a torrid 

medium? This was exactly the problem Paul Walden was facing in 1914 when he tried to 

investigate the electric conductivity and molecular sizes of water free molten salts. In order to 

utilize methods and apparatuses suitable for these investigations only applicable at mild 

conditions, he needed to find salts with very low melting points. The solution was moving from 

inorganic to organic salts, more precisely ammonium salts, e.g., ethylammonium nitrate 

([EtNH3][NO3]) with a melting point of 12 °C.[5] 

Despite this first utilization of a room temperature (RT) molten salt, the main application of 

these ionic media remained in electrochemistry at rather high temperatures until the second 

half of the 20th century. This slowly changed with investigations about different alkyl 
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pyridinium halide – AlCl3 mixtures from different research groups.[6, 7] The melting point of 

these mixtures could be lowered even to -40 °C, depending on the composition (Figure 1). 

Only a few research groups picked up on this development and employed these low melting 

AlCl3 systems e.g., as electrolyte in thermal batteries or even as reaction media for organic 

chemistry.[8-10] Nevertheless, the idea to perform chemical reactions as well as analyze 

sensible compounds in these ionic, aprotic molten salts started to grow. Furthermore, the yet 

rather undefined term ionic liquid instead of molten salt started to be used more and 

more.[11] 

 

Figure 1 Phase diagram of a AlCl3 in ethyl pyridinium bromide system. Figure taken from [6] with permission of 

publisher IOP Publishing, Ltd. 

It still took almost 20 years until ILs had their breakthrough in the chemical society. One big 

obstacle was the instability of the AlCl3 compounds towards air and water, which was solved 

by the introduction of the 1-ethyl-3-methylimidazolium cation by Wilke et al. in 1992 and also 

by the bis(trifluoromethylsulfonyl)imide anion by Bonhôte et al. in 1996.[12, 13] These works 

opened up the possibilities for far more cation and anion combinations resulting in RT ILs, each 

with specific, somewhat tunable properties. Combined with the shifting attitude of the 

chemical industry at that time, towards environmental friendlier and more sustainable 
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production, this new “class” of compounds drew massive attention as green solvent, both 

from the research community as well as from the industry.[14, 15] Of course, other factors 

contributed to this rise, e.g., the commercial availability of ILs or the better connection of 

researchers.[16] Worth mentioning here should also be the sometimes unjustified claims or 

hopes with such a kind of hype, like nonexistent vapor pressure or low- to non-toxicity, which 

have gotten disproven over time.[17-20] 

Nevertheless, the true benefits and characteristics of ILs, discussed in chapter 1.3, were more 

and more recognized and sufficiently understood. Gradually, they were implemented in a 

large variety of applications, including reaction media or even as catalyst for organic as well 

as inorganic chemistry, cellulose processing, chemical analysis, biocatalysis, CO2 capture and 

as electrolytes in chemical energy storage devices.[21-27] 

 

Figure 2 Development of IL related publications over the years. Created with Web of Sciencetm searching for the 

topic “ionic liquid”. 

As already mentioned, and perfectly highlighted by this broad list of applications (Figure 2), 

ILs are very versatile, and their manifold of characteristics makes it necessary to classify and 

distinguish different types of ILs (Figure 3). This does not only make it easier to discuss their 

properties and their influences, but also to filter more efficiently for specific applications in 

the sheer mass of ILs. 

The most prominent representatives of ILs are aprotic ionic liquids (AILs), which are the most 

studied as well as industrial employed ILs.[16, 28] Representatives of this class usually have 

the characteristics generally associated with ILs, including very low vapor pressures, broad 
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electrochemical as well as thermal stabilities but also relatively poor ionic transport 

properties.[29] 

Another group of ILs consists of polymeric ionic liquids. Here, either the anion or the cation, 

or even both, are connected to a polymer. Thus, flexible and electrochemical stable polymers 

can be synthesized with the possibility to shape them individually. While the main field of 

application of polymeric ILs lies in electrochemical energy storage devices as solid electrolyte, 

they are more and more employed for other tasks, e.g., osmotically driven processes or as 

optical sensors.[30-32] 

 

Figure 3 Possible classification for different types of ionic liquids. 

Finally, as the group of aprotic ionic liquids already indicates, ILs with an available proton, 

either on the cation or the anion, can be classified as protic ionic liquids (PILs). In general, PILs 

and AILs have rather similar properties in terms of transport and thermal properties compared 

to conventional solvents, as opposed to polymeric ILs. When looking closer however, there 

are fundamental differences in almost all characteristics with the available proton being the 

source of most of them. [33] Although less used than AILs in research and industry, PILs cover 

a large variety of application areas. Obviously, they are applicable when a protic environment 

is necessary, in contrast to AILs.[34, 35] 
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Since most investigations during this thesis have been focused on cationic protic ionic liquids, 

the next chapters will focus on their properties in detail, with comparisons to AILs when 

appropriate. 

1.2. Properties of Protic Ionic Liquids 

The chemical-physical properties of PILs differ from their aprotic counterparts mostly because 

of the presence of a proton acceptor-donor system. While AILs are only governed by 

Coulombic and some cohesion or dispersion forces, anions and cations in PILs experience 

much stronger interactions in the form of hydrogen bonds. [36-39] Due to this, the strength 

of the employed acid and base have a dramatic influence on the overall properties of a PIL.[34, 

40] This is true not only because of the changing hydrogen network, but also owing to the 

degree of protonation, a property expressible by the ionicity of a PIL. 

�� ∗ Λ�� = constant (1) 

The term ionicity in the context of PILs was first introduced by Angell et al. in 2003.[41] The 

original intent was to describe the degree of ion dissociation within a PIL, with a higher ionicity 

meaning lower amounts of paired ions. Using the Walden rule (see Equation 1), stating that 

the product of ionic conductivity (Λ) and viscosity (�� of a solution should be constant, a 

prediction about the ionicity of a PIL can be made. Most often a comparison with an aqueous 

0.1 M KCl reference line is performed, in which the ions are expected to be fully dissociated. 

ILs close to this line are also expected to have fully dissociated cations and anions, while ILs 

below the line experience ion pairing. This of course, influences the transport properties, as 

less charge carriers are available, with the ionic conduction becoming more and more 

dependent on the viscosity. The third case, in which ILs lay above the reference line, occurs 

when charge transport mechanisms take place which are independent from the viscosity. The 

Grotthuss mechanism is one example, possible only in PILs, which has been investigated over 

the years and will be explained in a later section.[42, 43] 



Introduction 

6 

 

Figure 4 Walden Plot for different kinds of ionic liquids. The ionic conductivity is plotted against the viscosity in a 

logarithmic scale. The ionicity of an IL is evaluated by referencing it to an aqueous KCl reference line. 

Although quite sound for simple mixtures, this method has been discussed and questioned by 

several groups regarding PILs.[44, 45] One problem associated with the whole concept of 

ionicity is the thought of only having either dissociated ions or ion pairs. The difficulty with 

PILs however, is the often-incomplete reaction of acid and base or the back reaction to the 

precursors, depending on the ΔpKa value of the PIL. The proton transfer can be illustrated by 

the Formation Degree (FD): 

�� = ���� + ����� + �������
���� + ����� + ������� + ���� + ��� 

(2) 

The added neutral components in the mix act almost as solvents with lower viscosities 

compared to the PIL. Regarding the ionicity, Mariani et al. thus suggest using a “reduced” 

ionicity when discussing the quality of a PIL, basically taking every component in the liquid in 

consideration.[46] 

1.2.1. Thermal Properties 

One of the most important characteristics of ILs, making them attractive for most applications, 

is the very low vapor pressure, sometimes even claimed to be nonexistent.[17, 47] While this 

claim has been disproven over time, it is a fact that AILs display extremely high vaporization 

enthalpies depending on the coulombic interactions of the ion pairs, which are still present in 
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the gas phase.[48, 49] For PILs on the other hand, the vapor pressure as well as the 

composition of the gas phase are depending on several factors. 

As already explained, the ΔpKa value of the PIL influence the FD and thus the composition of 

a PIL. In the case of a low ΔpKa, the concentration of neutral species, precursor acid and base 

molecules, is rather high. When increasing the temperature, these molecules will start to 

vaporize much earlier than the ion pairs, leading to a reduced boiling point. This means, the 

boiling point of the precursors is an important factor for the thermal attributes of a PIL.  

When increasing the ΔpKa of a PIL by using stronger acids/base, less neutral species will be 

present. However, this amount is also temperature dependent, resulting in lower FD values at 

higher temperatures. Thus, even PILs with relatively high ΔpKa can have neutral species 

evaporating. When increasing the ΔpKa even further, the vapor will consist only of ion pairs, 

resembling a more typical IL behavior.[50] Nevertheless, the vaporization enthalpies of PIL are 

still lower compared their aprotic counterparts, since the hydrogen bonds still present in the 

gas phase contribute to this energy.[51] While the boiling points (b.p.s) of AILs lay between 

450 to 700 °C, PILs generally display much lower b.p.s between 100 and 300 °C.[33, 52] 

 

Figure 5 Influence of the ΔpKa between acid and base of a PIL on the boiling point of the respective PIL. Alkyl 

stands for alkylammonium cations, Carb for carboxylate anions, Fluor for fluorinated anions and Inorg for 

inorganic anions. Figure taken from [33] with permission of publisher American Chemical Society. 

Regarding the thermal properties it is of course of most importance to consider the thermal 

stability of both cations and anions, the latter one being the limiting factor in most cases. The 

stability is dependent e.g., on the coordinating nature, nucleophilicity or the presence of good 

leaving groups in the anion. Contrary, changes in the cation, e.g., chain length or alkylation 
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usually have only a limited impact.[53, 54] If the ΔpKa of a PIL is too high, they decompose 

before the b.p. is reached, since vaporization enthalpy will be too high.[36] 

Besides the low vapor pressure, ILs are often considered as alternative for conventional 

solvents due to their non-flammability. This is true when evaluating the flammability of ILs 

with conventional flash point measurements, i.e., heating the liquid and ignite it. However, 

when reaching the decomposition temperature of an IL, the resulting vapors are most likely 

flammable.[55, 56] This low, but existent, flammability paired with their low vapor pressure 

makes their use in laboratories rather safe. In other circumstances, however, ILs still pose a 

hazard in terms of fire, e.g., large amounts of heat released in large scale processes.[57] 

On the other side of the temperature window, all ILs undergo a glass transition when they are 

cooled rapidly below the melting point. Since the glass transition temperature (Tg) is 

dependent on cohesive energies within a liquid, lowering the attracting or increasing the 

repulsive forces, e.g., increasing anion size or the cations asymmetry, will lead to a lower 

Tg.[58, 59] 

The m.p.s of PILs have been shown to be relatively low compared to their Tg, with no certain 

explanation found yet. It is assumed, that it is due to a very uniform distribution of negative 

and positive charge carriers.[36] When comparing m.p.s of AILs and PILs, it is hard to make a 

statement about differences in regard to the presence of a proton, since the mass difference 

when changing from a protic to an aprotic ionic liquid is rather high. This alone has a large 

impact on the m.p.[60] As it is the case for the Tg, lower cohesive forces will lead to lower 

m.p.s, achievable by worse stacking efficiency, e.g., through bulky, asymmetrical ions. Too 

large ions on the other hand, will lead to higher m.p.s, since the attractive forces, e.g., van der 

Waals forces will increase disproportionate at a certain point.[59, 61] In contrast to the boiling 

point, the m.p.s and Tgs of PILs do not correlate well with the ΔpKa, hinting at additional or 

more important factors than just the state of the hydrogen network.[40, 59] Both, for AILs and 

PILs, the m.p. is varying strongly even with small changes in anion and cation composition, but 

values below 0 °C are possible. [33, 62] 

One critical point regarding the m.p.s of PILs is the amount of residual water. It has been 

shown, that already as small amounts of water as 100 ppm can lower the m.p. drastically.[63]. 

Considering that this residual water is not even recognized in electrochemical measurements, 

it is of high importance to assure a completely dry PIL when measuring the m.p.[64] 
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The density of PILs and AILs behave in a similar way. The bulkier and less symmetric the ions, 

the lower the density.[65, 66] However, for PILs also the strength of the hydrogen bond effects 

the density, with stronger bonds leading to higher densities.[34] 

As for conventional solvents polarity is an important property of ILs, since it has an influence 

on many parameters, e.g., solvation capability, reaction rates, absorption bands and chemical 

equilibria. Polarity itself is not a simple value to measure and it depends on a variety of 

interactions, including the polarizability, the dipole moment as well as hydrogen-bond 

capability and electron pair exchanges.[67, 68] For ILs specifically, the coulombic and van der-

Waals interactions play an important role for the polarity and different approaches have been 

used to measure it.[69, 70] 

The character of the anions and cations is strongly affecting the polarity of ILs. For example, 

the presence of long alkyl chains, meaning a less polar character, will lead to less polar ILs. 

Usually large and bulky, thus soft, cations are chosen for ILs. Paired with soft anions, which 

are easily polarized, it will lead to an overall less polar, more covalent binding. On the other 

hand, employing hard anions will lead to lower electron density within the binding, leading to 

more polar compounds. An additional factor is the steric hindrance of the ions. More 

interaction between the ions, due to higher vicinity, will lead to less polar compounds. [71, 

72] 

In AILs, the cation appears to have the biggest influence on the polarity, since the hydrogen-

bond donating ability, stemming from the cation and much lower compared to PILs, is more 

important compared to the hydrogen-bond acceptance from the anion.[73] In PILs the basicity 

of the anion for the cation governs the covalent character of the binding. While very 

polarizable anions can lead to very little polar PILs, the introduction of a oxyanions will result 

in large hydrogen networks, thus generating highly polar PILs.[74] 
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1.2.2. Transport Properties 

May it be the transport of charge carriers within an IL or the flow behavior in a pipe, 

conductivity as well as viscosity are critical parameters to evaluate the suitability of an IL for 

any application. For ILs this is an especially sensitive topic, since they are known for their 

rather restrained transport properties compared to conventional solvents or electrolytes 

owing to their high coulombic interactions. Furthermore, the ΔpKa, in the case of PILs, plays a 

special and important role, as it does for the thermal properties. 

The viscosity of an IL, weather AIL or PIL, is primarily dependent on the ions’ structures, 

resulting in specific cation-anion electrostatic interactions. Contributing to this are hydrogen 

bonds, especially in PILs as well as van der Waals forces.[75] Some works are concluding that 

the structure of the anion has a greater influence on the viscosity .[34, 66] However, this has 

been doubted in the past, with no clear trend spotted.[76, 77] Nevertheless, reducing van der 

Waals forces by using complex and highly fluorinated anions as well as short alkyl chains 

overall can be used as a rule of thumb to decrease the viscosity.[29, 78] Additionally, in the 

case of PILs, worse stacking cations and charge delocalization on the anion will reduce the 

strong hydrogen bonds and thus the viscosity.[79, 80]. 

While the ionic conductivity of an IL primarily depends on the viscosity of the fluid, the amount 

of available charge carriers and/or the presence of a non-vehicular charge transport strongly 

influences the conduction as well. As already explained, the ionicity is a parameter to describe 

the amount of ion pairing in an IL. Having a high ionicity, meaning a low amount of ion pairs, 

will result in a higher conductivity. This is true for both AILs and PILs, with the latter being 

more complicated due to the already mentioned “reduced” ionicity. Thus, it is imperative to 

design weakly coordinating ions, and in the case of PILs, high ΔpKa to maximize available 

charge carriers.[81-83] Nevertheless, It should be mentioned that the concept of ionicity, thus 

drawing conclusions from conduction and viscosity about the amount of ion pairing, has been 

criticized lately.[45, 84] 
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Figure 6 Optimization of the mobility of the acidic proton in a PIL by adjusting the ΔpKa value. Figure taken from 

[85] with permission of publisher American Chemical Society. 

An interesting example for which this popular concept cannot be successfully applied is that 

of the non-vehicular charge transport in PILs. The original concept of the Walden Plot only 

ascribes such a phenomenon to “superionic” liquids, meaning ILs laying above the reference 

KCl line. Since most PILs are found below this line, they should be categorized as “poor” ionic 

liquids with low ionic conductions compared to their viscosity.[33] However, exactly such poor 

protic ionic liquids have been found to exhibit a proton conduction mechanism in the form of 

the Grotthuss diffusion.[43] Within these PILs, the protons can travel, or rather hop, between 

a chain of ions, increasing the conductivity of the system significantly.[86] This mechanism is 

impossible in AILs due to the absence of the proton donor-acceptor system. The most 

important factor for this type of diffusion is the ΔpKa of a PIL. Watanabe et al. concluded a 

“sweet spot”, in which the energy for the proton transfer between ions is lower compared to 

the translational and rotational energy of the proton carriers. Basically, to enable the 

Grotthuss diffusion, the ΔpKa needs to be high enough for a minimum of protonated cations, 

and low enough to prevent a too strong binding of these protons (see Figure 6).[85] 
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1.2.3. Electrochemical Stability 

The electrochemical stability window (ESW) of an IL is of utmost importance when employed 

as electrolyte in electrochemical energy storage devices or energy converters. In some works 

the ESW is derived from the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) of the isolated electrolyte molecules.[87, 88] However, 

this has been criticized and one should only refer to potentials of electrolyte 

reduction/oxidation at negative/positive potentials.[89] 

When AILs are compared to conventional electrolytes, they appear as very attractive 

alternative, since they enable higher operating voltages (OPVs) up to 3.7 V and, by this, high 

energy devices.[90] Unfortunately, this is not true for most PILs, when the cation bears the 

proton. In these cases, this available proton is easily reduced at potentials around 2 V vs. Li+/Li, 

forming H2 amongst others, while the anions show similar stabilities as in AILs.[91, 92] Thus, 

optimizing the ESW of a PIL is mostly about choosing the most stable anion. Highly fluorinated 

anions with good charge delocalization, e.g., hexafluorophosphate ([PF6]-), tetrafluoroborate 

([BF4]-) or bis(trifluoromethylsulfonyl)imide ([TFSI]-), have proven to be highly oxidation 

resistant enabling ESWs for PILs (but not OPVs) of up to 3.5 V.[93, 94] 

1.3. Synthesis of Protic Ionic Liquids 

As mentioned in chapter 1.1, Paul Walden was working with [EtNH3][NO3] in 1914. This is one 

of the first documented uses of an IL and also of a PIL.[5] This document shows one of the 

main advantages of PILs compared to their aprotic counterparts: a very easy accessibility due 

to a simple synthesis path. 

PILs can easily be obtained by the neutralization of a base and an acid. To prevent thermal 

decomposition during this exothermic reaction, the reaction is cooled by an ice bath. 

Furthermore, the deployed base should be purified by distillation in advance. This way, the 

only byproduct is water, which can be removed via phase separation (only in the case of 

hydrophobic PILs) and vacuum distillation.[95] A complete drying is important since water 

drastically influences the properties of PILs and is detrimental in most applications. During this 

drying step, the PIL usually will change color due to the heat leading to minor thermal 

decomposition of the components. While this change of color can appear significant, the 
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concentration of impurities is negligible and difficult to detect by mass spectrometry and NMR 

spectroscopy.[96] 

 

Figure 7 Reaction pathways for the synthesis of hydrophobic (blue) and hydrophilic (red) PILs. 

If the anion of the desired PIL is the base of a superacid, the neutralization of the precursor 

base can also be done in an advanced neutralization, to prevent drastic exothermic energy. 

For this, a standard acid, e.g., HCl can be used, leading to an intermediate salt of the precursor 

base with [Cl]- as anion. Afterwards, a metathesis of the [Cl]- anion with the desired anion, by 

simply adding a water-soluble salt of the superacid will result in the desired PIL. Especially 

hydrophobic PILs are suitable for this approach since the separation from the residual salts 

can be done by simple washing with water. In the case of hydrophilic PILs, the use of, e.g., 

silver salts are necessary to precipitate the anion of the substitute acid. 

The more theoretical considerations in chapter 1.2 must be understood as broad guidelines 

when designing PILs. Each specific ion combination has unique interactions, making it 

impossible to define precise rules for the synthesis of PILs but rather trends for certain anions 

and cation types with common functionalities. While computational approaches regarding the 

design of ILs, e.g., quantitative structure-activity relationship (QSPR) are becoming more 

frequent, the most regular approach to find suitable ILs for certain applications is still a trial-

and-error principle.[97] This means synthesizing a variety of ILs based on the established 

trends and characterize them, what lead to large lists of ILs and (in the best case, all) their 

properties.[33, 98] 
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Direct:

Hydrophilic

Metathesis:

Direct:
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1.4. Common Protic Ionic Liquids 

To give a better impression about the characteristics of PILs, in this subchapter, the common 

employed anions and cations will be considered, with special focus on their properties related 

to electrochemical applications. 

 

Figure 8 Common types of cations (top) and anions (bottom) for PILs. Figure taken from [99] with permission of 

publisher Elsevier. 

1.4.1. Cations 

As already mentioned, in most PILs the cation will bear the proton. Thus, not fully alkylated 

amines ([NRH]+) are a viable option as cation, contrary to AILs. For PILs based on primary, 

secondary or tertiary amines, the degree of alkylation influences the melting point as well as 

viscosity. Higher degrees as well as longer alkyl chains lead to higher melting points and 

viscosities. On the other hand, less available protons, meaning higher alkylation degrees, will 

result in PILs with higher ESWs.[34] 

Although also nitrogen-based, most other employed cations for PILs are heterocycles, e.g., 

imidazolium ([ImH]+). While the alkylation degree affects the resulting PILs in a similar way as 

in amine based PIL, meaning more and longer alkyl chains lead to more ion interactions, there 

seems to be a minimum of sterically hindrance to prevent too efficient ion stacking. In short, 

ethyl groups lead to less ion-ion interaction compared to methyl groups, while elongating the 

chain further, will lead to stronger interactions again.[76] Due to its planarity, imidazolium 
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cations are displaying higher conductivities compared to the similar pyrrolidinium 

([PyrH]+).[100] However, without the aromatic character, pyrrolidinium cations achieve lower 

m.p.s, which is the same case when comparing pyridinium ([PyH]+) and piperidinium-based 

PILs ([PipH]+).[33, 97] The viscosity of imidazolium-based PILs is slightly lower compared to 

pyridinium- and pyrrolidinium-based ones, while piperidinium-based PIL display much larger 

viscosity, in spite of comparable m.p.s.[94, 101, 102] 

1.4.2. Anions 

While PILs with anions like nitrate ([NO3]-), formate ([HCOO]-), acetate ([AcO]-) and 

trifluoroacetic acid ([TFA]-) can display low m.p.s and reasonable transport properties, they 

have the drawback of a low thermal as well as electrochemical stability compared to higher 

fluorinated compounds.[35, 54]  

Among these, the tetrafluoroborate anion ([BF4]-) is often employed. Although resulting in 

relatively high m.p.s, PILs based on [BF4]- usually show good conductivities, even close to the 

m.p.[33] Lower melting, less viscous and even higher electrochemical and thermal stable PILs 

are possible with the bis(trifluoromethylsulfonyl)imide ([TFSI]-) anion. The excellent charge 

delocalization leads to weakened hydrogen-bonding and overall interaction with the cation, 

resulting in the superior transport properties.[13, 101] When shortening the molecule by 

exchanging the methyl groups with fluor, resulting in the bis(fluorosulfonyl)imide ([FSI]-) 

anion, the viscosity and m.p.s of the resulting PILs can even be further lowered, for the price 

of less electrochemical and thermal stability.[103] 

1.5. Mixtures of Protic Ionic Liquids 

As already explained, the rather high viscosity and thus low conductivity of ILs are a result of 

anion-cation interactions. Weakening these interactions lead to an increased ion mobility. 

While the perfect but not easy approach for this problem are weak interactions via proper 

selection of ions, the use of solvent molecules to disrupt these interactions, has been proven 

to be a feasible alternative solution. The most often employed solvents for these mixtures are 

conventional organic solvents.[104] 

Compared to AILs, the hydrogen-bond in PILs plays a crucial role in the selection of solvent. 

While in the former, low to moderate polar solvents are sufficient to disrupt ion interactions 

and pairing, the strong hydrogen-bonds in PIL make highly polar solvents necessary to yield 
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solvent-separated ion pairs.[105] Thus, while all mixtures of PILs with solvents will improve 

transport properties simply due to the lower viscosity of the latter, the highly polar solvents 

will also increase the ionicity of PILs.[106] A positive side effect of these solvent-PIL mixtures, 

is a decreased m.p., occurring already with small amounts of solvent.[107] 

 

Figure 9 Improvement of transport properties of a PIL (here: butylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide) via mixing with a solvent (here: propylene carbonate). Figure taken from [108] 

with permission of publisher Royal Society of Chemistry. 

Unfortunately, these improved transport properties come for the price of reduced safety 

properties. Obvious, the organic solvents in the mixtures will inevitably lead to higher vapor 

pressures as well as higher flammability compared to the pure ILs. Nevertheless, up to a 

certain minimum of IL, the mixtures retain a comparatively low flammability.[109] 

While mixtures of PILs with water will also have higher vapor pressures, stemming from the 

evaporating water molecules, the flammability will stay low. Additionally, due to the polarity 

of water, the ionicity of hydrophilic PILs when mixed with water will increase drastically due 

to a larger hydrogen-bond network.[110] Furthermore, the charge transport mechanism of a 

PIL-water mixture can be influenced by the amount of water. High amounts of water will lead 

to an increased fraction of Grotthuss like proton hopping within the mixture.[111] 

However, as it is the case with PIL-solvent mixtures, PIL-water mixtures combine not only 

advantages but also disadvantages. In this case, the water brings its intrinsic low 

electrochemical stability of only 1.23 V, even smaller than the ESW of PILs, limiting the OPV 

when employed as electrolyte in electrochemical energy storage devices.[112] 
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A special form of PIL mixture is the adjustment of base to acid ratio, resulting in an excess of 

either base or acid. Practically, there will always be some residual water molecules left inside 

a PIL. The excess of either base or acid leads to an increased or decreased pH value of the PIL, 

which can thus be tweaked for the specific application.[113] This method, however, is limited 

by the amount of residual water, operating as corresponding acid or base. When increasing 

the excess of acid or base further, they merely act as a kind of solvent, e.g., reducing viscosity 

due to less ion-pairing.[93] 

Lastly, the combination of two PILs can lead to binary mixtures. Within these mixtures, the 

concentration or packing of the ions as well as their interactions change depending on the 

ratio of components. Stronger interactions and better packing of the different ions will lead 

to lower molar volumes, while the opposite is true for weaker interactions and worse stacking. 

This, in turn, changes the thermal as well as transport properties. With the right composition, 

the m.p. of a PIL binary mixture can be lower than for the pure components with increased 

conduction and viscosity, due to eutectic effects.[114] Furthermore, it can lead to a stronger 

hydrogen-bond network with increased viscosity but also higher conductivity.[115] 

1.6. Electrochemical Energy Storage Devices 

There are many aspects which led to an increased demand for energy storage devices in our 

society. Ranging from small gadgets like cell phones or tablets, over larger applications like 

electric mobility or electric assisted machines, to large scale energy storage, stabilizing 

electrical grids in times of more and more instabilities caused by an increasing amount of 

renewable energies. These devices can be categorized in terms of their energy and power 

supply. While batteries are the perfect candidate for high energy demands, converting 

chemical energy to electrical energy, they lack in power due to the slow reactions compared 

to physical energy storage processes. A technology making use of these fast and very 

reversible processes, is the supercapacitor. Over the years, two different types of 

supercapacitors have been established, which will be introduced in the next chapters. 
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1.6.1. Electrical Double Layer Capacitors 

As the name already suggests, the electrical double layer capacitor (EDLC) is based in principle 

on the classic capacitor, forming a potential difference between two electrodes, yielding high 

power output paired with a very large cycle life. However, in a capacitor, these electrodes are 

separated by an electric insulating layer (dielectric), resulting in an electrical field in between 

the electrodes storing the applied energy. This field (��� is proportional to the amount of 

stored charge (�) and the voltage between the electrodes (��). 

�� = �� ∗ ��  (3) 

A special characteristic of capacitors is the capacitance (C), expressing the amount of charge 

it can store at any given voltage. 

� = �
� 

(4) 

The total energy stored by a capacitor (�) is the sum of all subsets during charge, which are 

changing due to the increasing voltage. 

� = � �� � ∗ ! 
"

#
= �  

� ∗ ! 
"

#
= 1

2 ∗ �&
� = 1

2 ∗ � ∗ �& 
(5) 

Contrary to conventional capacitors, the space between the electrodes is not filled with a 

dielectric but an ionic conducting electrolyte. Thus, one electric field between both electrodes 

is no longer possible since charge is moved by ions. Instead, two electric double layers are 

formed directly on each surface between electrodes and electrolyte, with the solvent 

molecules functioning as dielectric between charged surface and ions. This means the whole 

system does not consist of one, but two capacitors, which are in serial connection. The total 

voltage in such a serial connection is: 

'()*)+, = |'(.| + |'(&| (6) 

With Equation 3 follows: 

'()*)+, = �
�.

+ �
�&

= �� 1
�.

∗ 1
�&

� 
(7) 
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And finally: 

1
�)*)+,

= 1
�.

+ 1
�&

 
(8) 

This shows that the total capacitance of the system is dependent on the capacitance of the 

double layers on each electrode and will always be lower compared to the individual 

capacitances. 

 

Figure 10 Schematics of both - a classical capacitor (left) and an electrochemical double layer capacitor (right). 

Unfortunately, the electrolyte inside an EDLC is limiting the OPV due to its electrochemical 

decomposition at certain potentials. The voltage window ranges from 1.23 V for aqueous 

systems to 3.0 - 3.2 V for solvent based electrolytes, while regular ceramic capacitors can build 

up voltages up to 103 V, depending on the material of the dielectric.[116, 117] Nevertheless, 

the energy density of an EDLC is still much higher compared to a capacitor, with the former 

showing values between 2 to 8 Wh kg-1 and the latter only around 0.1 Wh kg-1.[118] This 

difference results from many order of magnitudes higher capacitances. While the capacitance 

of ordinary capacitors usually ranges from 10-12 to 10-6 F, EDLCs can reach capacitances of 

103 F.[119, 120] This difference can easily be explained by Equation 9. 

� = /# ∗ /0 ∗ �
!  

(9) 
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As it can be seen, higher permittivity (/# ∗ /0 ) of the dielectric or electrolyte result in higher 

capacitances. However, the permittivity of materials used in capacitors as dielectric, e.g., 

BaTiO3 is higher compared to the permittivity of electrolytes in EDLCs.[121, 122] Instead, the 

higher capacitances of EDLCs are a result of vast specific surface areas of the electrodes (�) as 

well as much smaller distances (!) of the double layer. In conventional capacitors the 

electrodes’ surface is limited by the dielectric, ranging around 10 m2 g-1, since the electrodes 

are directly plated onto it.[123] The surface area of carbon-based electrodes, on the other 

hand, ranges around 103 m2 g-1.[124] Additionally, the distance of electrodes in a capacitor is 

in the order of magnitude 10-4 to 10-5 m, while in an EDLC it is 10-9 m.[125] 

Electrodes 

One key element of EDLCs, the high-surface area electrodes, is usually achieved by using 

activated carbon (AC) based electrodes. This abundant and relatively cheap material can be 

produced by several methods, usually either by a physical or chemical activation of biomass 

(e.g., coconut husk, olive pits or bamboo) derived charcoal.[126, 127] The physical activation 

is carried out via heat treatment in presence of oxidizing agents. In a first step, the precursor 

in the form of biomass is heated to 400-700 °C in an inert atmosphere to remove volatile, non-

carbon species (N2, O2, H2). Thus, during this carbonization the carbon content is increased, 

and pores are created which are still blocked by tarry substances at this stage. The biochar is 

then heated to 800-1000 °C in a second step, while being exposed to oxidizing gases (Steam, 

CO2, Air). This burns off the residuals blocking the pores and even creates new pores. This 

process can also be carried out in a single step, utilizing medium temperatures, and switching 

from inert to oxidizing atmosphere without cooling in-between.  

Chemical activation, on the other hand, is a combination of oxidizing agents, e.g., NaOH, ZnCl2 

or H3PO4, and relatively low temperatures from 250-600 °C. Depending on the employed 

chemical this activation is a one- or dual-step process, due to different abilities to penetrate 

non-porous materials. While NaOH and KOH need a prior carbonization for effective 

penetration, H3PO4 or K2CO3 can be used in a single step. Advantages of the chemical 

activation lie in better results in terms of quality of the resulting ACs and economic viability, 

while the handling of the chemicals can be seen as drawback as well as an additional, 

necessary washing step.[128, 129] 
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A large variety of factors contribute to the results of all these processes. Amongst others are 

the employed precursor materials, temperature, time, oxidizing agents and many more. In the 

end, most ACs’ surface areas range in the order of 2000 m2 g-1 and their pore size lies between 

2 and 50 nm.[130] 

Unlike graphitic materials, AC displays poor electronic conductivity due to its porous structure 

without π-electron delocalization.[131] Thus, conductive agents are added to the electrode 

composition to connect individual particles of the AC to create a better comprehensive 

network with improved conductivity. Therefore, the added particles need to be smaller 

compared to the AC and, of course, display high conductivity by themselves. Conductive 

agents fulfilling these requirements are carbon black, carbon nanotubes or graphene.[127] 

Another component of electrodes used in EDLCs is a binder, basically holding together all the 

particles and attaching them to the current collector. For this task, polymers with low 

densities, good flexibility, overall inertness and varying solubilities are employed. To prevent 

dissolving of the electrodes in the electrolyte, a polymer insoluble in the respective solvent 

must be chosen. Depending on the chosen polymer, the electrodes can either be freestanding 

which can be shaped like a dough, or are coated directly onto the current collectors in form 

of a slurry. [132, 133] 

The electrodes are connected via metal-based current collectors to an outer electric circuit. 

These metal foils also provide stability to the electrodes, basically acting as foundation of the 

electrodes. The most utilized material for current collectors in EDLCs is aluminum, since it is 

very light and stable even at high potentials due to the formation of a passivation layer in 

combination with anions like [PF6]- or [BF4]-.[134] 

Separator 

Since in an EDLC the dielectric is replaced with a conducting electrolyte, physical separation 

of the electrodes is necessary to prevent short circuits and enable the buildup of potentials 

differences. This is done by a separator, usually natural or synthetic polymers like cellulose or 

polyolefins (e.g., polypropylene, polyethylene). Rather trivial on the first look, a separator has 

many requirements. To prevent contact and or penetration even at high pressures, it must be 

thick and firm enough. On the other hand, since it is only a passive component, it needs to be 

as thin as possible to lower cost and increase gravimetric as well as volumetric performance 

of a device. Furthermore, while it needs to be insulating, ions must be able to penetrate the 
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polymer to ensure charge compensation during operation of the device and it does not stop 

here. There are many more requirements for this easily overlooked component, e.g., easy 

processibility, thermal stability, wettability and more.[135, 136] 

Electrolyte 

Another key element of an EDLC is the electrolyte. Together with the electrodes, it is crucial 

for a fast and reversible formation of the electric double layer at the electrode/electrolyte 

interface. Since the ions need to move towards this interface, through the porous system of 

the electrodes, better transport properties of the electrolyte will yield a higher power output. 

Thus, electrolytes with low viscosity as well as high ionic conductivity are employed, which is 

generally valid for aqueous electrolytes, meaning a mixture of water and a conducting salt, 

e.g., Na2SO4 or KOH. This is due to a high dielectric constant of water, ensuring a large number 

of dissociated ions, thus charge carriers, paired with its low viscosity providing high ion 

mobility together with the general high mobility of H3O+ and OH- ions. And while water can be 

handled safely and is inexpensive, there are several drawbacks related to its application, 

preventing the use as state-of-the-art electrolyte. A drawback is its relatively narrow 

temperature window, especially at lower temperatures. More importantly however, is the 

limitation related to the narrow ESW (1.23 V), caused by the early oxidation of H2O/OH- and 

reduction of H3O+. 

Since the energy density is regarded as most critical weak point of EDLCs, electrolytes with 

much broader ESWs compared to water have been established therefore as state-of-the-art. 

This is typically achieved by the combination of a low viscous solvent and electrochemically 

resistant salts with good solubility in the selected solvent. The most common employed 

solvents are acetonitrile (ACN) and propylene carbonate (PC) with the former being more 

hazardous but less viscous.[90] As conductive salt, quaternary ammonium salts, especially 

tetraethylammonium tetrafluoroborate ([Et4N][BF4]), are favored due to their excellent 

dissociation ability, leading to high amounts of charge carriers in the electrolyte and thus high 

conductivities.[137] Furthermore they display excellent thermal as well as electrochemical 

stabilities, enabling high OPVs of 3 V.[138] 
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Figure 11 Approximate OPVs of different electrolyte systems for EDLCs. 

While this is already much higher compared to aqueous electrolytes, research and industry 

are trying to improve the OPV even further to catch up in energy density compared to battery 

systems. One strategy relies on employing neat ILs as electrolyte due to the high redox 

resistivity of the ions.[139] Furthermore, their intrinsic safety properties would even increase 

the safety of the EDLC in terms of evaporation and inflaming of the electrolyte.[140] 

Unfortunately, as already explained in chapter 1.2.2, the transport properties of ILs are 

underwhelming, thus limiting the power performance of an EDLC.[141] Nevertheless, they 

have been successfully introduced in EDLCs and strategies to improve their application, with 

the focus on PILs, will be discussed in chapter 1.7.1. 
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1.6.2. Pseudocapacitors 

The lack of energy density of EDLC systems compared to batteries lies in the different storage 

mechanisms: On the one hand, fast and reversible non-faradic processes limited to the surface 

area of the electrodes in the EDLCs. On the other hand, slower but energy intensive 

electrochemical redox reactions with large potential differences, involving the whole bulk of 

the electrode in batteries. A special type of supercapacitor, the pseudocapacitor, combines 

fast surface limited mechanisms with the highly energetic redox reactions, yielding higher 

energy densities compared to EDLCs and higher power densities compared to batteries. 

The faradic reactions involved in these pseudocapacitors are in most cases unlike the ones 

occurring in 3-dimensional (3-D) materials like graphite. These have a distinct chemical 

potential and include phase conversion of the whole electrode bulk. Instead, 2-dimensional 

(2-D) and quasi-2-D processes take place, which involve electrosorption and redox reactions 

(with some exceptions of 3-D intercalation via charge transfer). A prime example for a 2-D 

process is the redox reaction of RuO2: 

1234�3��5 + 6�� + 67� ⇌ 1234�9 �3��5�9 (10) [142] 

Unlike most batteries but similar to EDLCs, the potential of these processes is not steady but 

continuous, since they depend on different changing thermodynamic relations, summarized 

in Table 1. 

Table 1 Correlation of different pseudocapacitor systems to their specific thermodynamic relations. Modified 

from [143]. 

System Type Thermodynamic Relation 

Redox System 

;< + =>� ⇌ ?>@ 
� = �# + A1B

6�C ln � �3E�
�17!�� 

Underpotential deposition (Electrosorption) 

F=� + G + =>� ⇌ G × F 

(G=surface lattice sites) 

� = �# + A1B
6�C ln � Θ

1 − Θ� 

(Θ=2-dimensional site occupancy fraction) 

Intercalation System 

KL�into FMN 
� = �# + A1B

6�C ln � X
1 − X� 

(X=occupancy fraction of layer-lattice sites) 

Over the years, a large variety of active materials have been investigated and recognized as 

suitable material for these fast surface restrained charge-transfer-reactions. Carbonaceous 

materials with enriched surface functionalities can deliver higher capacitances compared to 
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“pristine” carbons because of additional faradic reactions, changing from a pure EDLC to a 

more pseudocapacitive behavior. However, the higher density and gravimetric capacitance of 

metal oxides, like MnO2 or RuO2, lead to cheaper devices offering higher capacitances, thus 

energy densities. Of course, this comes with the tradeoff for power.[144] There are many 

more materials, amongst others hydroxide materials, conductive polymers, sulfide as well as 

nitrites, Mxenes and many more. Additionally, the number of possible shapes and 

compositions of different materials are vast and strongly impact the performance of a 

pseudocapacitor.[145] 

 

Figure 12 Voltage profiles of different supercapacitor systems. Left: EDLC; Middle: Pseudocapacitor; Right: EDLC 

with faradic contributions. 

Nevertheless, the general composition of a pseudocapacitor is very comparable to that of 

EDLCs. Two electrodes, coated onto current collectors, are ionically connected via an 

electrolyte but separated physically through a separator. Although these components have 

the same task in both systems, they differ very much in requirements. 

Starting with the electrode composition, depending on the material, binder and conductive 

agent are not always necessary. While MnO2 has a low conductivity, thus dependent on 

conductive additives, RuO2 can be used without them. Binders become only necessary, if the 

active material is shaped into loose forms to maximize the surface area, e.g., into 

nanoparticles. Furthermore, the current collector is either a plain foil based on carbon or 

metals, e.g., titanium, or it is a structured network with high porosity, e.g., Ni-foam, to 

minimize the active materials’ thickness while maximizing the mass loading of the 

electrodes.[145] 

In both systems, EDLC and pseudocapacitor, the task of the electrolyte is the transport of 

charge in the form of ions to the electrode surfaces. Nevertheless, the composition of the 

electrolyte in each system is depending on various factors with different weightings. 
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For instance, any solvated ions will lead to the double layer formation in an EDCL. This process 

is highly optimized by the right choice of salt and solvent in terms of transport properties, ion 

fitting etc. 

For pseudocapacitors, however, the active material dictates the nature or composition of the 

electrolyte. Since each material undergoes a specific reaction, the requirements for these 

must be fulfilled to function at all, i.e., specific ions or available protons must be present. This 

means for certain materials, only protic electrolytes can be deployed, excluding many 

standard electrolytes or even the whole “class” of AILs. Thus, aqueous electrolytes or PILs, 

usually a niche electrolyte in EDLCs, are rather common or at least much more attractive, 

respectively. The use of PILs in pseudocapacitors will be further highlighted in chapter 1.7.1. 

1.6.3. Alkali Metal-Ion Batteries 

As already mentioned, a battery system can deliver much higher specific energy compared to 

supercapacitors, due to chemical redox reactions involving the whole electrode bulk at 

defined potential ranges. Separated from each other, the reduction takes place at one 

electrode while the oxidation takes place at the other electrode. Whereas primary batteries 

are based on irreversible reactions, thus are limited to one discharge, secondary batteries take 

advantage of reversible processes, and can be used several hundreds of times. An example for 

a reversible redox reaction pair is given below: 

Anode: PQ�R ⇌ �R + PQ� + 7� (11) 

Cathode: PQ� + 7� + �7S3T ⇌ PQ�7S3T (12) 

Both reactions have their own Gibbs energy (ΔV), the maximum reversible work that may 

performed, which can be expressed by Equation 13, with (6) as number of electrons 

participating in the reaction, (�) as Faraday constant and (�#) as electromotive force (emf). 

'V = −6��# (13) 

�# = − 'V#
6� − 1B

6� WX � Y�
Y��

� 
(14) 
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Together with the Gibbs energy at standard conditions (ΔV#) and the Nernst equation 

(Equation 14), the voltage of the cell reaction can be expressed as: 

E# = �## − 1B
6� ln � Y�

Y��
� 

(15) 

Here, (�##) is the standard emf, which is a fixed value for each redox reaction. As can be seen, 

the emf depends on each activity of the involved components in the chemical reaction (Y[�. 

However, since the electrode component involved in the reaction is a solid and the 

concentration of the Li+(solv) can be seen as constant due to high concentrations, the activity 

terms can be defined as 1. Thus, the potential is stable over the course of the reaction, apart 

from rising overpotentials due to diffusion and penetration limits. 

For the whole device, the cell voltage results from each half reaction potential: 

� = '�# = �#,]*^�)�_` − �#,a`b+)�_` (16) 

Since the resulting cell voltage can also be regarded as stable, each charge stored during the 

charge process experiences the same electrical potential. Contrary to supercapacitors 

(Equation 5), the energy is thus easily calculated with Equation 17. 

� = � ∗ � (17) 

Regarding the setup of a battery device, it is very similar to supercapacitors. This includes two 

electrodes, consisting of active material, conductive agent, binder and current collector, as 

well as an electrolyte and separator. As shown in Equation 16, high energy values for the 

device are achieved by a large potential difference between the electrodes, i.e., different 

active materials performing redox reactions with a large potential distance from each other. 

These materials can be classified as anode or cathode material if the reaction occurs at low or 

high potentials, respectively. 
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Figure 13 Schematic of a lithium-ion battery based on a graphite anode and a LiCoO2 cathode. 

For lithium-ion batteries (LIBs), the state-of-the-art anode material is graphite, offering high 

specific capacity (372 mAh g-1) and relatively low cost, working close to 0 V vs. Li+/Li. Another 

carbon anode material are hard carbons (HCs) which, unlike graphite, are disordered and 

amorphous in structure. They yield higher capacities but come with a rather slopy 

charge/discharge profile, undesirable for most applications, down to almost 0 V vs. Li+/Li. 

Nevertheless, HCs have been proven as suitable anode material especially for sodium ion 

batteries, since the larger sodium-ions, compared to lithium-ions, do not intercalate reversibly 

into graphite. The latter is only functioning via co-intercalation of solvated sodium-ions, e.g., 

by glycol ether-based solvents.[146] 

As cathode materials, metal oxides composed of lithium, nickel, manganese and cobalt, i.e., 

LiNixMnyCozO2 (NMC) or the structurally similar LiCoO2 are employed. The former comes for a 

lower price and can nowadays even exceed the theoretical capacity of LiCoO2 (274 mAh g-1), 

depending on the composition. Both materials work around 3.8 V vs. Li+/Li. Another, much 

safer cathode material with the drawback of lower theoretical capacity (170 mAh g-1) and 

working potential only around 3.4 V vs. Li+/Li is LiFePO4 (LFP).[147] 

The mentioned anode materials present a problem for nearly all established electrolytes since 

their potentials lie outside the ESW of the latter. Therefore, in all batteries small amounts of 

electrolyte are reduced during the first charge, with the decomposition products forming a 
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thin layer on the surface of the anode. This layer called solid-electrolyte-interphase (SEI) is 

necessary in most metal-ion batteries. It is electronically insulating the rest of the intact 

electrolyte from the electrode, thus preventing any further decomposition. At the same time, 

it is still possible for alkali metal-ions to move from the electrolyte through the SEI, to the 

electrodes. This transport is achieved by interstitials and vacancies inside the SEI.[148] 

As for supercapacitors, the electrolyte is usually composed of a solvent and salt and requires 

primarily high solubility of the salt in the solvent as well as good ion mobility. This is why 

organic carbonates, e.g., PC, which are also used in supercapacitors, have been identified as 

promising solvents. However, in alkali-metal ion batteries the ability to form an SEI is another 

important characteristic. This is not the case for PC, leading to very low efficiencies when 

combined with graphite electrodes. Instead, another organic carbonate, ethylene carbonate 

(EC), was recognized as being able to form an effective SEI. The drawback of EC, however, is 

its high melting point and therefore high viscosity at ambient temperatures, limiting the power 

performance of batteries drastically. Thus, linear aliphatic carbonates with lower m.p.s, like 

dimethyl or diethyl carbonate (DMC/DEC), are added to the electrolyte to improve the 

mobility of alkali metal-ions.[149] 

Since alkali metal-ion batteries rely on the reduction/oxidation of the respective alkali metal-

ion storage compound, the cation of the conductive salt is limited to this ion type. On the 

other hand, the anion is basically only required to limit the mobility of the cations as little as 

possible as well as having a high enough anodic stability to enable high voltage cathode 

materials. Both requirements can be achieved by strong charge delocalization, which is 

present in highly fluorinated ions, e.g. LiPF6 or NaPF6.[150, 151] 

Coming with the usual drawback of high flammability and vapor pressure, the solvent-salt 

electrolyte composition for batteries is sometimes combined with flame retardants to 

minimize the risk potential. This is especially important for batteries applied in electrical 

vehicle (EVs), due to the risk of traffic accidents. Another strategy is the substitution of the 

solvent-salt-mixture with ILs due to their increased safety properties. However, AILs have 

been proven as rather limiting for the lithium-ion mobility due to strong interactions with the 

ILs’ anions. In this regard, PILs have been proven to be advantageous which will be further 

discussed in chapter 1.7.2. 
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1.7. PILs in Chemical Energy Storage Devices 

In 1981, the first PILs rediscovered in modern research, [EtNH3][NO3], was investigated by 

Evans et al. due to similar thermodynamic properties of its solutions with nonpolar gases 

compared to such solutions based on water, and the ability to form micelles.[152] This 

resemblance to water led 20 years later to the first application of PILs in energy related 

devices. Susan et al. introduced imidazolium bis(trifluoromethylsulfonyl)imide ([ImH][TFSI]) in 

a fuel cell.[153] They deliberately chose a PIL instead of the much more prominent AILs at this 

time, since the proton exchange membrane fuel cell (PEMFC) is dependent on a protic 

electrolyte. Compared to the regular aqueous electrolytes for these fuel cells, PILs display a 

much broader temperature and ESW, leading to intensive applications of PILs in PEMFCs.[154] 

And although fuel cells are no energy storage devices but energy converters, this was the first 

example of the use of PILs as electrolyte, which eventually also led to the introduction in the 

former system. 

1.7.1. PILs in Supercapacitors 

In 2006, AILs have already been successfully established in EDLCs, even in combination with 

solid electrolytes.[155, 156] On the other hand, PILs have not been considered for any energy 

storage device at this point, which can mainly be attributed to their lower ESW due the 

available proton. As in the case of the PEMFC however, it was this proton leading to the 

introduction of PILs in pseudocapacitors. To benefit from the larger temperature tolerance 

and ESW of ILs compared to aqueous electrolytes, Rochefort et al. employed for the first time 

a PIL, α-picoline trifluoroacetic acid ([2-MePyH][TFA]), in a RuO2-based pseudocapacitor. In this 

system, AILs like 1-ethyl-3-methylimidazolium tetrafluoroborate [(1-Et-3-MeIm][BF4]) yield 

much lower and no faradic currents, resulting in very low capacitances, since the redox 

reaction of RuO2 is dependent on protons (see Equation 10).[157] Even protons attached to 

AILs, e.g., by hydroxy groups, do not facilitate these pseudocapacitive redox reactions, as 

shown by the combination of MnO2 with 1-ethanol-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([1-EtOH-3-MeIm][TFSI]), since the ability to form hydrogen 

bonds in these AILs is too low.[158] Over the years, several materials have been identified as 

suitable pseudocapacitive electrode material in combination with PILs. Amongst others, metal 

oxides, nitrides and conducting polymers have been employed.[159, 160] 
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In order to further increase the safety of a PIL-based pseudocapacitor and enable a flexible 

device, Ketabi et al. investigated for the first time the use of a solid electrolyte in combination 

with RuO2- and Ti-based electrodes. For this, they incorporated an eutectic PIL mixture into a 

polyethylene oxide (PEO), which enables energy storage even at high current densities, 

attributed to high proton conduction within the electrolyte.[161] 

Although primarily employed in EDLCs, AC has also been shown to generate high faradic 

capacitance in combination with PILs, enabled through oxygen surface functionalities and 

enhanced through proton hopping near the electrode surface.[162] To further increase the 

pseudocapacitance of supercapacitors based on AC, the pH value of a PIL can be increased by 

the addition of small amounts of base, as already explained in 1.5. Demarconnay et al. ascribed 

this effect to higher mobilities of the hydroxyl ions as well as higher activities of the 

oxygenated surface groups in alkaline media.[113] Another approach to increase the 

pseudocapacitance of AC-based supercapacitors is the attachment of redox active species like 

anthraquinone on the surface of the carbon or in the case of hydroquinone even dispersed in 

the electrolyte.[162, 163] 

PILs employed in AC-based EDLC systems without faradic contribution will lead to the same 

double layer formation as with other electrolytes (conventional solvent-salt-combinations or 

AILs). As it is the case in the latter electrolytes, the capacitance depends on the porosity of the 

AC, i.e., higher surface areas and good pore size distribution will lead to high 

capacitances.[113] Furthermore, EDLCs based on PILs display high cycle life as well as a broad 

operational temperature window, which can even be further increased by the mixture with 

different PIL species to form eutectic mixtures or solvents.[114, 164] The mixture with 

solvents is also drastically improving a key drawback of PILs i.e., their high viscosity, which is 

usually limiting the power capability of PIL-based EDLCs, as already explained in chapter 

1.6.[165] This power improvement can even be further pronounced when mixed with water, 

e.g., due to a faster proton transport through the Grotthuss effect.[43] However, this specific 

effect is dependent on a relatively high concentration of water, with weight percent (wt.%) 

higher than 50 wt.%.[111] 

Several groups were able to improve another critical drawback of PIL-based EDLCs - the small 

OPV. While Aradilla et al. employed diamond-coated silicon nanowires, Oyedotun et al. 

utilized oxygen-functionalized carbon nanofibers to achieve OPVs of 4 V and 3 V, 
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respectively.[166, 167] Nevertheless, classical AC-based EDLCs only function with a much 

smaller OPV compared to AIL-based devices, ranging from 2 to 2.5 V compared to ~3.5 V, and 

thus yield much lower specific energy (see Equation 5).[168] Since broader OPVs and higher 

specific energy was the main motivation for the introduction of ILs in EDLCs, this appears as 

contradicting. It shows that the preferable application of PILs in supercapacitors lies in 

pseudocapacitive instead of EDLC devices. 

1.7.2. PILs in Alkali Metal-Ion Batteries 

Several years after the introduction of PILs into supercapacitors, this subclass of ILs was also 

considered as electrolyte for LIBs (AILs were already introduced as early as 1999 in these 

secondary battery systems).[169] Contrary to supercapacitors, the main motivation for IL-

based electrolyte in alkali-metal ion batteries has been safety improvements and not OPV 

increases, since most battery active materials work outside of the ESW of the electrolyte 

anyway (see chapter 1.6.3).[170] Thus, the small ESW of PILs should not be of concern for the 

implementation in alkali-metal ion batteries. Nevertheless, the activity towards elemental 

alkali metals, i.e., the reduction of the cation resulting in hydrogen evolution has certainly 

delayed attempts for their application in these systems. 

In 2013, a PIL-based electrolyte mixed with PC has been employed by Böckenfeld et al. They 

successfully cycled LFP electrodes in this pyrrolidinium nitrate-([PyrHH][NO3]) based 

electrolyte, presenting a proof-of-concept for PIL-based LIBs.[171] Not much later, the first 

full cell LIB utilizing a neat PIL-based electrolyte combined with a LFP cathode and lithium 

titanate oxide (LTO) anode was shown by Menne et al.[172] The anode material was 

deliberately selected since it lays within the ESW of the employed triethylamine 

bis(trifluoromethylsulfonyl)imide ([Et3NH][TFSI]), unlike carbonaceous materials like graphite 

or soft carbon. However, since these materials offer much higher energy densities due to 

lower potentials, the same group subsequently tried to cycle electrodes based on 

carbonaceous materials in PIL-based electrolytes. And just like for conventional electrolytes 

before, this was achieved by the formation of an effective SEI. Unlike EC however, PILs alone 

are not able to form an SEI, which is why an additive, in this case vinyl ethylene carbonate 

(VEC), needs to be employed.[173] Remarkably, the PIL-based electrolyte, utilizing 1-

butylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([PyrH4][TFSI]) outperformed its aprotic 

counterpart, 1-butyl-1-methylpyrroldinium bis(trifluoromethylsulfonyl)imide ([Pyr14][TFSI]) in 
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combination with graphite- or hard carbon-based electrodes in both specific power as well as 

energy. Menne et al. later investigated this difference in performance via Raman 

spectroscopy, revealing a beneficial coordination, i.e., lower coordination number, for the 

lithium-ions by anions in the PIL-based electrolyte. This is caused by stronger interactions 

between the protic [PyrH4]+ cation and [TFSI]- anion compared to the aprotic [Pyr14]+ 

cation.[174] It should be mentioned that unlike graphite and soft carbon, the combination of 

PIL-based electrolytes with hard carbon does not yield better performance compared to AIL-

based electrolyte. Thus, other effects than lithium-mobility within the electrolyte seem the 

limiting factor in combination with this material.[175] 

As for the PIL-based electrolytes in supercapacitors, the high viscosity of PILs is a limiting factor 

in terms of power performance. Thus, Vogl et al. tried to improve the viscosity by choosing 

the best suited anion. They found that the [FSI]- anion offers lower viscosities compared to 

the [TFSI]- anion while still capable of forming an SEI with the addition of additives.[176] 

Another approach, already applied in supercapacitors, is the mixture of PILs with solvents. 

Since the increased safety of PIL-based electrolytes for LIBs is a main incentive, it is important 

to keep the flammability and vapor pressure of such a mixture at a minimum. Menne et al. 

used PC as solvent in combination with [PyrH4][TFSI], showing that up to a specific amount of 

solvent, the safety properties of the PIL are retained. They primarily improved the transport 

properties of this PIL-based electrolyte via this method. However, they also diminished a 

typical problem related to [TFSI]--based electrolytes, the corrosion of aluminum current 

collectors due to dissolution of Al([TFSI]-)3, making it prone to capacity fading at prolonged 

cycling. Interestingly, Al([TFSI]-)3 seems to be hardly soluble in the employed PIL-PC mixture, 

resulting in a drastic increased cycle life at elevated temperatures.[177]  

Eutectic mixtures of PILs have also been employed in LIBs, increasing the operative 

temperature of these devices down to 0 °C.[178] 

Unfortunately, research concerning PIL-based electrolytes in combination with alkali metal ion 

batteries other than lithium-based ones, has been relatively spare, even though these systems 

are an essential part of modern battery related research. Vogl et al. were the first to employ 

a PIL-based electrolyte in a sodium-ion hybrid device utilizing a polyanionic cathode and AC-

based negative electrode. As in the case of graphite and soft carbon in LIBs, a PIL-based 

electrolyte displayed better performance compared to its aprotic counterpart. Nevertheless, 
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they were not able to reversibly insert/extract sodium-ions into/from layered metal oxide 

cathodes within this PIL-based electrolyte.[179] Furthermore, a carbonaceous anode material, 

in this case HC, has been investigated by Arnaíz et al. for both, sodium as well as potassium 

ion-based batteries. Even with the addition of VEC, the employed PIL-based electrolyte could 

not enable a reversible cycling of this anode material neither for the sodium ion- nor the 

potassium ion-based system.[180] 

1.8. The development of new PIL-based electrolytes 

While PILs have been established in various systems over the years, these implementations 

are far from being optimized. A prime example would be the EDLC, in which the use of PILs 

appears very unfavorable or even questionable. As already mentioned, the high viscosity and 

low OPV of PILs drastically limit the performance of such a device, especially when compared 

to state-of-the-art electrolytes. 

Still, devices employing these latter electrolytes have to compete with battery systems, 

especially in terms of capacity. And even with their much higher OPVs compared to PILs, these 

state-of-the-art-electrolyte-based EDLCs will hardly reach the energy density of batteries or at 

least the price per kWh. Thus, this system must excel in its low price for power. 

A moderate OPV paired with excellent transport properties would be very desirable. For that, 

PILs seem to be suitable candidates, coming with intrinsic safety properties as well as sufficient 

OPVs. However, the transport properties need to be drastically improved with strategies 

already been discussed in the previous chapters, with the mixtures with water appearing as a 

very promising one. 

While the proof-of-concept for PILs as electrolytes in LIBs has been established the 

optimization of this system is far away from being complete. One of the most important tasks 

is the growth of the catalogue of applicable PILs in this system. Not to mention the possible 

benefits merely by identifying better PILs in terms of transport or thermal properties, this 

would expand possible investigations in general. While one method to increase the 

performance of a LIB system, e.g., via additives, might not work for a given PIL, it might work 

for another one. 

In contrast to lithium-ion systems in combination with PILs, with an already successful 

implementation, the combination with alternative systems, e.g., sodium- or calcium-based 
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have been rather unexplored. In the last years, research has taken large steps in these 

systems, employing mostly conventional electrolytes. All this has been pushed by the concerns 

regarding the availability and prices of lithium, making alternatives necessary. With the 

foundations being laid, research concerning the electrolyte in these systems is more and more 

diversifying, e.g., employing AILs to increase the safety. Thus, it seems reasonable also trying 

to establish PILs as electrolytes, which have already proven to be advantageous in lithium-

based systems compared to AILs, hopefully transferring the benefits to these alternative 

systems. 

Another highly promising usage for PILs lies in the immobilization, e.g., in polymers, thus 

creating solid electrolytes. These offer increased safety properties by eliminating the risk of 

leakage and allowing flexible devices. Naturally, the vehicular transport of ions in these 

polymers is rather hampered compared to liquids, making additional transport mechanisms 

highly desirable. Capable of such mechanisms, PILs appear as perfect candidate for a solid 

electrolyte. Nevertheless, their use in electrochemical storage devices has been only very 

scarce compared to AILs, which have been employed already for many years. 

In this work, the mentioned applications for PILs will be investigated and analyzed, with the 

aim to develop safe and effective electrolyte systems for advanced electrochemical energy 

storage devices. To accomplish this aim, a variety of methods will be employed, ranging from 

the synthesis of new PILs, innovative mixtures with several solvents but also the 

immobilization within polymers. While the main investigations will be carried out via 

electrochemical measurements, also more classical analytical techniques, physical 

characterization as well as theoretical molecular dynamic simulations will be employed. 
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1.8.1. Publikation 1: Protic ionic liquids in energy storage devices: past, present and 

future perspective 
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2. Results and Discussion 

In this chapter, the work accomplished during the authors PhD, which resulted in eight 

different publications, will be presented in short summaries. They deal with the application of 

PILs in different areas of electrochemical energy storage topics and will be divided in three 

different parts. 

The first and the second parts are about the implementation in EDLC as well as battery 

systems, respectively. Different approaches are used including synthesis, mixtures with 

different solvents and the employment of additives.  

The third part covers work about the confinement of PILs in polymers, yielding solid 

electrolytes, and the differences associated by this change of environment compared to neat 

PILs. 

2.1. PILs in EDLC systems 

2.1.1. Publikation 2/Publikation 3: Water in Protic Ionic Liquids: Properties and Use of a 

New Class of Electrolytes for Energy-Storage Devices / Water in Protic Ionic Liquid Electrolytes: 

From Solvent Separated Ion Pairs to Water Clusters 

As already explained, the implementation of PILs into EDLC systems is difficult due to slow ion 

transport properties of these electrolytes, mainly derived by high viscosities. This is drastically 

limiting the power capability of such devices; thus, adaptions of the electrolyte are necessary. 

Typically, this is done via mixtures with low viscous solvents typically of organic nature with 

broad ESWs (e.g., PC). Water is usually not considered as solvent due to its narrow ESW, in 

fact the electrolyte is carefully dried to ensure no residual water. In case of PILs, however, the 

ESW is limited anyway by the protic ions, which are prone to reduction.  

In the past, it has already been shown that mixing PILs with water can drastically improve the 

transport properties of these compounds. Already few hundreds ppm of water have an impact 

on the chemical-physical properties of a PIL. This includes the ESW, and even though the 

impact on PILs is less drastic compared to other non-aqueous electrolytes, a broad ESW is still 

preferred to yield high specific energies. Thus, in this work mixtures only with 0.1, 1, 2 and 
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3.8 weight percent (wt%) water have been chosen. Higher amounts would limit the ESW, thus 

specific energy of an EDLC too much. On the other hand, these small amounts are enough to 

enhance the power potential considerably compared to an EDLC employing a neat PIL-based 

electrolyte. 

The practical investigations focusing on the implementation of the electrolytes into AC-based 

EDLCs are complemented with molecular dynamic simulations, giving insight into the specific 

interactions on a molecular level. This is of particular interest, due to the special hydrogen-

bond interactions present in a PIL, which can be even more pronounced in an aqueous 

environment. 

[PyrH4][TFSI], an already established PIL, has been chosen as basis for the electrolyte, owing to 

its relatively good transport properties as well as ESW. While it is a hydrophobic IL, sufficient 

amounts of water can be solved to end up with an almost equimolar of H2O : PIL ratio at 

3.8 wt% of H2O. 

In Publication 2 and Publication 3 it could be shown that the chemical-physical properties of 

[PyrH4][TFSI] can be significantly influenced by the addition of H2O. Viscosity and density are 

decreasing, while the conductivity is increasing with higher amounts of water. Additionally, 

the m.p. could be lowered even below RT, what is highly important for practical applications. 

In all mixtures the temperature dependence stays non-Arrhenius-like, a typical behavior of ILs. 

While molecular dynamic simulations were carried out in both publications, giving insight 

about the molecules’ coordination and alignment, Publication 3 focused much more on the 

interactions between ions and their mobilities. It was stated that, depending on the water 

content, water molecules are either isolated between ions or forming solvent shells of single 

ions composed of several water molecules or even larger clusters in the state of quasi-bulk 

water. In each state, the water is expected to show different physical properties, which have 

been further clarified: Firstly, the hydrogen bond decay rate becomes faster with higher 

amounts of water, correlating with higher conductivities of the electrolytes. Moreover, the 

hydrogen-bond-lifetime for H2O-cation pairs is much higher compared to H2O-anion pairs, due 

to the hydrophobic character of the latter. Interestingly, the highest hydrogen-bond-lifetime 

was found for H2O-H2O pairs in the 0.1 wt% electrolyte, simply because of the lower chance 

to form a new bond, since the water molecules are basically isolated from each other. The 
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alternatives are the energetically unfavorable free form or a bond with anions/cations of the 

IL. 

It was also discovered that the dipole reorientation shows a similar trend compared to the 

hydrogen-bond-lifetime. The higher the water content, the faster the reorientation since the 

hydrogen bond-decay times becomes faster and more options for binding partners are 

available. An exception is the 0.1 wt% mixture, showing faster reorientation compared to the 

1.0 wt% mixture, due to very few H2O-H2O bonds and otherwise weak H2O-anion/cation 

bonds. 

Lastly, the cation diffusion is faster than that of the anion, which is the same case in other PIL-

water systems. Contrary to these systems, however, the cation mobility is stronger enhanced 

by increasing amounts of water than the anion mobility. On the other hand, the H2O diffusion 

becomes lower at higher water contents since it behaves more and more like bulk water. 

The implementation of the investigated mixtures into an AC-based EDLC was carried out in 

Publication 2. It was found that the ESW of the mixtures decreases with increasing water 

content. While the cathodic stability stays constant for all mixtures, due to the limitation of 

the available proton in the pyrrolidinium cation, the anodic stability is decreasing with 

increasing water content, related to the oxidation of H2O. The lower ESW results in lower OPVs 

of AC-based electrodes when cycled in the mixtures. While the OPV of an EDLC employing 

neat [PyrH4][TFSI] reaches 2.2 V, it is reduced to 2.0, 1.9 or 1.8 V with 1, 2 or 3.8 wt% H2O, 

respectively. 

It was shown that the cycling of electrodes coated onto aluminum in the PIL-water electrolytes 

leads to anodic dissolution, even at the lowest water content. Additionally, it was assumed 

that the water-soluble binder carboxymethyl cellulose is not able to uphold complete 

mechanical functionality of the electrode. Thus, stainless steel current collectors as well as 

polyvinylidene fluoride binder were employed, resulting in a much higher stability of the 

systems, even when holding the maximal potential over several hundreds of hours. 

Overall, the performance of AC-based EDLCs employing the water in PIL electrolyte could be 

increased most efficiently utilizing the PIL containing 2 wt% of H2O, especially regarding the 

power capability. While the pure PIL [PyrH4][TFSI] is not able to operate at current densities 

higher than 2 to 5 A g-1, the 2 wt% mixture is still delivering capacitances at 10 A g-1. At 1 wt%, 

the improvement of transport properties is not significant enough to increase the power 
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capability, while at 3.8 wt% H2O large faradic contributions at lower scan rates will lead to 

stronger capacitance fading. 

Overall, it could be shown that the mixture of a PIL with water is a promising strategy to 

improve the power performance of a PIL-based EDLC. Nevertheless, the presence of water 

makes it necessary to change the design of the EDLC more to a water-based system. 

Furthermore, the properties of water molecules inside a hydrophobic PIL are drastically 

changing depending on the water content. Further investigations should explore the mixtures 

of a hydrophilic PIL with water, since stronger bonds between PIL and water molecules could 

lower the impact on the ESW, as in the case of water-in-salt electrolytes. Additionally, 

transport mechanisms related to proton-bonds (e.g., proton-hopping) should be more 

uniformly distributed within the electrolyte, since no water clusters should form. 
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2.1.2. Publikation 4: Mixtures of glyme and aprotic-protic ionic liquids as electrolytes 

for energy storage devices 

The switch from lithium-ion based to alternative systems is an important but difficult task. As 

already mentioned, the application of PILs in post lithium devices has been rather scarce. One 

of the most promising and advanced alternatives is the sodium-ion system, in which graphite 

can only be charged reversibly via co-intercalation. Na-ions intercalate in a coordinated state, 

thus solvent molecules also enter the graphite. Therefore, it is necessary to tailor the 

electrolyte to be able to participate in this process. The benefits of graphite however, e.g., the 

high energy density, make this additional effort worthwhile. The most common solvent type 

employed for this purpose are glyme based. Hence, to introduce PILs into sodium-ion based 

system, a mixture with this solvent appears reasonable, offering the possibility to use an 

attractive anode material such as graphite.  

The investigations were performed using five different electrolytes composed of varying 

amounts of [PyrH4][TFSI] and bis(2-methoxyethyl) ether (diglyme, 2G) (0, 20, 50, 80 and 

100 mol% of IL) all with 0.5 M NaTFSI. Their chemical-physical-properties were evaluated and, 

to give more insight regarding other IL-based systems, a comparison with an AIL, [Pyr14][TFSI] 

was carried out (same compositions with diglyme as [PyrH4][TFSI]). 

Compared to the “pure” 2G (with 0.5 M NaTFSI), the “pure” ILs (with 0.5 M NaTFSI) display 

worse transport properties, owing to their high viscosities. [PyrH4][TFSI] shows slightly better 

values compared to [Pyr14][TFSI], due to increased ion interactions in the latter. With 

increasing 2G content, the transport properties are improving, up to 80 mol% of 2G. Even 

though the 80 mol% 2G mixtures are still more viscous than the pure 2G, their conductivities 

are increased due to a higher concentration of charge carriers. The most crucial difference 

between AIL and PIL regarding the chemical-physical-properties lies in the presence of a 

“solvent-threshold” in the former. While the PIL mixtures are getting less viscous and more 

conductive in a linear behavior with increasing 2G content, the AIL mixtures show a large gap 

between 20 and 50 mol% of 2G, a behavior commonly observed in AIL-solvent mixtures. 

More pronounced differences are visible in the electrochemical performances between the 

protic and aprotic mixtures. Due to the early reduction of the available proton in [PyrH4][TFSI], 

the ESW of the protic mixtures is much lower, resulting in an overall ESW of around 3 V 
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compared to almost 4 V for the aprotic mixtures. Nevertheless, a trend of lower ESW for 

higher 2G content is visible in both protic and aprotic mixtures. 

The lower ESW of the protic mixtures logically limit the OPV of AC-based electrodes cycled in 

these protic electrolytes. The highest OPV of 2.5 V was achieved with 20 mol% 2G, surprisingly 

decreasing with higher amounts of 2G, since the pure 2G mixture was able to withstand 3.4 V. 

Mixtures of [PyrH4][TFSI] and 2G higher than 20 mol% of 2G seem to result in unfavorable ion-

solvent interactions leading to earlier electrolyte decomposition. For the aprotic mixtures, the 

OPVs did not show a direct correlation regarding their ESW either, displaying no linear 

increase of OPV with increasing AIL content. Nevertheless, the highest OPV was still displayed 

by the 20 mol% 2G electrolyte. 

For full cell devices based on balanced AC-electrodes, the most obvious difference between 

protic and aprotic mixtures lies in the energy density, resulting from their higher OPVs. 

Additionally, the performance of devices based on electrolytes with higher IL content was 

limited by the high viscosity. This shows that depending on the requirements, higher solvent 

content can lead to higher power densities, while higher IL content can generate higher energy 

densities.  

All in all, the proof of concept of a PIL-based sodium-ion capacitor was achieved. 

Unfortunately, it highlighted the drawbacks of such an IL-based high-power device, making 

high contents of solvent necessary to compensate high viscosities. Furthermore, as already 

anticipated, the energy density of the AIL-based EDLC systems was much higher compared to 

the protic system. Nevertheless, the ultimate idea of this project is the combination of only 

one AC-based electrode with a battery type electrode. In this case, the low cathodic stability 

of the protic system could be neglected due to an SEI, while the demands in power 

performance could be accomplished by higher content of solvent. 
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2.2. PILs in Battery Systems 

2.2.1. Publikation 5: Imidazolium-Based Protic Ionic Liquids as Electrolytes for Lithium-

Ion Batteries 

Besides improving the weak points of PILs by combining them with solvents, the identification 

of new and suitable PILs for application in electrochemical energy storage devices is of crucial 

importance for their development and use as electrolyte. In this work, we tried to find PILs 

applicable in LIBs, based on the imidazolium cation and the [TFSI]- as well as [FSI]- anions. This 

selection was based on data sets of PILs already synthesized in the past. While 1-

methylimidazolium ([1-MeImH]) [TFSI]/[FSI], had been listed with low m.p.s below RT, the 1-

2-dimethylimidazolium ([1-2-Me2ImH]) cation had only been synthesized with chloride and 

bromide anions, also with low m.p.s, indicating low ion-interactions for this cation. Since [Br]- 

and [Cl]- anions have very low ESWs, a switch to [TFSI]- and [FSI]- was necessary. Additionally, 

for [1-MeImH][TFSI]/[FSI], no further characterizations had been carried out, e.g., conductivity 

or ESW, thus no information for their application in electrochemical energy storage devices 

was present. 

Ultimately, the four PILs, [1-MeImH][TFSI], [1-MeImH][FSI], [1-2-Me2ImH][TFSI] as well as 

[1-2-Me2ImH][FSI] were synthesized and fully characterized. The synthesis was carried out via 

the 2-step synthesis including a salt metathesis reaction as described in chapter 1.3 and the 

obtained PILs were confirmed via NMR spectroscopy. While both [FSI]--based PILs are liquid 

below RT, the [TFSI]--based ones are solid at RT, with [1-MeImH][TFSI] melting around 40 °C. 

Surprisingly this contradicts data available in the literature, which reports a m.p. of 9 °C, 

making it clear that appropriate drying of a PIL is of utter importance, since already few ppm 

of water will lower the m.p. drastically. 

Afterwards, the chemical-physical properties of the PILs including viscosity, conductivity as 

well as density were evaluated. In addition to their lower m.p.s, both [FSI]--based PILs show 

much lower viscosities compared to the [TFSI]--based ones (see Figure 2 in Publikation 5). 

Nevertheless, [1-2-Me2ImH][TFSI] displays the same ionic conductivity as [1-2-Me2ImH][FSI], 

seemingly less depending on vehicular ion transport. On the other hand, [1-MeImH][TFSI] 

shows a much lower conductivity, in accordance with its high viscosity. Overall, it could be 
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shown that the [TFSI]- anion will generally lead to higher viscosities and m.p.s, similar as the 

additional alkyl group in the imidazolium cation does. Nevertheless, the resulting conductivity 

is not only influenced by the pure ion mobility, but also ion-interactions leading to ion-pairing 

or possible hydrogen networks. 

Regarding the electrochemical investigations, the ESW of all PILs was measured as the first 

step. While the cathodic limitation is nearly identical, owing to the reduction of the available 

proton on the imidazolium cation, the anodic stability differs slightly, depending on the 

employed anion. The [FSI]- anion led to lower ESWs compared to the [TFSI]-anion, which is in 

line with literature. As a next step, each PIL was employed as electrolyte in LFP half cells, using 

AC-based oversized counter electrodes and silver rods as quasi reference electrodes. In a 

preliminary C-rate test, [1-2-Me2ImH][FSI] and [1-2-Me2ImH][TFSI] were identified as most 

promising for this setup, being able to retain almost 50 % capacity even at 5 C. Surprisingly, 

[1-MeImH][FSI], displaying the best transport properties, was not able to deliver much capacity 

and capacity retention. Perhaps, the lithium-mobility within this PIL is restricted, due to an 

unfavorable lithium coordination. 

In the last step, the stability of both [1-2-Me2ImH]+-based systems was investigated. While the 

[1-2-Me2ImH][TFSI] system was able to retain more than 80 % of the initial capacity, the 

[1-2-Me2ImH][FSI] system lost nearly all capacity after 25 cycles. Again, this could be related 

to a strong binding of the Li-ions within the PIL, since the insertion of the lithium into the LFP 

electrodes was deficient, as seen in the charge-discharge profile. 

Overall, it could be shown that the identification of PILs suitable for electrochemical energy 

storage applications is a necessary but not trivial task. While literature data might give a first 

impression, it must be confirmed (especially regarding the water content) and, in most cases, 

completed for a full set of data regarding each PIL. Additionally, as already elaborated in the 

introduction, the combination of specific anions and cations leads to rather unpredictable 

chemical-physical-properties, due to individual interactions. While screening methods are a 

necessary tool in the future, trial and error methods like this study still appear as the most 

reliable approach for identifying new PILs. 
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2.2.2. Publikation 6: Enabling safe and stable Li metal batteries with protic ionic liquid 

electrolytes and high voltage cathodes 

In the past, graphite and HC have been successfully employed in combination with PIL-based 

electrolytes, relying on the addition of VEC.[173] In this work we employ vinylene carbonate 

(VC) to reversibly cycle lithium-metal anodes in liquid PIL-based electrolytes in combination 

with a cathode based on NMC and LFP, respectively. 

To find the optimal PIL based electrolyte for this setup, a comparison between [PyrH4][TFSI] 

and [PyrH4][FSI] has been carried out. The electrolyte is composed of a PIL:salt (LiTFSI/LiFSI) 

ratio of 4:1 with the addition of 10 wt% VC.  

It has been observed that while the [FSI]--based electrolyte displayed better transport 

properties and a lower m.p., the [TFSI]--based electrolyte offers a slightly higher anodic 

stability. Usually, both electrolytes are limited to 2 V vs. Li+/Li, however, with the addition of 

VC, lithium plating below 0 V vs. Li+/Li is observed. Simple symmetrical lithium-metal cells 

were cycled using each electrolyte, showing reversible lithium-plating and -stripping in both 

cases. However, the cell using the [TFSI]--based electrolyte is showing higher resistivities, 

which could hamper its performance in a LIB device. 

This is confirmed in cells consisting of a Li-metal anode and a LFP cathode. While the cell cycled 

in the [TFSI]--based electrolyte is not able to retain any capacity after only a few cycles, the 

cell cycled in the [FSI]--based electrolyte is displaying a stable performance over prolonged 

cycling, even when increasing the C-rate. 

After the LFP cathode material, NMC, working at even higher potentials, was tested in the 

[FSI]--based electrolyte with the aim to increase the energy density. As in the case of the LFP 

cathode, the NMC electrode could be cycled with high stability but with even better power 

performance. 

Finally, the protic [PyrH4][FSI]-based electrolyte was compared to its aprotic “counterpart” 

[Pyr14][FSI] in combination with a lithium-metal/NMC cell. While both cells are stable over 

prolonged cycling, the former shows a higher rate capability. This may be due to the improved 

Li-ion mobility within PILs compared to AILs, as explained in chapter 1.7.2. 
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2.2.3. Publikation 7: Ionic Liquid-Based Electrolytes for Calcium-Based Energy Storage 

Systems 

As mentioned in the previous chapter, in the last years the investigations dedicated to post-

lithium batteries increased significantly. Among the various technologies, calcium-based 

systems are considered with high attention, due to the high theoretical energy density of 

calcium-metal anodes as well as its low cost and sustainability.[181] 

Calcium-based systems are still in their infancy and only recently the successful use of 

conventional electrolytes like EC or PC could be achieved. Since this was done above 75 °C, 

the employment of highly flammable or volatile solvents seems rather risky, making ILs an 

attractive alternative. Nevertheless, little progress has been done and only limited to AILs. 

Thus, as a proof of concept, [PyrH4][TFSI] mixed with PC (8:2 molar ratio) and 0.1 M Ca(TFSI)2 

as calcium salt was investigated in terms of its chemical-physical-properties as well as its 

electrochemical performance in combination with AC-based electrodes in an EDLC setup. This 

protic electrolyte has been compared to the aprotic counterpart, using [Pyr14][TFSI] with the 

same PC and Ca(TFSI)2 amount. 

The transport properties of both electrolytes have been found to be relatively comparable, 

owing to the similar characteristics of both ILs. The biggest difference lies in the m.p. of the 

ILs, resulting in a broader temperature window for the aprotic electrolyte compared to the 

protic one. Furthermore, the impact on the transport properties by mixing each IL with PC is 

more pronounced in case of [Pyr14][TFSI], simply because it has a higher viscosity compared 

to [PyrH4][TFSI]. Overall, both electrolytes display acceptable transport properties, especially 

considering the use in a battery device. 

A more pronounced difference between the two electrolytes is visible in the ESW, as expected. 

While the aprotic electrolyte can withstand an overall potential window of 5.1 V, the ESW of 

the protic electrolyte is only 3.2 V. As explained before, this is due to the small cathodic 

stability due to hydrogen evolution by reduction of the protic cation. The anodic stability is on 

the other hand almost identical, since in both cases the [TFSI]- anion is oxidized. 

In a next step, the OPV of AC-based electrodes in each electrolyte were investigated. Like the 

ESW, the electrodes within the aprotic electrolyte were able to be charged up to 3.3 V, while 
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the ones in the protic electrolyte could only be charged up to 2.4 V. Additionally, balanced AC-

based EDLCs employing the aprotic electrolyte displayed slightly higher capacitances 

compared to EDCLs employing the protic version, combined with better power performance, 

despite almost similar transport properties at 30 °C. 

Finally, both electrolytes were employed in a Ca-ion battery half-cell using TiS2 as active 

material for the working electrode. However, only the electrolyte based on [Pyr14][TFSI] was 

able to achieve calcium insertion into the TiS2 at 100 °C. During the cycling of [PyrH4][TFSI] 

decomposition of the electrolyte was taking place, making it impossible to reach calcium 

insertion potentials.  

For the half-cell employing the aprotic electrolyte, it was found that in addition to insertion of 

Ca-ions into TiS2, also co-intercalation of [Pyr14]+ cations takes place. This has been already 

observed in PC-based electrolytes, in which case the PC molecules are co-intercalating. This 

leads to amorphization and increase in interlayer distances, which is more pronounced in the 

IL-based electrolyte. While this process is somewhat reversible and Ca-ions seem preferably 

inserted, it still damages the electrode. 

Overall, this proof-of-concept for IL-based electrolytes in Ca-ion systems has shown the 

difficulties linked to this yet rather unexplored system. While the operating temperature at 

100 °C makes an IL-based electrolyte the perfect candidate, there is still very much work left 

to implement it successfully. Considering these results, this is even more true for PIL-based 

electrolytes. While for AIL-based electrolytes the right combination of cation and active 

material can already lead to improvements, it seems that an efficient SEI will be necessary for 

the introduction of PIL-based electrolytes in these devices. 
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2.3. Confinement of PILs 

2.3.1. Publikation 8: Silica based ionogels: interface effects with aprotic and protic 

ionic liquids with lithium 

In this work, we investigated the effect of confining ILs ([Pyr14][TFSI] and [PyrH4][TFSI]) within 

a meso- and microporous silica monolith material, with the aim to develop a highly conductive 

ionogel. This solid electrolyte prevents leakage of electrolyte and is combined with the low 

flammability of ILs, making it a very safe and attractive alternative electrolyte system. 

Of very high interest is the behavior of the different types of ILs, either protic or aprotic, when 

confined (e.g., in very small pores). In general, this confinement has an influence on the 

thermal properties like m.p. or Tg, transport properties and on the interactions on a molecular 

scale in general, which can be analyzed via Raman spectroscopy. These influences also depend 

on the pore sizes of the silica, thus by changing the structure of the host material the resulting 

properties of the ionogel can be adjusted to some extent. Furthermore, the influence caused 

by the addition of a lithium salt, necessary for the application in LIB application, was also 

investigated. 

First, the thermal properties were investigated. It could be shown, that the m.p. of 

[Pyr14][TFSI] is increased when confined in the silica, contrary to [PyrH4][TFSI] where the m.p. 

is decreased when confined. This suggests a higher affinity of the more polar liquid 

[PyrH4][TFSI] for the host network compared to the less polar liquid [Pyr14][TFSI]. Interestingly, 

when the lithium salt LiTFSI is added the behavior only changes for [PyrH4][TFSI]. The lithium-

ions appear to change the interaction between the silica pore walls and the [PyrH4]+ cation, 

owing to the high affinity of Li-ions towards silica, competing with the H-bonding of the PIL 

and the silica surface groups. 

Depending on the pore size, the heat capacity of all systems changed similarly. With increasing 

pore size, the surface to volume ratio decreased, thus less IL is constrained at the pore walls, 

allowing an increase in macroscopic entropy. 

A pore size dependency was also observed for the conductivity of the different systems. When 

increasing the pore size, the conductivity does so too. Overall, however, the conductivity of 
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the confined ILs is decreased compared to the bulk ILs. This is simply because of a restricted 

ion mobility within the host structure. 

Lastly, the coordination of Li-ions was investigated by employing Raman spectroscopy. Using 

the ratio between the signal from coordinated [TFSI]- and the total signal of [TFSI]-, the 

coordination number of Li+ was calculated for each system. In [Pyr14][TFSI] the coordination 

of Li+ by [TFSI]- decreased when confined, as the interaction between Li+ and silanolates is 

preferred compared to the interaction of Li+ and [TFSI]-
. On the other hand, there was no clear 

change visible for the protic system. We assume that this is due to stronger interactions 

between silanolates and [PyrH4]+, competing with the Li+. 

This study has shown that the confinement of ILs has significant effects on their properties 

and affects the intermolecular interactions. Furthermore, the presence of the proton in PILs 

seems to play a very important role in these interactions, depending also on the surface 

properties of the host matrix. In the future, it will be necessary to investigate the role of the 

ΔpKa of a PIL on the changes in properties, especially the coordination of Li+. Of course, the 

application of these ionogels in electrochemical energy storage devices should also be 

considered. 
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2.3.2. Publikation 9: Protic Ionic Liquids-Based Crosslinked Polymer Electrolytes: A 

New Class of Solid Electrolytes for Energy Storage Devices 

This publication considered the confinement of PILs in another polymeric host matrix, 

specifically amorphous poly(ethyleneoxide) (PEO), a very popular polymer for solid electrolyte 

applications. Whereas the combination of AILs and polymers has been intensively investigated 

in the past, the confinement of PILs in polymers has only been applied in conductive 

membranes for fuel cells. This work is split in three parts, with the first dedicated to the 

characterization of the solid electrolyte. The second part is dedicated to the implementation 

of the PIL-PEO solid electrolyte in AC-based EDLCs, and the last to the implementation in LIBs. 

Initially, the morphology of the polymer electrolyte (PEO_HPyr) is investigated via a scanning 

electron microscope (SEM), revealing homogenous and wrinkled textures. The crosslinking, 

induced via UV light and benzophenone (2 %) enables high uptake of PIL without leakage while 

ensuring robustness and flexibility. Next, the thermal stability of the PEO_HPyr was evaluated, 

showing only slight deviation from the pure [PyrH4][TFSI] at temperatures higher than 300 °C 

combined with very stable mass retention at 60 °C under N2 or O2 atmosphere over a long 

time period. Furthermore, the conductivity of the electrolyte was investigated, which is in 

most cases the weak point of a solid electrolyte. Although the conduction is obviously lower 

compared to the pure [PyrH4][TFSI] or [PyrH4][TFSI] with 0.5 M LiTFSI (HPyr), it is reasonably 

high compared to other solid electrolytes, especially at RT. Finally, the ESW of PEO_HPyr was 

measured, showing an almost identical result to the pure [PyrH4][TFSI]. The latter points 

highlight the suitability as electrolyte in electrochemical energy storage devices. 

For the implementation in an AC-based EDLC the first step was to select an OPV, which was 

set at 2.0 V, slightly lower than the maximum OPV achievable for pure [PyrH4][TFSI] (2.2 V), to 

ensure a safe and stable cycling of the device. While the system was able to achieve 

capacitances comparable to an EDLC employing neat [PyrH4][TFSI] as electrolyte over a very 

large period of cycling and even floating, the power performance is rather limited. This is due 

to several factors, including foremost the unoptimized interface between polymer electrolyte 

and electrode surface. In these investigations, a simple sandwich composition was employed, 

impairing the charge transfer between electrolyte and electrode. Certainly, this can drastically 

be improved by a, e.g., a drop-down synthesis of the polymer onto the electrodes. 
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Additionally, the system was operating at RT, a temperature where EDLCs employing pure 

[PyrH4][TFSI] do not even work since the electrolyte is solid without any ion mobility, contrary 

to PEO_HPyr. 

The work dedicated to the use of PEO_HPyr in LIBs was novel not only because it was the first 

example of implementing a PIL-based solid electrolyte in this system. We also reported, for 

the first time, the use of an PIL-based electrolyte in combination with metallic lithium. 

Considering the reactivity of [PyrH4][TFSI] towards elemental lithium, this latter aspect appears 

of great interest. 

To enable this reversible cycling of Li-metal electrodes in PEO_HPyr, the addition of vinylene 

carbonate (VC) is necessary, seemingly responsible for the formation of an SEI, protecting the 

electrolyte from decomposition. With the combination of Li-metal electrodes and LFP 

electrodes, we were, for the first time, able to build a LIB metal cell based on a solid electrolyte 

encompassing a PIL, with high efficiencies and high energy densities, close to the theoretical 

value of LFP. 

This work gave novel and important information about the use of PIL-based electrolytes in 

electrochemical energy storage devices in several aspects. First, PILs are suitable to be 

employed in polymers as solid electrolytes to further enhance the safety of these devices. 

Furthermore, the combination of lithium metal with a protic electrolyte has been enabled, 

suppressing decomposition through the addition of VC. This opens the possibility to employ 

lithium-metal anodes as well as lithium-metal references electrodes in combination with PIL-

based electrolytes. 
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3. Conclusion 

The development of high performing but also safer electrolytes is an essential task for the 

realization of electrochemical energy storage devices. One possibility to increase the safety in 

a variety of energy storage devices is the implementation of ILs. In the past, this approach has 

been proven to be effective in many instances yet limited to research. Obviously, this is related 

to their high cost but also their high viscosity, limiting the power performance of each targeted 

device. The use of PILs might offer a chance to dampen these drawbacks, firstly by a relatively 

easy synthesis, what can be seen as advantage regarding the cost. Furthermore, their protic 

nature is the source of unique transport mechanisms in ILs, with the possibility to yield much 

higher conductivities. Additionally, the coordination of metal-ions is less distinct, leading to 

higher mobilities of these ions, which is a key criterium for metal-ion batteries. Unfortunately, 

these latter advantages, derived by the presence of an available proton, come with the costly 

drawback of a low ESW, making the implementation of PILs in every electrochemical energy 

storage device a non-trivial task. 

While the foundation for PILs as electrolyte in supercapacitors and batteries has already been 

established in the past, there are still many obstacles and difficulties to overcome. This thesis 

addresses some of them and thus promote the use of PILs as electrolytes, since the application 

of them has been always rather scarce, mainly attributed to their seemingly unsuitable nature 

for this task. 

To give a better impression about their applicability, Publikation 1 chronicles the advances of 

PILs as electrolyte in electrochemical energy storage devices and summarizes the developed 

types of PILs and the resulting devices. It also highlights important tasks yet unresolved, 

amongst others the implementation of PILs in post-lithium devices. 

While the use of PILs in EDLCs has been regarded as very skeptical, Publikation 2 shows a 

method to improve the main reason for that, its low power capability. With the addition of 

small amounts of water to a hydrophobic PIL, [PyrH4][TFSI], the transport properties are 

drastically improved and the m.p. lowered below RT. Through this, the rate capability of EDLCs 

could be increased significantly, while the OPV was lowered only marginally. The developed 

system thus shows a high power with a moderate energy density combined with improved 

safety characteristics. 
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The mixture of [PyrH4][TFSI] was also analyzed via molecular dynamic calculations, showing 

different behavior of the water molecules, depending on the amount of water solved. While 

at low amounts of water the H2O molecules are isolated between PIL molecules, higher 

amounts of water will lead to H2O clusters. This was further investigated in Publikation 3, 

revealing a significant difference in molecule behavior from isolated water molecules and the 

clusters. 

To expand the application of PILs to post-lithium devices, a preliminary proof-of-concept for 

sodium-ion based devices has been carried out in Publikation 4. In this case, mixtures of 

[PyrH4][TFSI] and diglyme, a common solvent for sodium-ion batteries, combined with 0.5 M 

NaTFSI with varying ratios of PIL have been prepared and fully characterized. Afterwards, their 

use in combination with AC-based EDLCs has been tested, for later applications in sodium-ion 

hybrid devices. To refine the work further, aprotic versions of these electrolytes using 

[Pyr14][TFSI] have also been investigated to compare AILs and PILs for this application. 

Foremost, it could be shown that both electrolyte systems, protic as well as aprotic, are 

suitable for the application in sodium-ion EDLCs. Furthermore, depending on the solvent : IL 

ratio, the power performance of the system can be influenced and, at least for this 

supercapacitor application, AIL based electrolytes offer the better properties. 

Publikation 5 considered the synthesis of either new or yet uncharacterized PILs with the aim 

to improve and expand the use of PILs. Based on literature data and proven anion/cation 

types, four different PILs based on imidazolium cations have been successfully synthesized 

and fully characterized for the use as electrolyte. Furthermore, their application as LIB 

electrolyte has been investigated. Only one PIL has been found to effectively work, showing 

the difficulty to find suitable PILs, when minding the vast possibilities of anion/cation 

combinations. 

Another post-lithium battery application for PILs was investigated in Publikation 7. Mixtures 

of [PyrH4][TFSI] or [Pyr14][TFSI] together with PC with 0.1 M Ca(TFSI)2 have been characterized 

and successfully employed in Ca-based EDLCs. Here, the AIL and PIL were comparable in terms 

of power capability, with the former having an advantage in energy performance. 

Unfortunately, only the aprotic electrolyte was able to enable calcium insertion-desertion in 

TiS2 electrodes, due to the limited OPV of the PIL, resulting in electrolyte decomposition. 

Furthermore, it was shown that not only Ca-intercalation is occurring while cycling in the 
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[Pyr14][TFSI]-based electrolyte, but also co-intercalation of the [Pyr14]+-cation, leading to 

deterioration of the TiS2 electrode. 

To further enhance the safety properties of an IL based electrolyte, the effects of incorporating 

both PIL and AIL in a silica matrix have been examined in Publikation 8. Depending on the 

presence of LiTFSI, the m.p. of confined [PyrH4][TFSI] was lowered or increased, the former in 

the absence, the latter in the presence of LiTFSI. Contrary, the m.p. of [Pyr14][TFSI] was always 

lowered when confined, with or without the addition of LiTFSI. This behavior was further 

investigated using Raman spectroscopy, revealing a different coordination of Li-ions in the AIL 

and PIL based electrolyte. While the Li-ions interact stronger with the silica host matrix in the 

AIL, the available proton within the [PyrH4]+-cation is competing with the Li-ions. This leads to 

lower coordination numbers of Li-ions within the AIL when confined, while it does not change 

when the PIL is confined. This shows that the ΔpKa value of a PIL plays an important role, and 

that changing it will lead to different effects when confined in a silica matrix. 

Publikation 9 also concerns the confinement of a PIL ([PyrH4][TFSI]), this time in a PEO based 

UV-crosslinked polymer matrix. This solid electrolyte shows high conduction, a broad stable 

temperature window and a comparable ESW to the liquid [PyrH4][TFSI]. For the first time, a 

pure PIL-based solid electrolyte was deployed for both - EDLC and LIB. The former system was 

able to yield similar capacitances compared to an EDLC using liquid [PyrH4][TFSI] as electrolyte, 

but was lacking in rate capability, due to the operation at RT as well as being unoptimized in 

terms of electrode/electrolyte interface. The battery system consisted of an LFP cathode and 

a lithium-metal anode, which was never used in combination with a PIL before. It has been 

shown that the use of VC as additive leads to the formation of an SEI, preventing electrolyte 

decomposition. The system was able to deliver high capacities while displaying good 

reversibility. 

Finally, the result of Publikation 9, the possibility to combine lithium-metal with a PIL, was 

further investigated in Publikation 6. Electrolytes composed of [PyrH4][TFSI] and [PyrH4][FSI] 

together with LiTFSI and LiFSI, respectively, were mixed with VC. After characterizing the 

chemical-physical properties of the electrolytes, they were employed in symmetrical lithium-

metal cells. While both systems showed reversible lithium stripping-plating, a better 

performance and lower overpotentials were found for the [PyrH4][FSI] based electrolyte. This 

was also confirmed in cells employing lithium-metal anodes and LFP cathodes, in which the 
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[TFSI]--based electrolyte was not able to provide reversible cycling of the electrodes, contrary 

to the [FSI]--based electrolyte. The latter electrolyte was then used in combination with an 

NMC cathode, even further enhancing the power and energy performance of this PIL-LIB 

system. 
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4. Outlook 

The results of this thesis show that the employment of PILs as electrolytes in electrochemical 

energy storage devices definitely has great potential, while being quite challenging. 

One of the most promising paths for PILs regarding supercapacitors appears to be the 

combination with water. Foremost, this approach can easily diminish the lack in power 

capability caused by high viscosities. But it also provides the possibility for more intriguing 

improvements besides faster vehicular mechanisms. As it has been shown in the past, 

mechanisms in PILs like the Grotthuss effect are able to enhance the conductivity of an 

electrolyte system significantly. With the addition of water, these effects can be further 

strengthened. And while in this work the PIL-water mixture was composed of a hydrophobic 

PIL, future work should be carried out with hydrophilic PILs, to ensure a possible 

homogeneous hydrogen-bond network throughout the whole electrolyte. 

An important task in the future regarding battery systems employing PILs will be the 

understanding of the role of additives on the formation of interfacial layers, e.g., SEI. While it 

has been successfully shown that the use of VC and VEC can lead to reversible and high 

performing battery systems, the exact mechanisms and the influences on the SEI composition 

are completely unknown. However, understanding these processes is a key factor in improving 

the established systems and even expanding the number of systems suitable for PIL-based 

electrolytes. This latter point is especially important for post-lithium devices, since it has been 

shown that these are very difficult undertakings in combination with PILs. Great potential 

could be found in the combination of PIL-based electrolytes in yet rather unexplored sectors, 

e.g., sulfur-based systems or even lithium-air batteries. 

Finally, the identification of suitable PILs for the application in electrochemical-based 

development, is still extremely unoptimized. More precisely, the synthesis process is 

nowadays still based on a trial-and-error principle, a problem which IL research as a whole is 

confronted with. Only through time consuming syntheses of large amounts of ILs and their full 

characterization suitable candidates can be recognized. A solution for this problem is the 

identification through computational screening methods, an approach which is still in infancy 

and yet limited to AILs. Nevertheless, this tool could improve the application of PILs 

tremendously, considering the extremely high combination possibilities.
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Figure S1. Influence of the temperature on the density of the VC-added PIL-based electrolytes under study. 

 

 

Figure S2. Magnification of the ESW of the investigated electrolytes, highlighting the decomposition of the VC and the supressed 

decomposition of the PILs: a) FSI– and b) TFSI– based. 
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Figure S3. Cathodic stability window (CSW) of the VC-added PIL-based (H4FSI-VC) electrolyte; in the insert the magnification of signal 

between 1.5-2V during the first reduction process. 

 

Figure S4. Stripping-plating experiment of lithium electrodes using PyrH4TFSI with LiTFSI and no VC as additive (left hand sided plot); on the 

right hand side, digital photographs of Li metal surface after plating/stripping experiments with (more shiny) or without (gray and dull) VC. 

The cells were opened without adopting any countermeasure to prevent contact with the air. 

 

Figure S5. Nyquist impedance plots of the two PIL based electrolytes before (solid curves) and after (dotted curves) plating/stripping 

analysis. Measurements were conducted at ambient laboratory temperature and current density of 0.088 mA cm-2. 
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Figure S6. Galvanostatic charge/discharge cycling behavior of [Li metal/PYRH4TFSI-LiTFSI-VC/NMC] cell: evolution of the specific capacity 

and the Coulombic efficiency at different C rates with the cycle number. 

 

Figure S7. Comparison of the constant-current (galvanostatic) charge/discharge cycling behavior of different [Li metal/IL solution/NMC] 

cells assembled with H4FSI-VC electrolyte and the corresponding one with the aprotic PYR14FSI-LiFSI solution without VC: evolution of the 

specific capacity and the Coulombic efficiency at different C rates with the cycle number. 
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Figure S1.A) and B) SEM images of the PEO_HPyr. C) EDX mapping of B) showing the signals of fluorine (yellow), carbon (green), oxygen (red) 

and sulfur (orange). 

 

 

 

 

 

 

 

 

Figure S2.Surface profile of the PEO_HPyr membrane, revealing a homogenous cross section. The thickness of the membrane is around 150 µm. 

 

Figure S3.Flammability test of the PEO based polymer electrolytes, incorporating nonflammable IL PyrH4TFSI. Only colour and size changes are 

visible, no flame originating from the membrane itself. 
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Figure S4.DSC heating and cooling scans of PEO_HPyr. b) VTF plot and linear fit of the logarithm of conductivity versus 1/(T-T0) for PEO_HPyr. 

 

Figure S5.VTF plot and linear fit of the logarithm of conductivity versus (T-T0)-1 for A) PyrH4TFSI and B) HPyr. 

 

Figure S6. ESW of A) pure PyrH4TFSI (40 °C, 0.1 mV s-1) and B) the liquid electrolyte HPyr (40 °C, 0.1 mV s-1), measured via linear sweep 

voltammetry with a platinum working electrode, silver reference electrode and an oversized carbon counter electrode. 
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Figure S7. Nyquist plot of the EDLC using PEO_HPyr as electrolyte. 

 

 

 

 

 

Figure S8. Voltage profile vs. specific capacity during CC cycling of a Li/PEO_HPyr/LFP cell at C/10 rate and RT. 

Table S1.In this work, we present the first example ever of protic ionic liquid based polymer electrolyte membrane operating stably at high specific 

capacity in LFP-based Li metal cell at ambient temperature and different current regimes. For the sake of comparison, the above reported Table 

lists the characteristics and some specific performance of the most similar (to our knowledge) systems to our crosslinked PEO_HPyr polymer 

electrolyte; clearly, these systems are based on aprotic ionic liquids. It demonstrates that our newly proposed polymer electrolyte is at the level of 

the best reported examples in the literature so far. Other examples of similar systems have been already reported in Table of Osada et al. Angew. 

Chem. Int. Ed. 55 (2016) 500-513, thus the Reader is referred to that article for further details. 

Composition 

(molar fraction) 

C/rate Temp. [°C] Specific discharge 

capacity [mAh g-1] 

No. of cycles LFP loading 

[mg cm-2] 

Ref. 

P(EO)10LiTFSI- 

(Pyr14TFSI)2 

C/20 40 161 100 ≈ 4 a) 

P(EO)20LiTFSI-

(Pyp1.101TFSI) 

C/20 25 120 35 ≈ 2 b) 

P(EO)20LiTFSI- 

(Pyr13TFSI)1.27 

C/10 25 ≈ 115 20 n.d. c) 

P(EO)10LiTFSI- 

Pyr14TFSI 

C/20 30 115 20e) ≈ 4 

d) 

C/20 30 170 40 ≈ 4 

P(EO)20LiTFSI 
C/20 

20 5 1 ≈ 4 

d) 

30 10 1 ≈ 4 

P(EO)16.7LiTFSI- 

(PyrH4TFSI)1.8
f) 

C/20 20 >150 stableg) 

30 ≈ 1 This work 

C/10 20 140 stable 

[a] M. Wetjen et al. / Journal of Power Sources 246 (2014) 846-857. [b] Y. An et al. / Materials Chemistry and Physics 128 (2011) 250-255. [c] A. 

Yongxin et al. / J Solid State Electrochem 16 (2012) 383-389. [d] G.B. Appetecchi et al. / Journal of Power Sources196 (2011) 6703-6709. [e] 

Decreases to 90 mAh g-1 in 10 cycles. [f] namely PEO_HPyr. [g] the LFP used in this work shows a practical specific capacity at C/20 rate in standard 

liquid electrolyte of 158 mAh g-1. 

 


