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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 ([Pyrua][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 PlL-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 ([Pyrua][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
([Pyr1a][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, LiFePQO4). While
LFP electrodes could successfully be cycled in all PlLs, 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. [Pyrus][TFSI] and 1-butylpyrrolidinium
bis(fluorosulfonyl)imide ([Pyrua][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 PlL-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 [Pyrua][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, TiS>-based electrodes could only be successfully cycled in the aprotic

electrolyte. The results make clear that more investigations are necessary to establish PILs in
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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
([Pyr1a][TFSI]) and PIL ([Pyrua][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 [Pyrua][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 [Pyrus][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
fur elektrochemische Energiespeichergeradte, welche zu einem wichtigen Bestandteil der
modernen Gesellschaft als auch der Infrastruktur geworden sind. Konventionelle Elektrolyte
fir Superkondensatoren oder Batterien basieren normalerweise auf einer Kombination aus
Leitsalz und brennbaren oder fliichtigen Losungsmitteln. Das Ersetzen dieser Losungsmittel
mit unbrennbaren und schwerfliichtigen ionischen Fliissigkeiten (ILs), geschmolzene Salze mit
einem Schmelzpunkt unter 100 °C, kann die Sicherheit der Speichergerdte erhohen. Diese
letztgenannte Eigenschaft ist nicht nur zwingend notwendig fiir mobile, sondern auch fir

stationare Anwendungen.

Es gibt viele verschiedene Typen von llIs, der Fokus der meisten Arbeiten in dieser Doktorarbeit
liegen jedoch auf protischen ionischen Fliissigkeiten (PILs), welche ein verfligbares Proton in
ihrer Struktur beinhalten. Sie haben den Vorteil einer einfacheren, dadurch oftmals
glnstigeren Synthese als auch die Moglichkeit eines weiteren Ladungstransportmechanismus
neben der konventionellen einfachen Bewegung von Ladungstrdgern. Beide Punkte betreffen
die meistgenannten Nachteile von ILs, namlich die Kosten als auch die schlechten

Transporteigenschaften, im speziellen eine hohe Viskositat und geringe ionische Leitfahigkeit.

Die Implementierung von PlLs in elektrochemischen Energiespeichergeraten ist noch nicht so
weit vorangeschritten verglichen mit ihren aprotischen Gegenstiicken. Dies liegt an der
Anwesenheit eines leichtreduzierbaren Protons in ihrer Struktur. Nichtsdestotrotz zeigen die
bisher vorliegenden Veroffentlichungen 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 ([Pyrua][TFSI)] mit geringen Mengen
Wasser gemischt, um die Transporteigenschaften drastisch zu verbessern als auch den
Schmelzpunkt unter Raumtemperatur zu verringern. Wahrend die Zugabe von Wasser zwar
zu einer niedrigeren Betriebsspannung fihrt, 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 unterstiitzt, welche Einblicke in die Interaktionen zwischen Wasser und PIL
Molekilen geben. Diese Arbeit weiterfihrend wird der Fokus in Publikation 3 auf die

Simulationen gelegt, mit detaillierteren Analysen bezliglich der Molekilinteraktionen.

Publikation 4 betrifft ebenfalls die Implementierung von PILs in EDLCs, in diesem Fall ein
natriumionenbasiertes System. Elektrolyte fiir natriumbasierte Systeme sind oftmals
glykoletherbasiert (glyme), was die Moglichkeit eroffnet Elektrodenmaterialien wie Graphit zu
nutzen. Anders als Lithiumionen werden Natriumionen in diesen Interkalationsmaterialien
durch ,co-Interkalationen” zusammen mit Losungsmittelmolekiilen eingelagert. Deswegen
wurde die in dieser Arbeit untersuchte PIL [Pyrus][TFSI] mit Bis(2-methoxyethyl)ether
(diglyme) gemischt. Zusatzlich wurde ein Vergleich mit einer aprotischen ionischen Flissigkeit
(AIL) durchgefihrt. Hierflr wurde 1-Butyl-1-Methylpyrrolidinium
Bis(trifluormethansulfonyl)imid ([Pyr14][TFSI]) verwendet. Das optimale Verhaltnis zwischen
glyme und IL wurde durch Untersuchungen der chemisch-physikalischen Eigenschaften der
Elektrolyte als auch der Leistungsfahigkeit 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 beschaftigen. Genauer gesagt behandelt Publikation 5 die
Synthese von imidazoliumbasierten PlLs und deren Anwendung in Lithium-lonen-
Akkumulatoren. Vier verschiedene PILs wurden synthetisiert, vollstandig charakterisiert und
mit Lithium-Eisenphosphat (LFP, LiFePOa) Elektroden kombiniert. Wahrend 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. [Pyrua][TFSI] und
Butylpyrrolidinium Bis(fluormethansulfonyl)imid ([Pyrna][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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moglich ist, welche normalerweise anfallig fir 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 [Pyrua][TFSI] und [Pyr14][TFSI], und deren Anwendung in einem EDLC- als
auch Batteriesetup untersucht. Wahrend Elektroden basierend auf aktiviertem Kohlenstoff in
beiden Elektrolytsystemen zyklisiert werden konnten, war dies mit TiS, basierten Elektroden
nur im aprotischen Elektrolyt moglich. Die Ergebnisse verdeutlichen, dass weitere
Untersuchungen notig sind, um PILs in calciumbasierten Systemen zu etablieren, zum Beispiel
durch das Einsetzen von Additiven, um ein reversibles Einlagern von Calciumionen in

Batteriematerialien zu ermdglichen.

Im letzten Teil der Doktorarbeit geht es um das Einschliefen von PILs in geeigneten
Tragerstrukturen. Dadurch kann die Sicherheit eines Elektrolyten in Bezug auf Auslaufen
erhoht, aber ebenso flexible Energiespeichersysteme ermdoglicht werden. Publikation 8 legt
dabei den Fokus auf die Anderungen der chemisch-physikalischen Eigenschaften einer AL
([Pyr1a][TFSI]) und einer PIL ([Pyrua][TFSI]) die durch das EinschlieBen in einem
siliziumbasierten Material verursacht werden, wodurch ,lonogels” resultieren. Weiterhin
wurde der Einfluss der Zugabe eines Lithiumsalzes untersucht. Abhdngig von der Art der IL
fallen die Einflisse und dadurch verursachte Verdnderungen unterschiedlich aus. Dies ist

hauptsachlich auf die Anwesenheit/Abwesenheit des protischen Netzwerkes zurlckzufiihren.

SchlieBlich wurde ein Polymer basierend auf Polyethylenoxid, welches mit der PIL [Pyrua] [TFSI]
kombiniert wurde, in Publikation 9 untersucht. Zundchst wurde dessen Leitfahigkeit und
Entflammbarkeit untersucht, wobei ein hohes Leitvermdgen als auch eine niedrige
Brennbarkeit festgestellt worden sind. AnschlieRend wurde es in einem EDLC- als auch
Batteriesystem eingesetzt. Obwohl Ersteres fahig ist elektrische Kapazitaten vergleichbar mit
einem EDLC-System in Kombination mit reinem [Pyrusa][TFSI] zu erreichen, muss dessen
Leistungsfahigkeit jedoch weiter verbessert werden. Das Batteriesystem wiederum zeigte

nicht nur gute Energiedichten, sondern auch eine hohe Leistungsfahigkeit.

XVI
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Introduction

1. Introduction

1.1. lonic Liquids

lonic 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 21 century, the principle of
ILs, or rather molten salts, was known for much longer. In the early 19% 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][NOs]) 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 20t™ century. This slowly changed with investigations about different alkyl
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pyridinium halide — AIClz 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
AICl; 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]
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Figure 1 Phase diagram of a AICls 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 AlCls 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 Bonhote 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, CO, capture and

as electrolytes in chemical energy storage devices.[21-27]
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Figure 2 Development of IL related publications over the years. Created with Web of Science'™ 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 (AlLs), 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

3
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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]
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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 AlLs 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 AlLs 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 Alls.[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 AllLs when

appropriate.

1.2. Properties of Protic lonic Liquids

The chemical-physical properties of PlLs differ from their aprotic counterparts mostly because
of the presence of a proton acceptor-donor system. While AlLs are only governed by
Coulombic and some cohesion or dispersion forces, anions and cations in PlLs 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.
(n * A)® = 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 (A) and viscosity (1) 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 PlLs, which has been investigated over

the years and will be explained in a later section.[42, 43]
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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 PlLs.[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 ApK, value of the PIL. The proton transfer can be illustrated by
the Formation Degree (FD):

[A7]+ [HB*] + [A"HB™] (2)

FD = [A-]+ [HB*] + [A—HB*] + [HA] + [B]

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 AlLs 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 ApK; value of the PIL influence the FD and thus the composition of
a PIL. In the case of a low ApK,, 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 ApKa 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 ApK, can have neutral species
evaporating. When increasing the ApK; 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 AlLs lay between
450 to 700 °C, PILs generally display much lower b.p.s between 100 and 300 °C.[33, 52]
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Figure 5 Influence of the ApKa 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 ApK, 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

Te.[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 AlLs 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 ApK,, hinting at additional or
more important factors than just the state of the hydrogen network.[40, 59] Both, for AlLs 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 PlLs 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 AlLs behave in a similar way. The bulkier and less symmetric the ions,
the lower the density.[65, 66] However, for PlLs 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 AlLs, 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 PlLs, 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 PlLs.[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 ApKj, in the case of PlLs, 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 AlLs 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 PlLs, high ApK, 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]

10
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Figure 6 Optimization of the mobility of the acidic proton in a PIL by adjusting the ApKa 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
KClI 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 PlLs, 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 AlLs due to the absence of the proton donor-acceptor system. The most
important factor for this type of diffusion is the ApK; 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 ApK, 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 AlLs 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 PlLs, when the cation bears the
proton. In these cases, this available proton is easily reduced at potentials around 2 V vs. Li*/Li,
forming H, amongst others, while the anions show similar stabilities as in AlLs.[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 ([PFs]’), tetrafluoroborate
([BFa]") 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 lonic Liquids

As mentioned in chapter 1.1, Paul Walden was working with [EtNH3][NOs] 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 PlLs 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 PlLs 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

12
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concentration of impurities is negligible and difficult to detect by mass spectrometry and NMR

spectroscopy.[96]
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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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1.4. Common Protic lonic Liquids

To give a better impression about the characteristics of PlLs, in this subchapter, the common
employed anions and cations will be considered, with special focus on their properties related

to electrochemical applications.
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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 AlLs. For PlLs 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 PlLs are heterocycles, e.g.,
imidazolium ([Imu]*). While the alkylation degree affects the resulting PlLs 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
([Pyru]*).[100] However, without the aromatic character, pyrrolidinium cations achieve lower
m.p.s, which is the same case when comparing pyridinium ([Pyx]*) and piperidinium-based
PILs ([Pipn]*).[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 ([NOs]), formate ([HCOOQO]), 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 ([BFa]’) 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 lonic 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 AlLs, 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]

PIL content | wt.%
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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, PlIL-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 PlLs, 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 (E;) is proportional to the amount of

stored charge (Q) and the voltage between the electrodes (U;).
E; =U; x Q; (3)

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

it can store at any given voltage.

Q (4)

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

changing due to the increasing voltage.
Q Q 2
q 1 0° 1 (5)
W=| U dqg = —*xdg==x—==x%C xU?
fo (@) xdq j;) c *dq > * c > * C *

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:
AViotar = AV + AV, (6)
With Equation 3 follows:

Qg 1 1 (7)
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And finally:

1 1.1 (8)
Ctotal Cl CZ

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.
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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 103V, 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 and the latter only around 0.1 Wh kg*.[118] This
difference results from many order of magnitudes higher capacitances. While the capacitance
of ordinary capacitors usually ranges from 1012 to 10° F, EDLCs can reach capacitances of
103 F.[119, 120] This difference can easily be explained by Equation 9.

_€xexA (9)
€= d

19



Introduction

As it can be seen, higher permittivity (€, * €, ) of the dielectric or electrolyte result in higher
capacitances. However, the permittivity of materials used in capacitors as dielectric, e.g.,
BaTiOs 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 (4) as
well as much smaller distances (d) of the double layer. In conventional capacitors the
electrodes’ surface is limited by the dielectric, ranging around 10 m? g%, since the electrodes
are directly plated onto it.[123] The surface area of carbon-based electrodes, on the other
hand, ranges around 103 m? g'1.[124] Additionally, the distance of electrodes in a capacitor is

in the order of magnitude 10 to 10> m, while in an EDLC it is 10° 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 °Cin an inert atmosphere to remove volatile, non-
carbon species (N2, Oz, 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,
CO,, 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, ZnCl,
or H3PQO4, 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 K;COs3 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 m? g'! 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 m-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 aslurry. [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 [PFs]” 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 agueous electrolytes, meaning a mixture of water and a conducting salt,
e.g., Na;S04 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 H30* 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 H,O/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 ([EtsN][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 RuO;:
Ru0,(0H), + zH" + ze~ = RuO,_, (OH),,, (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 RT Ox
vs E=EO+(—)1n([ L
Ox + ze~ = Red zF [Red]
. oy . . RT @
Underpotential deposition (Electrosorption) E=E,+ (_) In ( )
M** +S+ze =SxM zF 1-0
(S=surface lattice sites) (@=2-dimensional site occupancy fraction)
i RT X
In.tercalatlon System E=E,+ (_) I )
Litinto MA, zF 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 MnO; or RuO,, 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]

Capacitance [F]
Capacitance [F]
Capacitance [F]

)

Voltage [V] Voltage [V] Voltage [V]

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 MnO; has a low conductivity, thus dependent on
conductive additives, RuO; 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 AlLs. Thus, aqueous electrolytes or PlLs,
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-lon 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: LiCo = Ce + Lit + e~ (11)

Cathode: Li* + e~ + FePO, = LiFePO, (12)

Both reactions have their own Gibbs energy (AG), the maximum reversible work that may
performed, which can be expressed by Equation 13, with (z) as number of electrons

participating in the reaction, (F) as Faraday constant and (E) as electromotive force (emf).
AG = —zFE|, (13)

AG® RT  a; (14)
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Together with the Gibbs energy at standard conditions (AG®) and the Nernst equation

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

RT a; (15)
Eo = Ego — ﬁln (a_l)
124

Here, (Eyo) 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 (ay).
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:

U = AEy = Eo positive — EO,Negative (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.
W=U=xQ (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 LiCoO: cathode.

For lithium-ion batteries (LIBs), the state-of-the-art anode material is graphite, offering high
specific capacity (372 mAh g?) 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 vyield higher capacities but come with a rather slopy
charge/discharge profile, undesirable for most applications, down to almost 0V 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.,
LiNixMnyCo,02 (NMC) or the structurally similar LiCoO, are employed. The former comes for a
lower price and can nowadays even exceed the theoretical capacity of LiCoO, (274 mAh g1),
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*) and

working potential only around 3.4 V vs. Li*/Li is LiFePOa4 (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 (SEl) 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 SEl 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. LiPFs or NaPFe.[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, AlLs 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. PlLs in Chemical Energy Storage Devices

In 1981, the first PILs rediscovered in modern research, [EtNH3][NOs], 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 ([Imu][TFSI]) in
a fuel cell.[153] They deliberately chose a PIL instead of the much more prominent AlLs 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 PlLs as electrolyte, which eventually also led to the introduction in the

former system.

1.7.1. PILs in Supercapacitors

In 2006, AlLs 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, a-picoline trifluoroacetic acid ([2-MePyw][TFA]), in a RuO3z-based pseudocapacitor. In this
system, AlLs like 1-ethyl-3-methylimidazolium tetrafluoroborate [(1-Et-3-Melm][BFa]) yield
much lower and no faradic currents, resulting in very low capacitances, since the redox
reaction of RuO; is dependent on protons (see Equation 10).[157] Even protons attached to
AlLs, e.g., by hydroxy groups, do not facilitate these pseudocapacitive redox reactions, as
shown by the combination of MnO; with 1-ethanol-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([1-EtOH-3-Melm][TFSl]), since the ability to form hydrogen
bonds in these AlLs 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
AlLs). 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 PlL-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 PlL-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 4V and 3V,
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respectively.[166, 167] Nevertheless, classical AC-based EDLCs only function with a much
smaller OPV compared to AlL-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. PlLs in Alkali Metal-lon Batteries

Several years after the introduction of PlLs into supercapacitors, this subclass of ILs was also
considered as electrolyte for LIBs (AlLs 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 Bockenfeld et al. They
successfully cycled LFP electrodes in this pyrrolidinium nitrate-([Pyrun][NOs3]) 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 ([EtsNn][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 SEl, which is why an additive, in this case vinyl ethylene carbonate
(VEC), needs to be employed.[173] Remarkably, the PlL-based electrolyte, utilizing 1-
butylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([Pyrusa][TFSI]) outperformed its aprotic

counterpart, 1-butyl-1-methylpyrroldinium bis(trifluoromethylsulfonyl)imide ([Pyri4][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 PlL-based electrolyte. This is caused by stronger interactions
between the protic [Pyrus]* cation and [TFSI]" anion compared to the aprotic [Pyria]*
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 AlL-
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 PlLs 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 PlLs with solvents.
Since the increased safety of PlL-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 [Pyrua][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 AI([TFSI])s, making it prone to capacity fading at prolonged
cycling. Interestingly, AI([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 PlL-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 PlL-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 Arnaiz 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 PlLs 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 PlLs 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 AlLs 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 AlLs, 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 AlLs, 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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The development of new and especially safer electrolytes is an important task in the development of modern
electrochemical energy storage devices. One promising approach to reach this goal is the deployment of ionic
liquids as electrolyte. In this review-perspective article we are considering protic ionic liquids (PILs) and we are
critically comparing their characteristics, syntheses as well as benefits and drawbacks to the more prominent
aprotic ionic liquids. Furthermore, we analyzed in detail the use of PILs as electrolytes in supercapacitor as well

as battery. In the last part of the manuscript an outlook regarding the challenges of improving and expanding the
use of PILs as electrolytes in energy storage devices, including established and prospective systems and materials,

is given.

1. Introduction

Electrochemical energy storage devices such as lithium-ion batteries
(LIBs) and supercapacitors {SCs) have become essential in our society
during the last decades. Nowadays these devices are used in a multi-
tude of different applications, and their massive introduction in electric
vehicles and stationary applications will further strengthen their im-
portance in our daily life [1-3]. The use of safe and high-performance
devices is required in several key applications, e.g., transportation [4].
One major task in developing these electrochemical storage devices, be-
sides the enhancement of the performance, is therefore the realization
of safe systems.

In the state-of-the art LIBs and, to a lesser extent SCs, a large haz-
ard potential is associated with the electrolyte of these devices, typically
consisting of a mixture containing one or more organic solvents (mainly
carbonates and nitriles), a conductive salt {in most of the cases including
a fluorinated anion) and a task specific additive, e.g., solid electrolyte
interphase (SEI) film-forming agents [5]. The implementation of these
electrolytes allows the realization of high performance devices but, at
the same time, increases the risk of incineration and bursting of the de-
vice in case of overheating or improper opening of the device [6,7]. Con-
sequently, in the past years large efforts have been dedicated towards
the development of alternative electrolytes.

Among the various classes of alternative electrolytes proposed so far,
ionic liquids (ILs) can be certainly considered as one of the most inter-
esting. By a general definition, ILs are molten salts displaying a melt-
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ing point {m.p.) below 100 °C. It has been estimated that 10° differ-
ent salts are belonging to this category of chemical compounds [8-10].
Clearly, this enormous number of possible ILs makes it extremely diffi-
cult to generalize the properties of this class of compounds. Neverthe-
less, it has been shown that there are many ILs displaying good transport
properties, high thermal stabilities, large electrochemical stabilities, low
flammability, and low volatility. Clearly, this potential set of properties
makes ILs very interesting as electrolyte candidates for LIBs and SCs,
especially because their use could allow a direct substitution of the con-
ventional solvents, which are typically flammable [11]. Consequently,
a large number of studies have been dedicated to the implementation of
1Ls in electrolytes for batteries and SCs over the last years [12-17].

Depending on their chemical structure, ILs can be divided into differ-
ent classes. Among them, two of the most important are aprotic {(AILs)
and protic (PILs) ionic liquids. ILs belonging to either of these two
classes can display the favorable properties mentioned above, while the
main difference between them resides on the presence of one {or more)
available proton on the cation {or anion) of the PILs. Most of the studies
dedicated to the use of ILs in energy storage devices have been carried
out utilizing AILs [18-20]. Nevertheless, the interest on the use of PILs in
energy storage devices steadily increased in the last years and this class
of ILs is now regarded with high interest by the scientific community
[21-23]. The aim of this review is to critically analyze the properties of
PIL-based electrolytes as well as the advantages and drawbacks related
to their use in energy storage devices, specifically alkali/alkaline earth
metal-ion batteries as well as supercapacitors.
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Fig. 1. Schematic synthesis paths for hydrophobic and hydrophilic aprotic and protic ionic liquids. In these examples a tertiary amine is employed as cation, whereas

the anion is symbolized by the A.

2. Protic vs. aprotic ionic liquids: synthesis and chemical
physical properties

As mentioned above (Chapter 1), and suggested by the name, PILs
display an available proton either on their cation or their anion. The
cation and anion act as proton-donor and -acceptor, respectively, adding
another source of ion-ion interaction within the ILs structure besides the
regular Coulombic and dispersion forces [24-27]. In general, this leads
to stronger binding forces between anions and cations compared to AlLSs.
These forces are influencing the transport and the thermal properties,
as well as electrochemical stabilities, of PILs [28,29].

Although AILs have been the main class of ILs for most applications,
it is interesting to note that the first documented use of an IL has been
with a protic one. Of course, the classification of an IL has not even been
established in 1914 when Paul Walden was working with [NH,1[NO3],
investigating the properties of molten salts at room temperature [30].
Anyway, this example highlights the feasible accessibility of PILs, which
will be discussed in the following.

The synthesis of ILs is, in most of the cases, based on an ion-exchange
process (Fig. 1). AlLs, on the one hand, are typically synthesized through
a multistep process (normally two steps) involving alkylation, anion ex-
change as well as time-intensive purification of not only educts and
product but also intermediates [31,32].. PILs, on the other hand, due
to the principle of proton donor and acceptor, can be synthesized in a
single step reaction, by simply neutralizing an acid with a base [33].
For this reason, the synthesis of PIL is often considered easier compared
to that of AlLs and, thus, more suitable for the establishment of mass
production. Furthermore, it has been reported that the synthesis of PILs
can be cheaper compared to that of AILs [34-37]. This latter point, how-
ever, needs careful consideration. The biggest difference in term of cost
between PILs and AlLs is observed for the synthesis of hydrophilic ILs. In
the case of PILs, water is the only byproduct that must be removed dur-
ing the synthesis, whilst for AlLs it is necessary to remove also soluble
byproducts. The removal of these byproducts requires the use of expen-
sive silver salts, which are increasing the overall cost of the synthesis
[38,39] .Nevertheless, it must be remarked that the final cost of all ILs
(PILs and AILs) is mostly dependent on the cost of precursors. When
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cheap precursors are used, the possibility to synthesize PILs in one step
will ultimately make their cost lower than that of AlLs. This is also true
when expensive precursors, e.g., HTFSI as acid or 1-butylpyrrolidine,
are used. In this case, however, the final cost of the PIL will be high
anyway.

In view of their use as electrolytes in electrochemical energy storage
devices, the optimization of the transport and thermal properties, as well
as of the electrochemical stability of ILs is of crucial importance.

It has been shown that the conductivity of AlLs and PILs based on
similar anion-cation combinations is rather comparable [40,41]. Never-
theless, it is important to remark that the conduction mechanism taking
place in these two classes of ILs can be different. In AlLs the ion trans-
port is only performed via a vehicular mechanism, and the mobility of
the ions is influenced and limited by ion-ion interactions or viscosity
[42]. In PILs, due to the presence of the proton, a second mechanism
might occur. It is assumed, that through the proton-acceptor and -donor
system the protons have the ability to hop through the electrolyte, in a
process similar to the Grotthuss effect observed in water [43,44]. The in-
tensity of this latter effect is enhanced by the presence of high amounts
of water within the PIL. Furthermore, this effect is influenced by the
temperature, and at the glass transition temperature of a PIL it might
even dominate the overall conduction process taking place in the IL. In
the best scenario, this means that the conduction can be partially decou-
pled from the viscosity [45]. Recently, Watanabe at al. have illustrated
that the pK, value of the employed acid in a PIL has a significant ef-
fect on the predominant conduction mechanism of the ions (Fig. 2). It
needs to be adjusted so that the lifetime of the species [H-B]* becomes
short enough while having a relatively low binding strength between
H-A compared to the rotational and translational of the acid. In other
words, a too weak or too strong acid will only lead to vehicular conduc-
tion mechanisms due to too strong bonding strengths between proton
carriers [46,47].

As suggested by Angell, a convenient and elegant way to observe
these differences is the Walden plot (see Fig. 3.), in which the conductiv-
ity is plotted against the viscosity, using a 1 M KCl solution as reference.
[24] ILs that lie beneath the reference line are expected to be not fully
dissociated, thus having a low ionicity. Depending on the position re-
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Fig. 3. Classical Walden Plot for a “good” ionic liquid (blue line). The conduc-
tivity is plotted against the fluidity and a 1 M KCI aqueous solution is used as
reference point. The ionicity of an IL is evaluated by the shift of the IL from the
reference (ideal) line, AW. Figure taken with permission from [49].

garding the reference line, they are considered as good, poor or subionic
ILs. ILs that lie above the line might also be not fully dissociated, but
they might display an additional mechanism of ion transportation. In
case of PILs, this can be in the form of a proton network, resembling the
already mentioned Grotthuss mechanism. In the past years the Walden
plot has been widely used to describe the properties of ILs but, recently,
this method has been critically reviewed by several groups. [48] Har-
ris et al. discussed the problems related to simple molten salts at high
temperatures, showing that the Walden plot misleadingly predicts these
salts as super-ionic, even if they are associated salts. As an alternative,
it is suggested to calculate Laity resistance coefficients to examine ion
association within ILs [49]. Very recently, Mariani et al. discussed the
principle of ionicity itself and the way it is derived. They argued that
for PILs, instead of using only ion pairing or charge transfer between
ions, one must keep in mind possible proton back transfer or even an
incomplete reaction overall when calculating ionicity values. Since the
precursors usually have a lower viscosity compared to the resulting IL,
this would wrongly lead to a higher ionicity for a given IL. To solve this
problematic, they suggest using a “reduced ionicity”, simply involving
all species within a system, neutral as well as charged. This will lead to
lower ionicities, thus the terminology “reduced” ionicity [50].

Several studies showed that one of the main drawbacks associated to
the use of ILs as electrolytes in energy storage devices is their relatively
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Fig. 4. Comparison of the electrochemical stability of an AIL (blue) vs. PIL (red),
measured against a Pt working electrode, both containing 0.5 M LiTFSI. The PIL
shows a typical cathodic limitation of around —1 V vs. Ag, due to the reduction
of the acidic proton. Figure taken with permission from [70].

high viscosity [51]. It has been reported that AILs and PILs based on sim-
ilar anion-cation combinations display comparable viscosities, and that
for both of them the most straightforward approach to lower the viscos-
ity is to lower the strength of the interactions occurring between anion
and cation. Unfortunately, to this date it is not possible to exactly predict
the impact of specific ion combinations on the properties of ILs (of any
type). Thus, a very large number of ILs, both aprotic and protic, have
been synthesized and characterized with the aim to understand the influ-
ence of several parameters, e.g., cation ring sizes, alkyl chain lengths, an-
ion size and degree of fluorination, on their properties. Amongst others,
the work of Susan et al. supplies useful information about a large number
of different PILs, allowing to state some general trends, which indicates
the following: [52,53] (1) It has been shown that the use of strong bases
as well as strong acids (e.g. bis(trifluoromethane)sulfonimide (HTFSI),
HBF,) is leading to the realization of PILs with a high ionicity; [54] (2)
In the case of PILs the anion seems to impact the viscosity more than the
cation, which is not the case for AlLs; [33,55,56] (3) Complex as well
as highly fluorinated anions can reduce the Van-der-Waals forces, while
long alkyl chains on the anion will increase the viscosity; [51,56] (4)
Weak hydrogen bonds in the PIL will overall lead to an improved ion
mobility [29]. This latter point has been found to be the most impor-
tant parameter for PILs in general. Reducing it, e.g. by worse stacking
cations or charge delocalization on the anion, will ultimately reduce the
ion-ion interactions [57].

In order to be effectively used as liquid electrolytes in energy storage
devices the liquidous range of ILs should be as broad as possible. Several
studies showed that the thermal stability of PILs and AlLs is rather com-
parable and significantly higher than that of organic solvents. Thus, ILs
appear well suited for high temperature applications. In order to be used
at low temperatures, also a low melting point (m.p.) is necessary. The
m.p. is influenced by several factors, e.g. packing efficiency of the cation
or strength of the employed acid, and it has been reported that many
AlLs can display m.p.s below 0 °C, e.g., 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([Pyr,41[TFSI]) [21,54]. Overall, the
m.p. of PILs appears higher than that of AlLs. Considering the m.p., it is
important to remark that the amount of residual water present inside a
PIL after synthesis is strongly affecting the m.p. of these ILs, especially in
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Fig. 5.

the case of hydrophilic PILs [58,59]. Relatively small amounts of water,
e.g., 100 ppm, can lower the m.p. drastically while being not recogniz-
able in electrochemical measurements [21,58,60,61]. Since the amount
of water left in a PIL is often not stated in the literature, it is impor-
tant to carefully consider this point and to correctly identify the m.p.
of “dry” PILs in order to have a precise and reliable indication about
the liquidous range of PILs and, thus, about their applicability in energy
storage devices.

A broad electrochemical stability is mandatory for the realization of
high energy LIBs and SCs. AlLs can display very large electrochemical
stabilities, e.g., larger than 5 V, and they have been largely utilized for
the realization of high voltage LIBs and SCs [62-65]. The acidic pro-
ton of PIL is easily reducible (as the protons in water), and it is only
stable to ca. 2 V vs. Li/Li* limiting the cathodic stability of PILs and,
consequently, reducing their overall electrochemical stability [66-68].
In order to increase the electrochemical stability of PILs as much as pos-
sible, fluorinated anions with a highly delocalized charge, thus with a
high oxidative resistance, need to be employed [69]. With these anions,
it is possible to synthesize PILs with electrochemical stabilities in the
order of 3.5-4 V.

Fig. 5 shows the structures of most often used cations and anions
in PILs presently applied in energy storage devices, while Table 1 is
reporting a comparison of some properties of these PILs.

Among the cations, imidazolium ([Imy]*), pyrrolidinium ([Pyry1*)
and ammonium ([Ny]*) have been the most utilized. Typically,
imidazolium-based PILs display higher conductivity but lower electro-
chemical stability compared to pyrrolidinium-based ones. [71,72] The
melting point of pyrrolidinium-based ILs are often lower compared
to imidazolium- and ammonium-based ILs. For the latter, the alkyla-
tion degree is especially crucial, with primary and secondary ammo-
nium showing lower melting points compared to non-alkylated and
tertiary compounds. The highest electrochemical stability for ammo-
nium compounds is achieved with tertiary ones, since they lack more
easily reducible hydrogens, besides one available proton. Pyridinium-
based ILs show even higher melting points compared to the mentioned
cations. [21,73] Among the anions, bis(trifluoromethanesulfonyl)imide
([TFSI]~) and bis(fluorosulfonyl)imide ([FSI]~) are two of the most uti-
lized. Their use allows the realization of PILs with good conductivity and
large electrochemical stability, what is typical for fluorinated anions.
While tetrafluoroborate ([BF,]°) is also fluorinated, ILs containing this
anion often show a rather high melting point. [21] Nevertheless, once
liquid, their conductivity is reasonable high, even in the proximity of
the melting point. Another advantage of fluorinated anions is their high
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Structures of the most commonly used cations (top) and anions (below) for the realization of PILs suitable for energy storage devices.

thermal stability. In contrast, carboxylates and trifluoroacetate based
ILs are decomposing at lower temperatures, forming CO, [21,74].

3. Application of PILs in energy storage devices

As mentioned above in the previous sections, PILs are known since
decades. However, their use in energy storage devices has been investi-
gated relatively late compared to AlLs. The reason for this delay is most
likely related to the presence of the proton in the PIL structure, which
was seen as an obstacle for their use in these systems. On the other hand,
because of their ability to act as proton-donor and -acceptor, their negli-
gible volatility and their electrochemical stability, PILs have been rather
soon considered as interesting candidate for the realization of proton
exchange membrane fuel cells (PEMFCs). In 2003, Susan et al. were
the first to introduce a PIL, based on HTFS], as electrolyte in a PEMFC.
Since then several studies investigated the use of PILs in these systems.
[52,88] As reported in a recent review of Elwan et al., PILs can nowa-
days be considered as an established alternative electrolyte for PEMFCs
[89].

In the last years, an increasing number of studies showed that PILs
can also be successfully utilized in energy storage devices and the subse-
quent part of this review will analyze these results in detail. Following
the chronological development of these studies, the use of PILs in SCs
will considered at first. Afterwards, the use of PILs in batteries will be
addressed.

3.1. PILs in supercapacitors

Supercapacitor is a term utilized to indicate a large number of high-
power devices and, depending on the active material utilized for their
realization, they can be divided in two main groups: electrochemical
double layer capacitors (EDLCs) and pseudocapacitors [90]. In EDLCs
the charge is stored through a physical process, the double layer forma-
tion, taking place at the interface between electrodes and electrolyte. In
pseudocapacitors the charge is chemically stored through fast electro-
chemical reactions taking place on the surface of the electrodes [91].
Activated carbon (AC) is the most employed active material in EDLCs,
while metal oxides, e.g. ruthenium and manganese oxides, are the most
utilized active materials in pseudocapacitors [92]. The reactions occur-
ring in these latter materials are based on a proton-electron transfer at
the electrode-electrolyte interface, and are occurring in a protic environ-
ment (typically aqueous electrolytes) [93]. With the aim to take advan-
tage of the proton mobility of PILs and of their broader electrochemical
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Table 1
Comparison of the chemical physical properties of PILs utilized in energy storage applications.
Acronym Melting Point ['C]  Electrochemical Stability [V] ~ Conductivity [mSem ]  Viscosity [mPas]  Density [gem®]  Source
[Et;Ny][NO, | ~15 33 ~20 (25 °C) 23.1 1.23 (25 °C) [75,76]
[Et, Ny J[MsO] 24 247 1.91 (25 °C) 100 (25 °C) 1.14 (25 °C) 177]
[Et; Ny |[TESI] -1 3.8 575 29 - [78]
[iProp,MeN|[HCOO] ~ —100 (T,)! 27 8.23 (25 °C) 25 (25 °C) - [79]
[iProp, EtN|[HCOO] -103 (T,)! 27 5(25°0 18 (25 °C) - [79]
[EDAy][AcO] =71 (T,)! 245 0.6 (25 °C) 958 (25 °C) 1.10 (25 °C) [77]
[Py, I TESI] 30 36 3.6 3 14 [80]
[Py lIFSI] 20 33 74 39 1.32 [81]
[Py [ TFSI] 37 34 3.7 (40 °C) 62i 1.62 [82]
[Pyryy J[HSO4] -30 3 6.8 (25 °C) 174 1.34 (25 °C) [83]
[2-OxoPyryy; ][ BF,] 24 3 21 151.7 1.32 [84]
[dPyry |[TFSI] -58 12 0.9 159 1.45 [82]
[1-Melmy [ TFSI] ~30 2.75 31 67 (35) 1.63 [85]
[1-Melmy][FSI] ~20 2.75 95 34 1.58 [85]
[1-Etimy ][ TFSI] 9 3 4.2 46 16 [82]
[1,2-Me, Imy |[TESI] ~50 275 11.0 (50 °C) 283 (50 °C) 1.56 (50 °C) [85]
[1,2-Me, Imy |[FSI] ~30 255 6.1 386 1.51 [85]
[Pipyy [ TFSI] 41 34 1.2 176 1.59 [79.82]
[Pipy; |[BF4] 25 3.2 8.2 139.8 1.27 [84]
[2-MePyy|[TFA] -87 (T, )! 24 34 (27 °Q) 25.1 (27 °Q) 1.32 (27 °Q) [86,87]
[2-EtPyy|[TFA] -90 (T, )! 23 3.1 (27 °C) 203 (27 °Q) 1.25 (27 °C) [84,86]
[2-PentPy, | TFA] -83 (T, ) 24 1.1 (27 °C) 339 (27 °C) 1.17 (27 °C) [86]
[2-MethoxyPyy J[TFA]  Below RT 2.2 1.79 (20 °C) 314 (20 °C) - [87]
[3-EtPyy|[TFA] Below RT 25 3.9 (27 °C) 22.6 (27 °C) 1.25 (27 °C) [86]
[Mory; |[BF4] 29 32 31 287.3 135 [84,86]
[Mory, |[BF, ] 21 3.2 3.2 2162 1.29 [84]

1 - No melting or crystallization temperature detectable. Direct change from liquid to glassy state.[Et;Ny][(NO,] (triethy-

lamine nitrate), [Et;Ny][MsO] (triethylamine mesylate), [Et,Ny][TFSI] (triethylammonium bis(trifluoromethanesulfonyl)imide),
[iProp,MeN ][HCOO] (diisopropylmethylammonium formate), [iProp,EtNy][HCOO] (diisopropylethylammonium formate), [EDAy][AcO]
(Ethylenediamine acetate), [Pyry,]J[TFSI] (1-butylpyrrolidinium bis(trifluoromethanesulfonyl)imide), [Pyry,1[FSI] (1-butylpyrrolidinium
bis(fluorosulfonyl)imide),  [Pyryy][TFSI] (pyrrolidinium  bis(trifluoromethanesulfonyl)imide),  [Pyryy](HSO,] (pyrrolidinium hydro-
gen sulfate), [2-OxoPyry,][BF,] (1-methyl-2-oxopyrrolidinium tetrafluoroborate), [dPyry][TFSI] (1,1’-carbonyl-pyrrolidin-pyrrolidinium
bis(trifluoromethanesulfonyl)imide), [1-Melmy][TFSI] (1-methylimidazoli bis(trifluorometh Ifonyl)imide), [1-MeImy][FSI] (1-methylim-
idazolium  bis(fluorosulfonyl)imide),  [1-EtImy][TFSI]  (1-ethylimidazolium  bis(trifluoromethanesulfonyl)imide),  [1,2-Me,Imy][TFSI]
(1,2-dimethylimidazolium  bis(trifluorometh Ifonyl)imide), [1,2-Me,Imy][FSI]  (1,2-dimethylimidazolium  bis(fluorosulfonyl)imide),
[Pipyy1[TFSI] (piperidinium Dbis(trifluoromethanesulfonyl)imide), [Pipgy;][BF,] (1-methylpiperidinium tetrafluoroborate), [2-MePyy][TFA]
(2-methylpyridinium trifluoroacetic acid), [2-EtPyy][TFA] (2-ethylpyridinium trifluoroacetic acid), [2-PentPyy][TFA] (2-pentylpyridinium tri-
fluoroacetic acid), [2-MethoxyPyy][TFA] (2-methoxypyridinium trifluoroacetic acid), [3-EtPyy][TFA] (3-ethylpyridinium trifluoroacetic acid),
[Mory, 1[BF,] (4-methylmorpholin-4-ium tetrafluoroborate), [Mory,]1[BF,] (4-ethylmorpholin-4-ium tetrafluoroborate).
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Fig. 6. Pseudocapacitve behavior of RuO, (left) and MnO, (right) electrodes in PILs. Figures taken with permission from [94] (left) and [95] (right).

stability with respect to water, Rochefort et al. were the first to utilize a Ru0,, also this metal oxide cannot be conveniently cycled in combina-

PIL, 2-methylpyridinium trifluoroacetic acid ([2-MePy][TFA]), in com- tion with AlLs, even if protonated. In a recent study, Lindberg et al. have
bination with RuO, based electrodes (Fig. 6) [94]. In their pioneering shown that due to the different capability of PILs and AILs to form hy-
work they showed that in this PIL, RuO, is displaying capacitances com- drogen bonds, only the acidic proton of PILs is able to induce reversible
parable to that observed in aqueous electrolytes, while AlLs cannot be redox reactions in combination with MnO,, while protons attached to

used. The group of Rochefort was also the first to show that PILs can AlLs, e.g., in hydroxy groups do not display this ability [95]. In the last
be successfully used in combination with MnO,, [87]. As in the case of years several pseudocapacitive materials have been investigated and it
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Table 2
Comparison of the properties of PIL-based supercapacitors.

Energy Storage Materials 40 (2021) 402-414

Operative Voltage

Temperature of

Active Material Electrolyte v] Specific Capacitance Use [ °C] Source

RuO, |2-MetPy,|[TFA] 25 83 F gl RT 194]
Half Cell

RuO, [1-Melmy |[HSO, ] 15 44F gl RT [116]
Full Cell

RuO, PEO-[1-Melmy |[HSO, |-{Imyy | HSO, ] 15 39 F gl RT [116]
Full Cell

RuO, [Et,MeNy][ TEO] 1 125 F gl 25 [120]
Half Cell

MnO, [2-MethoxyPyr,, [ TFA] 06 434Fg-1 RT 187]
Half Cell

TiN [2-MePyry J[TFA] (1:2) 2 300Fg-! RT 196]
Half Cell

VN |2-MePyry |[TFA] (1:2) 17 291Fg-! RT 196]
Half Cell

PANI [Pyt JHSO,:H,0 (41:59) 08 380Fg - ! RT 137]
Half Cell

Carbon Nanofiber [1-Etimy [ TFSI] 3 77Fgl RT [111]
Full Cell

AC/POM 1 M [1-Bu-3-Melm|[HSO4], 11 233Fg-1 RT [119]
Half Cell

AC [Bu, P, ][ BF,]:ACN 3 200Fg-1 20 [34]
Half Cell

AC [Pyt ][NOs] 12 126Fg-! RT 197]
Half Cell

AC [Pyt |[HOOC] 12 130Fg-! RT 197]
Full Cell

AC [Et, Ny JITESIJ:PC (1:1) 25 120Fg-1 RT 136]
Full Cell

AC [Et, Nyg ][ TESI] 25 115Fg-1 RT 126]
Full Cell

AC [Me; Ny ][ TFSI]:(ACN/y-BL{PC) 25 120-125 F g! 25 [121]
Full Cell

AC [Et, Ny, |[TESI] 24 14Fg-1 20 135]
Full Cell”

AC [ Me, Ny || TESIJ:PC (1:1) 2.25 18Fg-! 20 135]
Full Cell*

AC [Et, N J[TESI] (0.3 M HQ) 25 72Fg-1 RT 199]
Full Cell

AC [Py ][TFSIJ:[Pys ][N, | (0.28:0.72) 2 172Fg-1 25 [100]
Full Cell

AC [Pyrssg[TFSI] (0.5 M NaTFSI) 22 225Fg-! 10 [102]
Full Cell”

AC [Pyry, JITFSI):2 G (8:2) (0.5 M NaTFSI) 25 30Fg-! 10 (102
Full Cell®

AC [Py [TES] 22 25Fg-! 10 180]
Full Cell*

AC [Pyryg I[TFSI] (1 we H,0) 2 30Fg-1 10 180]
Full Cell*

SINW (Micro) |Ets Ny J[TFST] 1 1.9 mF cm? RT 1110}
Full Cell

2 — Calculated for the full device[2-MefPyy][TFA] (2-methylpyridinium trifluoroacetic acid), [1-Melmy][HSO,] (1-methylimidazolium
hydrogen sulfate), PEO-[1-Melmy][HSO,]-[Imy][HSO,] (poly(ethylene oxide)—1-methylimidazolium hydrogen sulfate-imidazolium hydro-
gen sulfate), [Et,MeNy][TFO] (diethylmethylammonium triflate), [2-MethoxyPyry][TFA] (2-methoxypyrrolidinium trifluoroacetic acid), [2-
MePyry][TFA] (2-methylpyrrolidinium trifluoroacetic acid), [Pyry][HSO,] (pyrrolidinium hydrogen sulfate), [1-Etimy][TFSI] (1-ethylimidazolium
bis(trifluoromethylsulfonyl)imide, [1-Bu-3-MeIm][HSO4] (1-buthyl-3-methylimidazolium hydrogen sulfate), [Bu,Py][BF,] (tributyl phosphonium
tetrafluoroborate), ACN (acetonitrile), [Pyryy][(NO,] (pyrrolidinium nitrate), [Pyry,][HOOC] (pyrrolidinium formate), [Et;Ny][TFSI] (triethylam-
monium bis(trifluoromethylsulfonyl)imide), PC (propylene carbonate), [Me;Ny]1[TFSI] (trimethylammonium bis(triflucromethylsulfonyl)imide), y-BL
(gamma-butyrolactone), HQ (hydroquinone), [Pyy][TFSI] (pyridinium bis(trifluoromethylsulfonyl)imide), [Pyy][NO,] (pyridinium nitrate), NaTFSI

(sodium bis(trifluoromethylsulfonyl)imide), 2 G (diglyme).

has been shown that besides metal oxides, also nitride and conducting
polymers, e.g. PANI, can be successfully utilized in combination with
PIL based electrolytes [37,96].

After the investigation dedicated to pseudocapacitors, the use of PILs
in combination with AC has been considered. In 2010, Mysky et al.
were the first to investigate the use of ACs in combination with PIL-
based electrolytes, showing that these active materials can be cycled
in a PIL, even at temperatures below 0 °C. [97] Demarconnay et al.
investigated the behavior of AC displaying different porosities and sur-
face chemistries in combination with [Pyry;;] [NO;] and [Et; N ] [TFSI].

407

[36] They showed that in these electrolytes, the influence of the poros-
ity on the electrode capacitance is comparable to that observed in aque-
ous and organic electrolytes. Interestingly, they also observed that high
amounts of oxygenated surface groups on the AC allow the occurrence
of pseudocapacitive processes due to promoted proton hopping near the
carbon surface. This effect can be amplified by attaching redox active
functionalities on the carbon surface, which are further increasing the
electrode’s capacitance (Fig. 7) [98]. It should be mentioned here that
Sathyamoorthi et al. demonstrated that PILs can also interact with redox
active groups, e.g. hydroquinone, dispersed in the electrolyte [99].
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Fig. 7. Effect of redox active functionalities (AQ) attached to the electrodes surface (AXE) on the shape of CVs of a carbon based EDLC utilizing [Et;N][TFSI] as

electrolyte. Figure taken with permission from [98].
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Fig. 8. Stability of AC-based EDCLs containing PIL based eutectic mixtures over
prolonged floating at different operative voltages. Figure taken with permission
from [100].

To further increase the operating temperature of PIL based elec-
trolytes, Anouti et al. investigated the use of mixtures of phosphonium
based PILs and organic solvents, in this case acetonitrile, as electrolyte
for EDLCs [34]. They showed that EDLCs containing these electrolytes
display good performances and that they can operate even at -40 °C.
Brand et al. investigated the cycling stability of EDLCs employing a mix-
ture of a PIL and an organic solvent, illustrating that the use of these
electrolytes guarantees a high cycling stability over prolonged cycling
[35]. Timperman et al. investigated the use of eutectic mixtures of two
PILs as electrolyte for EDLCs, demonstrating that these electrolytes al-
low the realization of EDLCs able to operate down to —60 °C due to the
low melting point of such a mixture [100].

The results of these investigations indicate that PILs can be used in
EDLCs. However, due to their limited electrochemical stability (com-
pared to AILs), the operative voltage of PIL-based EDLCs (2-2.5 V) ap-
pears significantly lower compared to that of EDLCs based on AlLs (3-
3.5 V). The lower operative voltage is limiting the energy of PIL-based
EDLCs, making it 30-40% lower than that of AlL-based EDLCs. [35,101]
On the other hand, their use allows the possibility to develop protic
electrolytes with a larger electrochemical stability compared to conven-
tional aqueous electrolytes.
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1.0% water 2.0% water 3.8% water

Fig. 9. Snapshots from classical molecular dynamics simulations at 30 °C for
[Pyry4 ] [TFSI] with different amounts of water. Left: 1 wt.% water, middle:
2 wt.% water, and right: 3.8 wt.% water. Enhanced clustering of water molecules
upon increasing the concentration can be clearly observed. Water molecules are
shown in blue whereas the ions of the liquid are shown with red and yellow
lines. The top and bottom panels show opaque and translucent representations
of the same snapshot. Figure taken with permission from [80].

The use of mixtures of PILs with organic solvents improves the trans-
port properties of PIL-based electrolytes but is neither improving the
electrode capacitance nor the EDLC operating voltage [102]. In these
mixtures the PIL is acting as conducting salt, and the proton reactivity
is partially smoothed by the presence of the organic solvent. It is im-
portant to notice that this is not the case when PILs are interacting with
water. It is well known that the pH value of an electrolyte is significantly
influencing the capacitances of carbonaceous electrodes, as it affects the
mobility of protons and hydroxyl ions within the pores of the electrodes
[103,104]. Demarconnay et al. successfully improved the capacitance
of AC electrodes in a PIL by adding small amounts of a base to the elec-
trolyte, which was effectively increasing the amount of hydroxyl ions
within the water fraction [36]. This method is limited by the amount
of water solved within the PIL, and it should be noted that the mixture
can become saturated (the pH value remains constant). Nevertheless,
this interesting study is demonstrating that the interplay between PIL
and water (neat or containing a base or acid) can be utilized to modify
the properties of a PIL and the behavior of carbonaceous electrodes cy-
cled in such an electrolyte. In this context, mixtures of PILs and water
appear rather interesting because, although they have a limited electro-
chemical stability due to the redox reactivity of water, they are able to
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Fig. 11. Anodic dissolution of Al current collectors in mixture of PIL and PC.
Higher amounts of IL decrease the dissolution of Al into the electrolyte. Figure
taken with permission from [127].

maintain, or even improve, the ability of the PIL to act as proton-donor
and -acceptor [105]. A recent study has shown that the properties of hy-
drophobic PILs, e.g., melting point and transport properties, are strongly
influenced by the presence of already few weight percentages of water
[80]. Utilizing classical molecular dynamics simulations (at 30 °C) it was
observed that in hydrophilic PILs, water is distributed rather equally
within the IL and, depending on the structure, binds stronger to the an-
ion or cation. In presence of high fractions of water, the transport mech-
anisms of these PIL-water mixtures can even become governed by Grot-
thuss mechanisms, leading to increased proton hopping [106,107]. As a
consequence, EDLCs containing these electrolytes display significantly
higher power than EDLCs containing neat PILs and mixtures of PILs and
organic solvents [108]. It is also worth to notice that the use of PIL-water
mixtures increases the operating temperature of the EDLCs compared to
aqueous systems, while keeping the electrolyte non-flammable. EDLCs
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Figure taken with permission from [70].

containing mixtures of ILs and organic solvent are, on the other hand,
flammable [109].

The results discussed above show that the use of PIL-based elec-
trolytes in combination with pseudocapacitive materials or AC limit
the operating voltages of supercapacitors to a maximum of 2.4-2.5 V.
Aradilla et al. have shown, that by employing diamond-coated sili-
con nano wires (SiNWs) as electrode material in combination with
[Et;Ny 1[TESI], it is possible to operate a micro supercapacitor at 4 V
with a stable performance [110]. More recently, Oyedotun et al. could
cycle 1-EtImy TFSI in an oxygen-functionalized graphene based EDLCs
up to 3 V with a good capacitance retention over prolonged time of
cycling [111]. These results are indicating that the use of carbon with
different properties compared to AC might increase the operating volt-
age of PIL-based supercapacitors. It is important to notice, however,
that the mass loading of the electrodes utilized in the former study is
significantly lower than that needed for industrial applications. There-
fore, further investigations appear necessary to better understand the
real performance and application of high voltage PIL-based EDLCs.

Recently also the confinement of PILs in a polymeric matrix has been
considered, opening the field for PIL based solid electrolytes in EDLCs.
This strategy has already been widely investigated in the application of
AlLs in LIBs and SCs, while PIL-based solid electrolytes were only used
for fuel cells [112-115]. Ketabi et al. incorporated a eutectic mixture of
a PIL in an PEO based polymer and used this innovative electrolyte in
combination with RuO, and Ti electrodes [116]. They showed that, due
to the good proton conduction, this PIL-based electrolyte could even be
used at high current densities. In 2020, it was shown that EDLCs uti-
lizing AC based electrodes with a PEO-based solid electrolyte incorpo-
rating [Pyry,]1[TFSI] display capacitances comparable to that of EDLCs
containing neat (liquid) PILs at room temperature [117]. Although the
devices were not optimized, the results of this study demonstrate that
this approach is feasible and that its use could further improve the safety
of PIL-based EDLCs by eliminating the risk of electrolyte leakage.

It is important to notice that all the PIL considered above display an
acidic proton on the cation, being in an equilibrium state between ionic
and neutral form. With the aim to reduce the corrosive potential of PILs,
originating from the acid existing in the neutral state of a PIL, Treskow
et al. introduced anion amphoteric ionic liquids (AAILs) [118]. These
PILs bear their available proton on the anion, which is much less acidic
compared to the conventional acids used for PILs, while being equilib-
rium free. Presented initially as possible electrolyte for fuel cells, the first
use in an actual electrolyte for this specific type of PIL was as additive
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in an aqueous supercapacitor. Hu et al. could drastically increase the
cycle life of AC based electrodes with nanoconfined polyoxometalates
in comparison to a regular aqueous electrolyte [119].

3.2. PILs in batteries

The introduction of a protic electrolyte with relatively low electro-
chemical stability and reactivity towards alkali metals was not seen as
a feasible strategy for the realization of advanced and safer batteries.
Thus, for long time, the use of PILs in these devices was not even con-
sidered.

In 2013, Bockenfeld et al. were the first to show that a mixture of
[Pyryy][NO3] and PC can be successfully utilized in combination with
lithium iron phosphate (LFP) electrodes [109]. Afterwards, Menne et al.
reported the first example of a LIB containing a LFP cathode coupled
with lithium titanate oxide (LTO) anode and having a neat PIL as elec-
trolyte, in this case 1 M LiTFSI in [EtzNy][TESI] [122]. These works
have shown that PILs can be successfully introduced in LIBs, and that
their use allows the realization of stable devices with good performance,
comparable to that achievable with AILs [123]. In the last years different
electrode materials have been investigated with different types of PILs,
and the results of these studies show that this class of IL can indeed be
used in batteries [70,85,124]. Furthermore, they indicate that the use
of PILs is particularly advantageous when high current densities ¢high
C-rates) are applied. This latter finding is extremely interesting because
one of the drawbacks associated to the use of AlLs in LIBs is the limited
power performance, which is related to the relatively high viscosity of
AlLs and, also, to the high coordination number of lithium ions within
this electrolyte [125,126].

Utilizing Raman spectroscopy, Menne. et al. demonstrated that the
coordination of lithium ions in PIL-based electrolytes is markedly dif-
ferent compared to that in AIL-based electrolytes [123]. This difference
is caused by the presence of the available proton, which is “competing”
with the lithium ions for the coordination of the anion present in the
electrolytic solution. Because of this competition, the coordination num-
ber of lithium ions in a PIL is lower than that in an AIL. The same group
deepened this observation, revealing that the properties of the cation of
the PIL, e.g., the size, influences the lithium coordination and that in
order to improve the performance of PIL-based batteries, it is necessary
to find an optimum between lithium coordination and viscosity [82].
When both parameters are optimized, as in the case of [Pyry,] [FSI], the
employment of a PIL-based electrolyte in a LIB yields devices with per-
formances comparable to that of conventional electrolytes up to 10 C at
room temperature [81].

With the aim to further improve the performance of PIL-based bat-
teries, also the use of mixtures of PC and [Pyry,][TFSI] have been in-
vestigated [127]. As in the case of mixtures composed of AlLs and PC,
this approch allows the design of electrolytes with tunable properties
which can display low flamability and good transport properties, lead-
ing to high performing systems [128]. It is worth to mention that high
amounts of PIL within the electrolyte can reduce, or even suppress the
occurrence of anodic dissolution of Al current collectors, a well known
drawback of electrolytes containing the [TFSI]~ anion. The same behav-
ior was observed in mixtures of AIL and PC [128]. In order to enlarge
the operating temperature of PIL-based electrolytes, which is limited
by the relatively high m.p.s of these ILs (see previous section), eutectic
mixtures of PILs have been investigated. It has been shown that the use
of a mixture of [Pyry,][TFSI] and [Pyryy] [TFSI] and LiTFSI allows the
realization of systems operating at 0 °C, thus a viable option to increase
the operating temperature of PIL-based electrolytes [124].

The limited cathodic stability of PILs (ca. 2 V vs. Li/Li*) was initially
considered as a limitation for the use of this class of ILs in combination
with carbonaceous anodes, which are operating at potentials close to
0 Vvs. Li/Li*. Menne et al. could successfully prevent the reduction of
the protic cation at lower potentials by adding low amounts of an SEI
forming additive to the electrolyte [70]. They have shown that the ad-
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dition of 2 wt percent (wt.%) of vinyl ethylene carbonate (VEC) within
a PIL-based electrolyte is enough to enable a reversible intercalation
of lithium-ions in graphite and soft carbon electrodes. Interestingly, the
performance of these anodic materials in PIL-based electrolytes is higher
than that displayed in AIL-based electrolytes, despite the fact that the
former are working almost 2 V outside the electrochemical stability of
the electrolyte. More recently, Arnaiz et al. investigated the use of hard
carbons in PIL-based electrolytes, demonstrating that also this type of
carbonaceous anode can successfully be cycled in this class of IL. Con-
trary to graphite and soft carbon however, the electrode’s performance
in a PIL was not outperforming that achievable in an AIL based elec-
trolyte [129].

For a long time, the use of PILs in lithium-metal batteries has not
been investigated because the reactivity of PILs towards alkali and earth
alkali metals was considered an obstacle for this application. Neverthe-
less, in 2020, Lingua et al. could show that the addition of a relatively
high amount of SEI forming additive, e.g., 10 wt.% of vinylene carbon-
ate {(VC), enables the use of PILs in combination with metallic lithium.
Utilizing an electrolyte composed of [Pyry,] [TFSI] and LiTFSI (4:1) and
10 wt.% of VC they could plate and strip lithium metal reversibly and re-
alize high performance lithium-metal batteries containing LFP and NMC
cathodes. It is interesting to observe that, as in the case of carbonaceous
anodes, the use of PIL-based electrolytes allows higher performances
compared to the use of AlL-based electrolytes [130].

As discussed in the introduction, the development of safe electrolytes
is of crucial significance in the research for advanced batteries [5].
One of the most convenient approaches to reach this goal is the con-
finement of a liquid electrolyte in a solid matrix, e.g., polymeric elec-
trolytes. In 2020 the first example of a lithium-metal battery contain-
ing a cross-linked polymer electrolyte (PEO based) encompassing a PIL
{[Pyry4 ] [TFSI]/LiTESI) was developed. This innovative battery was dis-
playing almost full specific capacity output and stable cycling at differ-
ent current rates at RT. [117] In the same year also the confinement of
a PIL within silica, resulting in an ionogel, was considered. Marie et al.
showed that, due to the presence of the proton, PIL and AIL are behav-
ing differently when confined in an ionogel and that the acidity of a
PIL is a crucial parameter for the development of ionogels with a high
lithium-ion mobiltiy [132].

LIBs are certainly the most used electrochemical storage devices
in our everyday life [133]. Nevertheless, due to concerns related to
abundancy and availability of lithium and metals like cobalt, in the
last years many efforts have been directed towards the development
of devices based on sodium, potassium or earth alkali metals like cal-
cium [134-136]. AlLs have been widely investigated in all these so-
called post-lithium technologies, and interesting results have been re-
ported [12,13,137,138]. Although only marginally, also the use of PIL-
based electrolytes in these technologies has been investigated. Vogl
et al. were the first group to successfully implement a PIL-based elec-
trolyte into a sodium-ion hybrid device with a polyanionic cathode
and an AC based anode [139]. As observed in LIBs, the performance
displayed by the devices using the PIL-based electrolyte was higher
than that observed in AlL-based electrolytes. However, it was not pos-
sible to cycle layered metal oxide electrodes in combination with PIL
based electrolytes. Another PIL based electrolyte for sodium-ion bat-
teries has been tested by Jankowski et al. They employed a distinct
type of PIL, originally proposed for fuel cell applications, which has
already been mentioned in the section about EDLCs {Chapter 3). The
AAIL 1-ethyl-3-methylimidazolium trifluoromethylsulfonylimide ([1-
Et-3-Melm][TFSAm] mixed with NaTFSI showed promising plating-
stripping results for elemental sodium combined with suitable transport
properties. Due to a broader ESW compared to conventional PILs, this
AAIL is not dependent on additives to form an SEI [140].

Arnaiz et al. investigated the performance of hard carbon electrodes
in combination with sodium as well as potassium PIL and AIL-based
electrolytes [129,141]. They showed that, contrary to lithium-based
batteries, the addition of VEC is not allowing a reversible insertion-
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Fig. 13. Voltage profiles of symmetrical Li metal cells in combination with (a) [Pyry,][FSI]-VC and (b) [Pyry,][TFSI]-VC as electrolytes, as well as the results of
charge-discharge measurements of (c) [Pyry,][FSI]-VC/Li and (d) [Pyry,][TFSI]-VC/Li, all at different charge times. The experiment was conducted at 25 °C and

with a current density of 0.088 mA ecm. Figure taken with permission from [131].
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Fig. 14. Symmetrical Na-metal electrodes cycled in [1-Et-3-MeIm][TFSAm] doped with different amounts of NaTFSI at 60 °C. Figure taken with permission from

[140].

extraction of sodium and potassium ions within the hard carbon. In the
case of these electrodes, the use of AlLs appears presently more conve-
nient. Finally, the use of PIL-based electrolytes containing CaTFSI has
been recently reported. It has been shown that these electrolytes can be
conveniently used in combination with AC-based electrodes, while the
use in combination with battery electrodes appears more challenging
[142].

4. Conclusion and future prospective

While considering the use of PIL in energy storage devices it is ev-
ident that this class of ILs, although less commonly used compared to
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AlLs, is certainly interesting. PILs display transport and thermal proper-
ties comparable to that of AlLs, but the presence of the proton in their
structure is strongly affecting their reactivity, electrochemical stability
as well as their interplay with other chemical compounds, e.g., solvents
and salts. These properties make PIL-based electrolytes unique and place
them at the border between aqueous and aprotic electrolytes. In the fu-
ture it will be necessary to further investigate the properties of PILs,
e.g. their ionicity and/or super-ionicity, in order to design advanced
PILs with properties tuned for a specific application. Particularly atten-
tion should be dedicated to the realization of highly conductive PILs
with a “easily available” proton(s), which can be conveniently utilized
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Fig. 15. Chronology of the use of PIL-based electrolytes in energy storage devices.

in electrochemical processes allowing a highly reversible and fast energy
storage.

Fig. 15 depicts the progress of PILs-based electrolytes in SCs and
batteries starting from their first application in 2006 until today and
indicating technologies in which these electrolytes could be tested in
the future.

The use of PILs in SCs has been investigated for 15 years. The results
of these studies indicate that the use of PILs appears more advantageous
in combination with pseudocapacitors rather than in EDLCs, as in these
latter systems their narrow electrochemical stability is limiting the en-
ergy of the devices. In this regard, the understanding of the interplay
between PILs and water appears as one of the most interesting aspects
to investigate in the future. As a matter of fact, the possibility to control
and tune the mobility of the proton in PILs would allow the realization of
protic electrolytes with an enlarged electrochemical stability compared
to aqueous electrolytes. These electrolytes could be extremely appeal-
ing for the full exploitation of pseudocapacitive materials and MXenes,
which are nowadays considered of great importance for the future of
high-power devices.

As discussed in the previous section (Chapter 3.2), PILs can be suc-
cessfully employed in combination with a variety of anodic and cathodic
materials for LIBs and, recently, it has also been shown that they can be
used in combination with metallic lithium with the help of additives.
The presence of the proton is modifying the lithium environment, ren-
dering PIL-based electrolytes (neat or in combination with organic sol-
vents) markedly different than the conventional AlL-based electrolytes.
In the future it will be essential to better understand the SEI formation
process in these electrolytes in order to further optimize their use in com-
bination with anodic materials and metallic lithium. In parallel, it will be
necessary to investigate their use with high voltage cathodes and, also,
the gas evolution taking place in batteries containing these electrolytes.
The understanding of these latter aspects appears of great importance to
assess the real applicability on PILs-based electrolytes in lithium batter-
ies. Furthermore, it will be very important to verify whether is possible
to realize cheap and sustainable PIL, which can be produced in large
scale.

To date only few studies have been dedicated to the use of PIL
in post-lithium batteries. The results obtained with sodium-based sys-
tems although limited, are encouraging. Further investigations, how-
ever, are certainly needed to understand if the positive feature observed
in lithium-based systems can be translated into sodium-based systems.
More work is needed to understand the applicability of PIL in potassium-
and calcium-based systems. Yet unexplored applications for PILs in bat-
tery systems are e.g., lithium-air batteries where systems combined
with protic electrolytes have already shown to yield good energy den-
sities [143]. Two of the main problems of these metal-air batteries are
the evaporation or/as well as flammability for either water or organic
solvent-based electrolytes. The properties of PILs appear interesting in
this context. Another possible future application could be sulfur-based
lithium battery systems, in which AILs have already shown to be an ef-
fective method to inhibit the solvation of the sulfur electrode within the
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electrolyte [144]. However, due to bad transport properties, the perfor-
mance of such an IL based sulfur battery, especially at high current rates,
needs improvement. This could be achieved by employing PILs instead
of AILSs, possibly displaying improved ion mobilities as they have shown
already in more conventional lithium-ion battery systems.
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Results and Discussion

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. PlLsin EDLC systems

2.1.1. Publikation 2/Publikation 3: Water in Protic lonic Liquids: Properties and Use of a

New Class of Electrolytes for Energy-Storage Devices / Water in Protic lonic Liquid Electrolytes:

From Solvent Separated lon Pairs to Water Clusters

As already explained, the implementation of PlLs 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 PlLs, 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 PlLs 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 PlL-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.

[Pyrua][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 H;O : PIL ratio at

3.8 wt% of H:0.

In Publication 2 and Publication 3 it could be shown that the chemical-physical properties of
[Pyrua][TFSI] can be significantly influenced by the addition of H,O. 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 H,O-cation pairs is much higher compared to H,0-anion pairs, due
to the hydrophobic character of the latter. Interestingly, the highest hydrogen-bond-lifetime
was found for H,0-H,0 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 H,O0-H,O bonds and otherwise weak H,O-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 H,O 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 H,O. The lower ESW results in lower OPVs
of AC-based electrodes when cycled in the mixtures. While the OPV of an EDLC employing
neat [Pyrua][TFSI] reaches 2.2V, it is reduced to 2.0, 1.9 or 1.8 V with 1, 2 or 3.8 wt% H,0O,

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 H,0, especially regarding the
power capability. While the pure PIL [Pyrua][TFSI] is not able to operate at current densities
higher than 2to 5 A g%, the 2 wt% mixture is still delivering capacitances at 10 A g*. 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% H,0 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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In this work, the properties of “water-in-PIL” (PIL = protic ionic
liquid) electrolytes are reported based on 1-butylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (Pyry,TFSI). Taking advant-
age of experimental and theoretical investigations, it is shown
that the amount of water inside the electrolyte has a dramatic
effect on the viscosity, conductivity, density, cation-anion inter-
play, and electrochemical stability of Pyr,,TFSI. The impact of
water on the properties of this ionic liquid also affects its use
as an electrolyte for electrochemical double-layer capacitors
(EDLCs). It is shown that the presence of water improves the

Introduction

In the last 15 years, ionic liquids (ILs) have been largely investi-
gated as electrolytes for electrochemical energy-storage sys-
tems, such as batteries and supercapacitors.! The interest in
this application is related to the fact that ILs might display a
set of properties (e.g., good transport properties, high thermal
stability, low flammability, low vapor pressure, and high elec-
trochemical stability) that match the properties required for
the electrolyte of these systems very well.?)

Among the various subclasses of ILs, aprotic ionic liquids
(AlLs) have been certainly the most investigated.” In the last
few years, however, the interest in protic ionic liquids (PILs)
has increased considerably.” PILs display all the typical proper-
ties of ILs but hold one or more “free” protons in their struc-
ture. The presence of proton(s) makes the behavior of PILs
markedly different to that of AlLs, with important consequen-
ces for their use in energy-storage devices. It has been shown
by our group that proton(s) might positively influence the lithi-

[a] T. Stettner, Prof. Dr. A. Balducci

Institute for Technical Chemistry and Environmental Chemistry
Friedrich Schiller University

Philosophenweg 7a, 07743 Jena (Germany)

E-mail: andrea.balducci@uni-jena.de

T. Stettner, Prof. Dr. A. Balducci

Center for Energy and Environmental Chemistry Jena (CEEC Jena)
Friedrich Schiller University

Philosophenweg 7a, 07743 Jena (Germany)

S. Gehrke, P. Ray, Prof. Dr. B. Kirchner

Mulliken Center for Theoretical Chemistry

Rheinische Friedrich-Wilhelms-Universitdt

Beringstr. 46, 53115 Bonn (Germany)

=

[c]

El Supporting Information and the ORCID identification number(s) for the
@ author(s) of this article can be found under:
https://doi.org/10.1002/cssc.201901283.

ChemSusChem 2019, 12, 3827 - 3836

Wiley Online Library 3827

transport properties of Pyry,TFSI, with a beneficial effect on
the capacitance retention of the devices in which these elec-
trolytes are used. However, at the same time, water reduces
the operative voltage of EDLCs containing this PIL as the elec-
trolyte and, furthermore, it has a strong impact on the inactive
components of these systems. To suppress this latter problem,
and to realize EDLCs with high stability, the use of inactive
components stable in aqueous environment appears necessa-

ry.

um environment, making PILs attractive for application in lithi-
um-ion batteries (LIBs).”) However, because protons are easily
reducible, their presence strongly limits the electrochemical
stability of PILs. Consequently, the use of PILs in electrochemi-
cal double-layer capacitors (EDLCs), which is the most wide-
spread class of supercapacitors, is not particularly appealing
because it does not allow the realization of high-voltage devi-
ces.®

Recently, solvent-in-salt electrolytes, electrolytic solutions in
which the salt outnumbers the solvent in terms of volume and
weight, have become extremely popular, and several works
showed that these electrolytes display very interesting proper-
ties such as large electrochemical stabilities or an increased cy-
cling stability.” The realization of this kind of electrolyte is de-
pendent on the solubility of a certain salt in a solvent, which
can be either an organic solvent or water. In this latter case,
“water-in-salt” is the term used to indicate these electrolytes.

Because ILs are salts, it is also possible to consider “solvent-
in-ILs” electrolytes. The use of mixtures of IL and organic sol-
vent has been widely investigated in the past, and among the
various mixtures that have been considered, very highly con-
centrated electrolytes have also been used. It has been shown
that these solvent-in-ILs electrolytes might display favorable
features such as the ability to suppress anodic dissolution of Al
current collectors.®! The use of water-in-ILs has been less inves-
tigated.” Most likely, this is owing to the fact that one of the
prerequisites for the use of ILs in energy-storage devices is, as
for any type of non-aqueous electrolytic solutions, a very low
water content. As a matter of fact, large amounts of water
might have dramatic effects on the stability and cycle life of
electrochemical devices."” For this reason, the ILs used in LIBs
and EDLCs typically contain less than 50-100 ppm of water.""!
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In this sense, they can be considered as “dry” electrolytes.
However, because in water-in-salt electrolytes the amount of
water is extremely low, the realization of water-in-IL electro-
lytes could be an interesting approach to improve some prop-
erties of ILs (e.g., transport properties) without negative effects
on the behavior of the electrochemical storage devices in
which they are used as electrolytes.

Between AlLs and PILs, this latter subgroup appears ex-
tremely appealing for the realization of highly concentrated
water-based electrolytes, which could be classed as “water-in-
PIL" electrolytes. The reasons are several. First of all, the mobili-
ty/reactivity of the proton(s) of the PIL could be tuned by the
amount of water present in the electrolyte. This tunable
proton mobility could be advantageous for the use of PILs in
combination with materials suitable for energy storage, such
as pseudocapacitive materials."” Second, the use of highly
concentrated electrolytes could have a favorable impact on
the transport properties of PILs."™ Finally, the use of water-in-
PIL electrolytes could also positively influence the operative
temperature of PlL-based systems. As a matter of fact, several
PILs proposed as electrolytes in energy-storage devices display
melting points above 40°C, making their use at room tempera-
ture quite challenging. It is well known that water can strongly
affect the melting point of ILs, and the use of “water-in-PIL”
could be helpful to increase the number of room-temperature
applications of PlL-based devices."" All these aspects could be
advantageously utilized to permit a better use of this subclass
of IL in energy-storage devices, including EDLCs.

In this manuscript, we investigate the influence of water
content on the properties of PILs with the aim to verify the
use of “water-in-PIL" electrolytes in EDLCs. In the first part of
the work, the transport and electrochemical properties of the
PIL  1-butylpyrrolidinium  bis(trifluoromethanesulfonyl)imide
(Pyry,TFSI) containing different amounts of water are investi-
gated in detail by utilizing several experimental techniques
and classical molecular dynamics simulations. In the second
part, the influence of these electrolytes on the operative volt-
age and stability of EDLCs based on activated carbon (AC) is
reported. In the last part of the manuscript, the impact of the
investigated electrolytes on the inactive components of EDLCs
is considered.

Results and Discussion

Pyry,TFSI is a hydrophobic PIL, not fully miscible with water,
that has been investigated as an electrolyte for electrochemical
energy-storage devices in several studies by our group.™ In
large parts of these works, Pyr,,TFSI has been utilized dry, with
a water content lower than 20 ppm. Subsequently, this dry PIL
will be indicated as Pyry,TFSI. The highest amount of water
soluble in this PIL has been found to be equal to 38000 ppm,
or 3.8 wt%. In the following, this solution will be indicated as
3.8% H,0. To investigate the influence of water on the proper-
ties of Pyry,TFSI, Pyry,TFSI with 1 and 2 wt% water have also
been considered. These latter solutions will be indicated as 1%
H,0 and 2% H,0. Knowing the density of the electrolyte at
30°C (3.24 molL™" for Pyr,,TFSI, see Figure 2), it is possible to
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calculate the molarity of Pyry,TFSI in the investigated electro-
lytes at this temperature. As shown in Table 1, the conse-
quence of an increased water content is a reduction of the
Pyry, TFSI molarity within the electrolyte, which decreases from

Table 1. Water content, molarity of Pyr,,TFSI, and mole fraction of water
of the investigated mixtures at 30°C.
Water content

Molarity (Pyry,,TFSI) Molar fraction (H,0)

[wt %] [molL™"] [mol %]
0 343 0

1 338 18.58
2 332 31.66

3 3.24 47.22

3.43 molL™" (Pyr,,TFSI) to 3.24 molL™" (3.8% H,0). Another in-
teresting parameter to be considered is the molar fraction of
water within the investigated electrolytic solutions. In the dry
PyrysTFSI, the molar fraction of water molecules is clearly
0 mol%. In 1% H,O, the molar fraction of the water molecules
is 18.58 mol%, and in the 3.8% H,O this value increases to
47.22 mol%. These values give a clear indication about the
considerable influence of a few percent of water on the ratio
water/Pyr,, TFSI within the investigated electrolytes. The ratios
of water/salt of these electrolytes are comparable with those
of other water-in-salt systems published in the literature.”®
Thus, it appears reasonable to indicate the investigated elec-
trolytic solutions as water-in-PIL.

Figure 1a shows the viscosity of the investigated electro-
lytes. At 30°C, Pyry,TFSI displays the highest viscosity with
43 MPas. This relatively high value is caused by the high inter-
ionic bonding strength between the anions and cations, which
limits their mobility."® The addition of 1 wt% water decreases
the viscosity to 37 MPas. This value drops to 31 MPas in the
electrolyte 2% H,0, and to 22 MPas in the electrolyte 3.8%
H,0. Compared with pure water, which at 30°C displays a vis-
cosity of approximately 8 MPas, these values are still rather
high."” However, it is important to remark that the presence
of only 3.8wt% of water is able to halve the viscosity of
Pyry,TFSI at 30 °C. This might have a significant impact on the
performance of devices utilizing PIL-based electrolytes. A possi-
ble reason for this decrease in viscosity could be a worse coor-
dination of Pyr,,* cations and TFSI~ anions, and thus lower
coulombic forces, owing to coordination with water molecules
instead. Additionally, because water has a rather low viscosity
compared with pure Pyry,TFSI, it is clear that the overall viscos-
ity shrinks with the addition of water, given that a large por-
tion of the molecules in the mixture are water molecules. At
higher temperatures, the viscosity of all investigated electrolyt-
ic solutions declines to approximately 10 MPas, and the differ-
ences between the various mixtures become less pronounced.

Figure 1b shows the influence of the temperature on the
conductivity of the investigated electrolytes. At 30°C, Pyry,TFSI
displays a conductivity of 3.6 mScm™'. With increasing water
content, the conductivity rises from 4.3 to 5.1 and 5.6 mScm™'
for 1% H,0, 2% H,0, and 3.8% H,0, respectively. In contrast to
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Figure 1. Influence of the temperature on the (a) viscosity and (b) conductivity of the investigated systems and corresponding Arrhenius plots for the (c) vis-

cosity and (d) conductivity.

the viscosity, there is no convergence of the conductivity
values at elevated temperatures. Instead, the differences be-
tween the mixtures even increase slightly. One reason for the
higher conductivity of the mixtures with increased water con-
tent is of course the lower viscosity of these mixtures, and
thus a higher ion mobility. Another important point to take
into account is the fact that the conductivity is only limited by
the ion mobility, which increases with temperature as long as
the boiling point is reached. Another reason could be the as-
sembly of water clusters, maybe even including Pyry,* cations,
with their protic nature, enhancing the overall conductivity, as
seen in other protic ILs mixed with water."®

Several studies reported that ILs, both AIL and PIL, do not
follow the Arrhenius behavior of liquids.' With the aim to
verify if the presence of water changes this behavior, we con-
sidered the Arrhenius plot for conductivity as well as viscosity
of the investigated electrolytic solutions. As shown in Fig-
ure 1¢,d, none of the electrolytes follows an Arrhenius behav-
ior, indicating that the considered amount of water does not
affect this typical behavior of ILs.

The influence of water on the density of the investigated
electrolytic solutions is depicted in Figure 2. As shown, at 30°C
the highest density is measured for Pyry,TFSI (1.4 gcm™). The
addition of water lowers the density to 1.392, 1.386, and
1.376 gcm > for 1% H,0, 2% H,0, and 3.8% H,0, respectively.
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It is interesting to notice that whereas the density of the
Pyry,TFSI decreases linearly with increasing temperature, the
electrolytes containing water display a drop of density after
60°C, which could be related to the proximity to the boiling
point of the water. As shown, the higher the water content,
the greater the drop. As a consequence, at 80°C Pyr,,TFSI and
3.8% H,0 display a rather different density (almost 10%).
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Figure 2. Influence of the temperature on the density of the investigated
electrolytes.
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Thermogravimetric analysis has shown that the behavior of
the mixtures, up to the decomposition of Pyry,TFSI, differs only
slightly (Figure S1 in the Supporting Information). Although at
100 °C the evaporation of water can be observed (Figure S2 in
the Supporting Information), not all water is removed from the
mixtures, suggesting a strong interaction of water with the PIL.

To gain further insight into the properties of the investigated
mixtures, we present results from the domain analysis per-
formed by using classical molecular dynamics simulations at
30°C. For the definition of the considered domains, the system
was divided into polar, nonpolar, fluorous, and aqueous com-
ponents; the water molecules constituted the aqueous phase
whereas the terminal CF; groups of the anion constituted the
fluorous phase. The terminal propyl fragment of the butyl
chain of the cation was considered the nonpolar phase where-
as the rest of the cation and the anion was considered as the
polar phase. Table 2 shows the various domains and their re-

Table 2. Results of domain analysis.”

System Polar Nonpolar Fluorous Aqueous
Pyry TFSI 1.0, 500 36.70, 13.62 7.49, 66.76 -

1% H,0 1.0, 407 33.65, 12.10 6.89, 59.07 30.82, 3.02
2% H,0 1.0, 560 50.80, 11.02 9.28, 60.34 83.92, 3.05
3.8% H,0 1.0, 560 55.52, 10.08 11.18, 50.09 33.11,15.46

[a] Performed at 30°C with the terminal CF, groups of the anion defined
as the “fluorous” phase, the propyl fragment of the cation as the “nonpo-
lar” phase, the water molecules as the “aqueous” phase, and the rest as
the “polar” phase. The two comma-separated numbers represent the
number of domains and the average size of the domains.

spective sizes formed in these liquids. Because the composi-
tions of the various systems (ion pairs, water molecules) are
different, the size of the domains is a more important consider-
ation than the number of domains formed in the system. The
polar domains form a single unit in all investigated systems. As
far as the clustering of side chains is concerned, addition of
water seems to favor the separation of domains in that the
nonpolar domains become slightly smaller in size with increas-
ing water concentration. The observation remains the same
with the fluorous domains although the difference between
the 1 and 2% water solutions are not pronounced. A decrease
is, however, observed in the size of the fluorous domains in
moving from the 2 to the 3.8% water solution. Concerning the
size of the aqueous domains, approximately three water mole-
cules are seen to aggregate on average in the 1 and 2% water
solutions. The size of the aqueous domains, however, exhibits
a drastic increase on increasing the water concentration
beyond 2%. Approximately 15-16 water molecules are seen to
cluster and form isolated units within the system. Figure 3
shows snapshots obtained from the simulations in which the
enhanced clustering of water, at high water concentrations,
can clearly be observed.

The combined distribution functions (CDFs) in Figure 4 illus-
trate the influence of the added water on the cation-anion in-
terplay on a molecular level. We show here three-body CDFs
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Figure 3. Snapshots from the classical molecular dynamics simulations at
30°C. Left: 1% water, middle: 2% water, and right: 3.8% water. Enhanced
clustering of water molecules upon increasing the concentration can be
clearly observed. Water molecules are shown in blue whereas the ions of
the liquid are shown with red and yellow lines. The top and bottom panels
show opaque and translucent representations of the same snapshot.
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Figure 4. Combined distribution functions illustrating the interaction of
water and ions. The x-axis represents the distance between the nitrogen
atom of a certain cation and the oxygen atom of the nearest anion, whereas
the y-axis represents the distance between the acidic hydrogen atom of the
same cation to the nearest oxygen atom of a water molecule. The occur-
rence of the particular combinations is visualized by the color of the heat
plot according to the scale shown on the right side.
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that depict the cation-water distance on the y-axis versus the
cation-anion distance on the x-axis each for the nearest neigh-
bors. Thereby, the interaction between cation and anion is rep-
resented by the distance between the nitrogen atom of the
cation and an oxygen atom of the anion. The hydrogen bond
between the same cation’s most acidic hydrogen and a water’s
oxygen atom displays the interaction with a water molecule.
The most frequently appearing assembly is assigned by the
red colored contour. The visible drift or broadening (~20 pm)
of this contour with increasing water content towards higher
distances between the nitrogen and the oxygen indicates a
weakening of the ionic network by the water.

Figure 5 compares the overall electrochemical stability win-
dows (ESW) of the investigated electrolytes at 40°C. Owing to
the presence of a proton on the Pyr,,™ cation, the cathodic
limit of all electrolytes is comparable, and all mixtures are

—— Pure Pyry,, TFSI
7 1% H,0

2% H,0
——3.8% H,0

J/ mA cm?

2mA cm”I

T T T T T
15 10 -05 00 05 10 15 20 25 30
Evs. Ag/V

Figure 5. ESW of the investigated electrolytes measured at 40 °C (scan rate:
5mVs').

stable up to —0.8 V (vs. Ag) no matter what the water content
is. However, the anodic limit is strongly affected by the water
content. The electrolyte 3.8% H,O is only stable up to approxi-
mately 1.5V (vs. Ag), with minor currents already starting at
0.75V (vs. Ag). In the electrolyte 2.0% H,O, the stability in-
creases to 1.75V (vs. Ag), whereas the electrolyte 1.0% H,0 is
stable up to 2V (vs. Ag). Pyry,TFSI shows the highest anodic
stability, and it is stable up to 2.6 V (vs. Ag). As a consequence
of these differences, the overall ESW of the investigated elec-
trolytes is very different and ranges between 3.4 (Pyry,TFSI)
and 2.3V (3.8% H,0). These results clearly show that the pres-
ence of water has a dramatic effect on the electrochemical sta-
bility of PILs and that small amounts of water drastically
reduce the ESW of these ILs, owing to the reduction of the
oxygen in the water molecule. However, it is interesting to
note that these results could be also seen from a different per-
spective: that of the water-in-salt electrolytes. As mentioned
above, the electrolyte 3.8% H,O displays a ratio between
water and PIL comparable to that of other water-in salts pro-
posed in the literature.”® Therefore, these results could be also
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seen as an indication that hydrophobic PILs are suitable for
the realization of water-based electrolytes with an overall ESW
significantly higher than that of conventional aqueous electro-
lytes.

To understand the impact of the investigated electrolytes on
the electrochemical behavior of energy-storage devices, we
used them as model electrolytes for EDLCs. First, we evaluate
the maximum operating voltage achievable with these electro-
Iytic solutions. We observed that upon utilizing Pyr,,TFSI it is
possible to realize EDLCs with an operating voltage of 2.2 V.
This value was the highest among the investigated systems. As
a matter of fact, the operating voltages of EDLCs containing
the electrolytes 1% H,0, 2% H,0, and 3.8% H,O were equal to
2, 1.9, and 1.8V, respectively (detailed information about the
determination of the operating voltage and the mass balanc-
ing utilized for the EDLCs assembly is available in Figure S3
and Table S1 in the Supporting Information). These results,
which are perfectly in line with the trend observed for the
overall ESW, confirm that PILs are not especially suited for use
as electrolytes in EDLCs. However, taking the previous consid-
erations about water-in-salt electrolytes into account, these re-
sults also indicate that water-in-PIL electrolytes can be success-
fully utilized for the realization of EDLCs with higher operating
voltage compared with conventional aqueous electrolytes.

Figure 6a compares the voltammetric profiles of the investi-
gated EDLCs at 5 mVs™'. As shown, the capacitance of the de-
vices slightly increases in the electrolytes containing water.
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Figure 6. CV profiles of EDLCs containing the investigated electrolytes at
40°C and (a) 5mVs~" and (b) 0.5 mVs~'.
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This increase is most likely owing to the better transport prop-
erties of the electrolytes compared with the neat PIL. At this
scan rate, all devices display the typical rectangular shape of
EDLCs. However, it is evident that the amount of water has an
influence on the shape of the cyclic voltammograms, and that
in the device containing the electrolyte 3.8% H,O the occur-
rence of faradic reactions at potentials higher than 1.5V
cannot be excluded. These reactions become evident if the
scan rate of the cyclic voltammetry (CV) is reduced to
0.5mVs™', as shown in Figure 6b. As can be seen, at this scan
rate the CV of the EDLC containing 3.8% H,0 is completely dis-
torted, and the occurrence of reversible redox reaction is clear.
Under the same conditions, the EDLCs containing the other
electrolytes do not show such a dramatic change, indicating
that the amount of water they contain is not high enough to
significantly alter the capacitive behavior of the EDLCs.

Figure 7 compares the capacitance retention of the investi-
gated EDLCs with increasing current densities. As is shown, the
amount of water within the electrolyte considerably affects the
capacitance retention. The EDLC containing the electrolyte
Pyry,TFSI, which is the one displaying the lowest conductivity
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Figure 7. Capacitance retentions of EDLCs containing the investigated elec-
trolytes at 40°C.

and highest viscosity, retains the lowest charge at higher cur-
rent densities. The addition of water to the electrolyte im-
proved the capacitance retention at high current densities, for
example, at 10 Ag~". The EDLCs containing 2.0% H,0 retain
40% more charge than the device containing the dry PIL. How-
ever, a too-high water content appears detrimental, especially
during tests at low current densities, as shown by the behavior
of the EDLCs containing 3.8% H,0.

It is worth noting that the presence of water also has a
strong impact on the energy, power, and temperature behavior
(in term of capacitance) of the investigated EDLCs. Details
about these latter aspects are available in Figures S2 and S3 in
the Supporting Information.

Taking these results into account, it appears that the water
within the electrolyte affects the behavior of the EDLCs in sev-
eral ways. On the one hand, it reduces the EDLCs' operating
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voltage. On the other hand, it improves the transport proper-
ties of the PIL, with a beneficial effect on the capacitance re-
tention of the devices containing these electrolytes. Neverthe-
less, when the water content becomes (too) high, as in the
case of the electrolyte 3.8% H,O, the use of these electrolytic
solutions leads to the occurrence of faradaic reactions, which
alter and reduce the stability of the devices.

To further investigate this latter point, we monitored the sta-
bility of the examined EDLCs over prolonged charge/discharge
(CQ) cycles as well as during float tests. Each device has been
tested to its maximum operating voltage. The results of these
tests are reported in Figure 8. As shown Figure 8a, after
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Figure 8. Variation of specific capacitance of EDLCs containing the investi-
gated electrolytes during (a) galvanostatic CC performed at 0.5 Ag™' and
(b) float tests performed at the maximum operating voltage defined for
each device. Both tests performed at 40°C.

10000 cycles the EDLC containing the electrolyte 3.8% H,0 is
the least stable, and the systems loses almost 50% of its initial
capacitance during the first 1000 cycles. Although after this
decay the capacitance stabilizes, at the end of the cycling the
EDLC was able to retain only 35% of its initial capacitance. The
stability of the EDLCs containing the electrolyte 2.0% H,0 was
significantly higher, and after 10000 cycles this device was able
to retain 80% of its initial capacitance. The capacitance reten-
tions of the EDLCs containing the electrolytes 1.0% H,O and
Pyr,,TFSI were comparable, and at the end of the cycling both
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devices retained approximately 85% of their initial capacitance.
The differences observed during the galvanostatic cycling
become more pronounced during the float tests. As shown in
Figure 8b, after 350 h of float test, the EDLCs containing the
electrolytes 1.0% H,0 and Pyr,,TFSI were able to retain ap-
proximately 70% of their initial capacitance. After the same
amount of time, the EDLC containing 2.0% H,O lost approxi-
mately 35% whereas the one containing 3.8% H,O lost almost
60% of its initial capacitance.

The results of these tests clearly indicate that the amount of
water present on the investigated electrolytes has a strong
impact on the stability of the EDLCs in which they are used.
The causes of this behavior could be several, for example, for-
mation of gases (H, or O,) and/or dissolution of electrode com-
ponents such as current collectors and binder. To investigate
this latter aspect, we took ex situ SEM images of the electrodes
(positive and negative) of the EDLCs utilized for the float test
reported above [energy-dispersive X-ray spectroscopy (EDX)
measurements of the same electrodes are available in Fig-
ure S5 in the Supporting Information]. As shown in Fig-
ure 9a,b, the electrodes cycled in Pyry,TFSI did not show sig-
nificant signs of degradation, indicating that in this electrolyte
the integrity of the electrodes was not altered by the float test.
From the SEM images it is evident that the addition of water,
to the contrary, strongly affected and reduced the electrode
stability. Among the electrodes, the positive side appears as
the most damaged one during the tests (Figure 9d,f, and h).
The aluminium current collectors utilized for the preparation of
the composite electrode used in the EDLCs show large holes,
which likely originated from the anodic dissolution of this
metal involving the complex AI(TFSI); and/or the development
of hydrofluoric acid from the TFSI~ anion.® Furthermore, the
active material seems to be removed either by the develop-
ment of gases spalling it, or through the solvation of binder
material. The electrodes utilized on the negative side (Fig-
ure 9¢, e, and g), however, show changes of the surface result-
ing in “white” spots containing high amounts of oxygen (as
determined by EDX measurements, see Figure S5 in the Sup-
porting Information). It is important to note that the current
collectors (Al) and the binder (sodium carboxymethyl cellulose)
utilized in the investigated EDLCs are not stable in aqueous
electrolytes. The use of the investigated electrolytes, which
contain very low amounts of water, seems to reduce the stabil-
ity of these inactive components and consequently that of the
EDLCs.

Taking these points into account, for the optimization of
water-in-PIL electrolytes the use of inactive components stable
in water appears of importance. With the aim to investigate
this aspect, AC-based electrodes containing stainless-steel (SS)
current collectors and polyvinylidene fluoride (PVDF) as binder
were prepared. These electrodes were utilized for the realiza-
tion of EDLCs containing the investigated electrolytes. The sta-
bility of these devices was investigated through float tests,
which were performed under identical conditions as those re-
ported in Figure 8b. As shown in Figure 10, the use of inactive
components stable in aqueous environments significantly in-
creases the stability of EDLCs containing the investigated
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Figure 9. Ex situ SEM pictures of the electrodes of the EDLCs used for float-
ing test. The sizes of the scale bars are 80 um for a) and 200 pum for b)-h).
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Figure 10. Capacitance retentions of EDLCs containing the investigated elec-
trolytes at 40°C during float tests at their maximum respective OPV. The in-

active components of aluminum as the current collector and CMC as the
binder have been exchanged with SS and PVDF, respectively.
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water-in-PIL electrolytes. After 400 h, the EDLCs containing
these electrolytes display a capacitance retention of approxi-
mately 80%, which is slightly higher than that displayed by
the systems containing the pure PIL. These results clearly indi-
cate the importance of the correct selection of cell compo-
nents for an effective use of water-in-PIL electrolytes.

Conclusions

In this work, we investigated the impact of water on the chem-
ical and physical properties of 1-butylpyrrolidinium bis(trifluo-
romethanesulfonyl)imide (Pyry,TFSI) and on its use as an elec-
trolyte for electrochemical double-layer capacitors (EDLCs). We
showed that the addition of a few wt% of water is enough to
realize electrolytes with a water/protic ionic liquid (PIL) ratio
comparable to that of water-in-salt electrolytes reported in the
literature. Thus, these electrolytes can be classed as a “water-
in-PIL" electrolyte.

The results of this study clearly indicate that the amount of
water inside the electrolyte has a dramatic effect on the viscos-
ity, conductivity, and density of this PIL; for example, the pres-
ence of 3.8wt% water is able to halve the viscosity of
Pyry,TFSI at 30°C. The presence of water also strongly modifies
the electrochemical stability window (ESW) of Pyry,TFSI, and
the higher the amount of water, the lower is the ESW. Further-
more, the addition of water also impacts the state of aggrega-
tion of Pyr,TFSI at room temperature, making the use of
EDLCs based on Pyr,,TFSI possible at room temperature.

The impact of water on the properties of Pyry,TFSI also af-
fects the use of this PIL as an electrolyte for EDLCs. We
showed that the presence of a few wt% of water might
reduce the operating voltage of Pyr,,TFSI-based EDLCs by
400 mV. At the same time, however, the presence of water im-
proves the transport properties of Pyr,,TFSI, with a beneficial
effect on the capacitance retention of EDLCs. However, if the
water content within the PIL becomes (too) high, as for the
electrolyte 3.8% H,0O, the use of “water-in-PIL” electrolytes
might limit the long-term stability of the system. To suppress
this problem and to realize EDLCs with high stability, the use
of inactive components stable in aqueous environments ap-
pears necessary.

Experimental Section
Preparation of water/IL mixtures

To determine the maximum amount of
water soluble in Pyr,,TFSI (Figure 11), an
excess amount of water was added to
the dry Pyr,,TFSI (H,0<10 ppm), thus
forming two phases. After 24 h of stir-
ring, the water phase was removed, and
the amount of solvated water was deter-
mined by using a C20 Coulometric KF Ti-
trator from Mettler Toledo. The other
mixtures were prepared by adding a spe-
cific amount of water to Pyr,,TFSI to
gain a specific wt% (1 and 2) of water in

NV,
e/
\/\/s\n

Figure 11. Structure of
Pyr, TFSL
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the resulting mixture, confirmed by Karl-Fischer titration. The ob-
tained mixtures were stored in an MBraun LABmaster® ECO glove-
box with <1 ppm H,0 and <1 ppm O, to ensure no further solva-
tion of water in the mixtures. The evaporation of water was pre-
vented by sealable bottles and using the prepared mixtures quickly
after preparation.

Chemical and physical characterization

The conductivities of the electrolytes were measured by using a
potentiostat ModuLabXM (Solartron analytical) in the temperature
range 30-80°C as described in [1d].

The viscosity of the electrolytes was determined by using a rheom-
eter MCR 102 (Anton Paar) in the temperature range 30-80°C as
described in [1d].

The density of the electrolytes was determined in the temperature
range 30-80°C, by using a density meter DMA 4100M (Anton
Paar).

Electrode preparation

AC-based electrodes were prepared following a procedure identical
to that used by Krause et al.*” The dry composition of the electro-
des was 90 wt % active material (AC, DLC Super, Norit), 5 wt% con-
ducting agent (Super C65, Imerys), and 5wt% binder (carboxy-
methyl cellulose, Dow). The mass loading of the electrodes was
2.6-3.5 mgcm?, and the electrode area was equal to 1.13 cm?. The
same procedure was also utilized for the realization of AC-based
electrodes with identical characteristics but containing SS current
collectors and PVDF binder.

As (oversized) counter electrodes, AC-based electrodes were used
to determine the maximum operating voltage of the investigated
EDLCs. The electrodes were prepared by following the procedure
indicated in the literature.””’ The electrode composition was
90 wt% AC (DLC Super, Norit), 5wt% carbon black (Super C65,
Imerys), and 5wt% binder (polytetrafluoroethylene, Aldrich). The
mass loading of these electrodes was approximately 40 mgcm 2,
and their area was 1.33 cm?.

Electrochemical measurements

All electrochemical measurements were performed by using a
three-electrode Swagelok cell setup. In every cell, Whatman glass
microfiber filters (150 mm) were used as separators, drenched with
150 pL electrolyte. The cell assembly was done under argon atmo-
sphere in an MBraun LABmasterpro ECO glovebox with <1 ppm
H,0 and <1 ppm O,. All tests were performed at 40°C to ensure
that all electrolytes were liquid when employed in the cells.

The ESW of the electrolytes was measured by using a platinum
electrode as working electrode, an oversized carbon electrode as
counter electrode, and a silver electrode as pseudoreference elec-
trode. After a 12 h open-circuit voltage (OCV) measurement to
reach equilibrium, the cells were swept from OCV towards either
the positive or negative direction at 1 mVs™' until a potential of
—6V (vs. OCV) or 6 V (vs. OCV) was reached, respectively.

For the determination of the operative voltage (OPV) of AC-based
electrodes in the investigated electrolyte, an AC-based working
electrode, an oversized carbon electrode as counter electrode, and
a silver electrode as pseudoreference electrode were used. The op-
erating voltage was determined by the method described in the
literature.””
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The electrochemical behavior of the cells was investigated by
using CVs performed at different scan rates (0.5, 1, 5, 2.5, 5, and
10 mVs™') and galvanostatic cycling experiments performed at dif-
ferent current densities (0.1, 0.5, 1, 2.5, 5, and 10 Ag™").

The stability tests were also performed by CC measurements with
a scan rate of 0.5 Ag~". First, 10000 simple CC cycles were execut-
ed. For the float tests, only 50 cycles were measured but with a
20 h period of holding the cell at its designated OPV afterwards.
This was repeated until a period of roughly 400 h at the maximum
voltage was reached, calculating the capacitance after each
50th cycle of the CC step.

Scanning electron microscopy

The SEM pictures were taken by using a pro X from Phenom™.

Thermogravimetric analysis

The thermogravimetric analysis (TGA) was performed with a Per-
kinElmer STA 6000 by using nitrogen as a carrier gas with a total
flow rate of 20 mLmin~'. For each measurement, approximately
10 mg of electrolyte was put in a platinum crucible. For the TGA
measurements, the samples were heated to 500 °C with a gradient
of 10°Cmin~". For isothermal measurements, a gradient of
50°Cmin~" was used to reach 100°C, which was held for 100 min.

Computational details

All classical molecular dynamics simulations were performed with
systems consisting of 400-600 ion pairs of [Pyr,,][TFSI] with an ap-
propriate number of water molecules to result in 1, 2,and 3.8 wt%
“water-in-IL” solutions: the system sizes were chosen to allow for a
sufficient number of water molecules for statistically significant re-
sults. The simulations were performed with the LAMMPS program
package® with initial configurations generated by PACKMOL.?*
The Padua-Lopes force field®” was used for the IL with the SPC/E
water model® for the water molecules. We scaled down charges
(determined from a restrained electrostatic potential fit* in the
gas phase) to an absolute value of 0.8. Simulations were performed
in the canonical ensemble for all analyses presented herein and in
the isobaric-isothermal ensemble for the comparison of densities
(see Table 2). For more details on the simulation methodologies,
the reader is referred to our earlier work®” as well as an upcoming
work on IL-water simulations. All systems were preequilibrated for
at least 2 ns. The production run consisted of 15 ns for the pure
liquid and the 1% water solution, 5 ns for the 2% water solution,
and 1.5 ns for the 3.8% water solution. The production runs ana-
lyzed herein were performed at 3°.

Analysis of trajectories was performed by using our in-house code
TRAVIS,? we discuss herein radial distribution functions (RDFs)
and results from domain analysis performed by using a radical Vor-
onoi tessellation.””” Concerning the compositions of the simula-
tions, 500 ion pairs of the pure liquid were simulated whereas the
1% water solution was composed of 407 ion pairs along with
93 water molecules. The 2 and 3.8% water solutions consisted of
560 ion pairs of the liquid with 256 and 512 water molecules, re-
spectively.
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Water in Protic lonic Liquid Electrolytes: From Solvent
Separated lon Pairs to Water Clusters

Sascha Gehrke,™"' Promit Ray,” Timo Stettner,“® Andrea Balducci,'“? and

Barbara Kirchner*®

The large electrochemical and cycling stability of “water-in-salt”
systems have rendered promising prospective electrolytes for
batteries. The impact of addition of water on the properties of
ionic liquids has already been addressed in several publications.
In this contribution, we focus on the changes in the state of
water. Therefore, we investigated the protic ionic liquid N-butyl-
pyrrolidinium  bis(trifluoromethanesulfonyl)imide with varying
water content at different temperatures with the aid of
molecular dynamics simulations. It is revealed that at very low

Introduction

lonic liquids (ILs) have attracted great attention as alternative
solvents for a wide variety of technological applications well
beyond just the solvation of molecules."~ Their inherent ionic
conductivity - a virtue of their ionic nature - renders ILs as
promising candidates for potential electrolytes in a variety of
electrochemical devices™ However, some disadvantageous
properties, their relatively high viscositiy”'? in particular,
strongly limit their use. It has been shown, that one way to
tackle this problem is the addition of molecular liquids.""-'¥
Thereby, water was revealed to be the most promising
candidate to optimize the ILs properties in terms of the
application as electrolytes by the enhancement of the diffusivity
of the ions"™'*"1 Unfortunately, water has a low electro-
chemical window of 1.23 V which restricts the applicability of
water-based electrolytes. However, it has been shown that the
behavior of water differs significantly if the amount of ionic
liquid clearly outnumbers the amount of water. The so-called
water-in-salt systems are characterized by a large electro-
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concentrations, the water is well dispersed and best charac-
terized as shared solvent molecules. At higher concentrations,
the water forms larger aggregates and is increasingly approach-
ing a bulk-like state. While the librational and rotational
dynamics of the water molecules become faster with increasing
concentration, the translational dynamics are found to become
slower. Further, all dynamics are found to be faster if the
temperature increases. The trends of these findings are well in
line with the experimental measured conductivities.

chemical and cycling stability.2>*? Moreover, extending studies
based on aprotic ionic liquids”***% to more protic ionic liquids
(PILs)?"? has shown to be an important preliminary step as
PILs often exhibit enhanced conductivities on account of their
water-like hydrogen bonding networks.**¥

The impact of added water on the structure and properties
of ILs has already been addressed in several studies!'**3%
highlighting differences between aprotic ILs and PILs. For the
latter, the concept of contact ion pair, shared solvent ion pair,
and separated ion pair®*? could explain the change in the
jons’ state in dependence of the concentration of water.”
Furthermore, with the aid of spectroscopic methods supported
by computer studies, it has been shown that water molecules
tend to be isolated at lower concentration but form a nano-
segregated  continuous ~ water  network at  higher
concentrations."'**413 However, details about the changes of
the water's state — especially according to the formation of
water-in-salt systems — are still largely a mystery.

In recent works, we already investigated the protic ionic
liquid N-butyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide
([pyrH41[NTf.]) as a promising potential electrolyte for lithium-
ion batteries™* and characterized the impact of the addition
of water on the properties of the ILs."” This paper subsequently
enhances the recent studies by giving closer attention to the
changes in the water molecules’ state. Therefore, systems with
water contents of 0.1%, 1.0%, 2.0%, and 3.8% by weight are
investigated at different temperatures at and above room
temperature. First, the simulation methodologies and exper-
imental measurements are introduced, followed by a detailed
analysis of the structural aspects of these solutions which we
round up with a thorough discussion of the dynamic properties.

3315 © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Computational Details

The [NTf,]” anion as well as the heterocyclic atoms of the cation
were modeled using the specifically parametrized Canongia
Lopes—Padua force field."® The remaining parameters for the cation
were taken from the generalized OPLS force field for amines.*"
Partial charges were calculated from a gas phase restrained electro-
static potential (RESP)®” fit of the isolated ions at the HF/6-31+ +
G** level scaled down to an absolute value of 0.8.°* Charges are
downscaled to account for the charge transfer and polarizability****
within ILs. However, the SPC/E®**" model with unscaled charges was
used for water in the IL-water mixtures. The finally applied charges,
as well as other parameters, can be found in the ESI. The initial boxes
were generated using the PACKMOL®? program with the composi-
tions as listed in Table 1. The LAMMPS®* program was used to carry
out the classical MD simulations detailed herein at temperatures of
30°C (303K), 50°C (323K), 60°C (333K), and 80°C (353K)
respectively. Cut-offs for the Lennard-Jones interactions were taken
at 15A with tail corrections. For the evaluation of long-range
electrostatic interactions, we employed the standard Ewald sum
technique® with an accuracy of 107° Hartree beyond the cutoff
distance. The timestep was set to 0.5 fs.

All boxes were first equilibrated in an NpT ensemble at the specified
target temperature and 1 bar for 2 ns. Thereby, the temperature and
the pressure were maintained using a Nosé—Hoover thermostat and
a Nosé—Hoover barostat, respectively.*>® Afterwards, the boxes
were compressed to result in the average size of the last 1ns of
these equilibrations. The obtained densities are listed in Table 1. The
fact, that the densities perfectly match with the experimental ones
validates the applied model.

The systems were reequilibrated for another 5 ns in a canonical
ensemble. Afterwards, the production runs were performed for
10 ns in the microcanonical ensemble to ensure the unperturbated
calculation of the Newtonian equations. Trajectories and thermody-
namic information were saved every 250 steps for later analysis.

Static calculations were performed by the ORCA 4.0.1 program.®7?)
The electrostatic potential shown in Figure 1 was calculated using
the PBEh-3c functional”' "’ after previous geometry optimization
with the same method.

The VMD"® program was used for structure visualization. Trajectory
analysis was performed by TRAVIS”””® which allows for a wide
variety of analyses to be performed from trajectory files. In this
work, we evaluated radial distribution functions (RDFs), combined
distribution functions (CDFs), diffusion coefficients and lifetimes
using the reactive flux approach.”#"!

Self-diffusion coefficients were calculated from the mean square
displacements (MSDs) of the respective ions using the Einstein
relation:

Figure 1. The ions of the investigated systems (top: cation, bottom: anion).
The structures were optimized using the PBEh-3c functional after which the
electrostatic potential was mapped on the electronic density (isosurface
value 0.0004). The color scheme goes from —0.2 (red) over 0 (green) to 0.2
(blue).

with the positions 7(t) at time t. Only the data points in the last half
of the corresponding mean squared displacement functions (shown
in the Supporting Information) are considered for the linear
regression.

Subsequently, the diffusion coefficients were used to calculate ionic
mobilities using the Nernst-Einstein relationship:

Dicns'q
B R T @l

with the self-diffusion coefficient D, the charge g, the temper-
ature T, and Boltzmann’s constant k.

1 i We also performed a radical Voronoi tessellation,®" using TRAVIS,

D= t|_l‘r2§<[ r'(t) —7(0)] > (1) tounderstand the formation of phases, clusters and microheteroge-
Table 1. The compositions and densities of the investigated systems. All densities are given in gmol~'. The experimental densities are given in parenthesis if
available. Ball-and-stick representations of the ions are shown in Figure 1 and in the Supporting Information.

water content: pure IL 0.1% 1.0% 2.0% 3.8%

[pyrH,] INTF,] pairs 300 489 407 560 560

water molecules - 1 23 256 512

density at

30°C 1.40 (1.40) 1.40 (1.40) 1.39(1.39) 1.39 (1.39) 1.38 (1.38)

50°C 1.38 (1.38) 1.38 (1.38) 1.37 (1.37) 137 (1.37) 1.36 (1.37)

60°C 137 (1.37) 1.37 (1.37) 1.36 (1.36) 1.36 (—) 134 (-)

80°C 1.34 (1.35) 1.34 (1.34) 1.34(1.33) 133 (-) 132 ()
ChemSusChem 2021, 14,3315-3324  www.chemsuschem.org 3316 © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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neous fragments. Herein, the liquid is formally dissected into its
building blocks in order to define different subsets;®" the definition
of these subsets is system-specific. All atoms are considered as
Voronoi sites with the corresponding van der Waals radii being
used to define borders, volumes and surfaces for each atom. The
cells of each subset are formed from the atomic Voronoi cells and
these initially defined subsets belong to the same domain if their
cells share a common face. The average number of domains
present in the liquid, Ny, (domain count), can be obtained from
such a formalism. Any value of Ny, smaller than the total number
of particular subsets that constitute it indicates a certain aggrega-
tion present in the system. If the domain count equals one, the
subsets form a large, continuous microphase that stretches
throughout the whole liquid.

Results and Discussion
Structure

The visualization of the trajectories, as illustrated by the
representative snapshots in Figure 2, reveals an interesting
distribution behavior of the added water. If the concentration
of water is very low, the molecules are mostly found as single
separated entities. With rising concentration, however, the
water is increasingly clustering together to form big heteroge-
neous domains inside the liquid. It is justified to assume that a
single water molecule clamped between ions shows a com-
pletely different behavior compared to a molecule in a small
cluster or, even more extreme, to a molecule which is part of a
bigger domain of quasi-bulk water. In general, there are three
possible states the water can exist in:
¢ as a shared solvent molecule being part of the solvation shell
of two ions simultaneously
¢ as part of a solvation shell of a single ion
as quasi-bulk water.

In all these states, the physical properties of the water
molecules should be significantly different. It should be noted
here that the term “solvent” has to be taken with care.
Especially for very low water content (see as an example the
top panel of Figure 2), water is obviously not a solvent in the
traditional sense of the term. More realistically spoken, water is
a solute in the salt and should, therefore, be thought of
something similar to crystal water in hydrate melts.

A robust way to quantify this cluster formation is the
analysis of Voronoi domains®" Therefore, we defined the
following subsets based on the charge distribution of the
electrostatic potentials shown in Figure 1:

o fluorous subset: trifluoromethyl groups of the anions

e aqueous subset: the water molecules

e non-polar subset: the terminal propyl group of the cation
e polar subset: the rest of the cation and the anion

The resulting number of domains and the average respec-
tive domain sizes are shown in Table 2. Regardless of simulation
temperature or concentration of water, the polar components
are found to form a wide network detected as a single domain
which is a well-known observation for ionic liquids.®®
Interestingly, the non-polar as well as the fluorous parts are
both characterized by a slight increase of the domain size - the
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Kb

Figure 2. Snapshots from the simulations at 30°C (303 K) for the 0.1%, 1.0%
and 3.8% water solutions. The cations, anions and water molecules are
shown in green, red and blue, respectively.

number of molecules in one domain - if small amounts of water
are added. If the amount of water increases above 2.0%,
however, the domain size increases rapidly which indicates the
decomposition of the subset networks into smaller domains.
Furthermore, for both subsets the domain numbers marginally
decrease with increasing temperature. Meanwhile, for a water
concentration of 0.1% the water is well dispersed as mostly
single molecules over the simulation cell in well separated
domains. With 1.0% water concentration, the average domain
size increases to two molecules which indicates the appearance
of small clusters. It has been shown that water clusters of small
size form homodromic structures depending on their state.®**!
If the concentration of water is further increased, the clusters
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Table 2. Results of the domain analysis performed with the three terminal
carbon atoms (and the attached hydrogen atoms) of the butyl chain as the
non-polar phase. The values give the number of respective separated
domains. The average sizes of the respective domains are given in brackets
since the simulations for different water concentrations were performed
with varying numbers of ion pairs and water molecules.

pure IL
T polar non-polar fluorous aqueous
30°C 1.00 (300) 22.25(13) 4.21 (71) -
50°C 1.00 (300) 21.17 (14) 4.20 (71) -
60°C 1.00 (300) 21.03 (14) 4.27 (70) -
80°C 1.00 (300) 19.69 (15) 412 (73) -
0.1% water
polar non-polar fluorous aqueous
30°C 1.00 (489) 35.06 (13) 6.46 (76) 1052 (1)
50°C 1.00 (489) 33.38(14) 6.31(77) 10.53 (1)
60°C 1.00 (489) 3243 (15) 6.30 (77) 1033 (1)
80°C 1.00 (489) 32.81(15) 6.38(77) 1034 (1)
1.0% water
polar non-polar fluorous aqueous
30°C 1.00 (407) 31.67 (13) 5.96 (68) 46.43 (2)
50°C 1.00 (407) 31.31(13) 5.83 (69) 4743 (2)
60°C 1.00 (407) 31.27 (13) 5.75 (70) 56.85 (2)
80°C 1.00 (407) 30.02 (14) 5.83 (70) 55.54 (2)
2.0% water
polar non-polar fluorous aqueous
30°C 1.00 (559) 44.60 (12) 861 (65) 41.61 (6)
50°C 1.00 (559) 45.10 (12) 8.63 (65) 64.92 (4)
60°C 1.00 (559) 45.75 (12) 8.57 (65) 76.27 (3)
80°C 1.00 (559) 44.23 (12) 8.35 (67) 85.22 (3)
3.8% water
polar non-polar fluorous aqueous
30°C 1.00 (559) 53.56 (10) 9.52 (58) 42.02(12)
50°C 1.01(557) 49.47 (11) 942 (59) 54.81(9)
60°C 1.00 (557) 48.98 (11) 9.43 (59) 59.14 (9)
80°C 1.01 (556) 4817 (11) 9.75 (57) 85.59 (6)

become bigger and increasingly dominating. A transition from
small clusters (of two water molecules) to truly aggregated
water molecules (with clusters of six and more molecules) is
visible.

The combined distribution function (CDFs) in Figure 3 reveal
the molecular details of the ion-water interplay. Shown is the
occurrence of assemblies of a water molecule at a certain
distance from a cation and simultaneously at a given distance
from an anion. For very low water concentrations, there is
obviously only one prominent signal detected (named A in the
following). The distances — about 185 pm for the water-anion
distance and about 255 pm for the cation-water distance - are
exactly those one would expect for the corresponding hydro-
gen bonds. Therefore, this peak can be assigned to the
assembly illustrated in the top panel of Figure 4. The corre-
sponding distances are marked by green lines. The two ions are
separated by a water molecule in a way, that a hydrogen bond
is formed between the cation and the water and another one
between the same water and the anion. In other words, the
water is in this case a shared solvent molecule.

With higher water content, two more signals become
prominent:
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Figure 3. Combined distribution functions illustrating the occurrence of
three body assemblies of a water molecule interaction with two ions
simultaneously. The x-axis gives the distance between the acidic hydrogen
atom of the cation and the oxygen of the water molecule. The y-axis gives
the distance between the same water molecule’s hydrogen atom and the
oxygen atom of an anion. The heat plot represents the occurrence numbers
of the certain assemblies. Note the different scaling in the top panel.

o The first one (named B) is characterized by the same distance
between water and anion as in A but by a distance of
515 pm between cation and water. This signal can be
explained by the assembly illustrated in the bottom panel of
Figure 4 and the distances marked by the red lines. In this
case the two ions are separated by a bridge of two water
molecules. If each of the water molecule is assigned to the
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Figure 4. Most prominent assemblies found in the CDFs in Figure 3. The
atoms are illustrated by the following color code: hydrogen (white), carbon
(orange), nitrogen (blue), oxygen (red), fluorine (green), sulfur (yellow). Top:
An anion and a cation separated by a single water molecule. Bottom: The
two ions separated by a pair of water molecules. The relevant distances are
marked with solid and dashed lines in blue, green, and red, respectively. See
text for further explanation.

solvation shell of one ion, this state represents two solvation
shells interacting with each other.

e The second prominent signal (named C) is at the same
distance between cation and water as in A but at a distance
of 335 pm between water and anion. Due to the fact that the
anion contains four hydrogen bond interaction sites, there
are two possible explanations for this signal: First, the water
exists as a shared solvent molecule but the signal is not
representing the water-anion distance of the interacting
oxygen but, instead, of one of the other oxygen atoms (top
panel of Figure 4, blue lines). Second, the water exists in two
different interacting solvation spheres as in B (bottom panel
of Figure 4, blue lines). Unfortunately, one has to act on the
assumption that the signal contains contribution of both
cases and is thereby degenerated.

Furthermore, in the CDF for the highest water content
additional areas of high occurrence at higher distances in both
dimensions are detected. These can be explained by the
dominance of larger water clusters compared to the more
distinct smaller clusters for the lower concentrations. Water
molecules located in the inner region of larger clusters are not
linked to any ion at all but only surrounded by other water
molecules and thus comparable to molecules in a bulk water
phase.

The qualitative interpretation of the CDFs in Figure 3
already reveals several interesting details. However, a quantita-
tive interpretation is more challenging. Due to the different

ChemSusChem 2021, 14, 3315-3324 www.chemsuschem.org

number of ions and water molecules as well as the different
size of the simulation boxes and the consequential different
normalization of the occurrence numbers, the direct compar-
ison of different CDFs is invalid. Nevertheless, it is feasible to
compare the ratio of two or more values taken from a single
CDF with the corresponding ratios from another CDF.

Due to the fact that the water can interact with the four
oxygen atoms of the anion but only with the one acidic proton
on the cation, even the comparison of the total numbers of the
ratios A:B and A:C have to be handled with care. However,
both ratios are clearly decreasing with increasing water
concentration, as shown in Figure 5. Moreover, the slope of the
A:C ratios is significantly less steep than for the A:B ratios.
Another interesting observation is, that in the case of the A:C
ratios the differences between different water concentrations
are nearly the same for all temperatures, which becomes
obvious if the eye-guiding lines in Figure 5 are compared. For
the A:B ratios this clear order is not observed.

lon pair and hydrogen bond dynamics

In Table 3 lifetimes of ions pairs and hydrogen bonds calculated
using the reactive flux approach”®” were summarized. As
expected, all exchange rates increase with increasing temper-
ature. Interestingly, the addition of water results in a similar
effect.

Due to the fact, that the ion pair dynamics are directly
related to the mobility of the ions the ion pair exchange rate
can be correlated with the experimental conductivity,”” as
visualized in Figure 6. A similar correlation can be observed for
the exchange rate of the hydrogen bonds formed between
cations and anions, demonstrating the importance of hydrogen
bonding for the properties of ionic liquids. The revealed
correlation between the calculated properties and the exper-
imental data serves as a satisfying validation of the dynamical
data.

Signal ratio

2
Water content / %

Figure 5. Evolution of the signal ratio with increasing water content. The
ratio is given as the occurrence number of A divided by the occurrence
number of B (red symbols) and C (blue symbols). The lines are a guide for
the eye.
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Table 3. lon-pair and hydrogen bond lifetimes of the ion-ion-interactions
calculated with the reactive flux approach. All values are given in ps.
Water content T P H(cation)-O(anion)
pure 30°C 729.8 236.4
pure 50°C 3723 1246
pure 60°C 269.9 89.9
pure 80°C 176.7 60.4
0.1% 30°C 697.3 2244
0.1% 50°C 361.0 119.8
0.1% 60°C 236.0 89.1
0.1% 80°C 1725 59.1
1.0% 30°C 479.6 188.7
1.0% 50°C 304.4 1083
1.0% 60°C 2234 835
1.0% 80°C 1525 56.4
20% 30°C 546.4 178.8
2.0% 50°C 276.4 101.4
2.0% 60°C 2204 81.5
20% 80°C 136.6 52.5
3.8% 30°C 468.8 1724
3.8% 50°C 263.8 97.5
3.8% 60°C 2071 783
3.8% 80°C 1331 51.2
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Figure 6. Relationship between the experimental conductivity'” and the
inverse lifetimes (or decay rates) of hydrogen bonds and ion pairs.

The lifetimes of the water containing hydrogen bonds, listed
in Table 4 reveal a similar behavior in terms of temperature
dependence and water concentration as the ion pair dynamics.
Interestingly, the lifetimes of the cation-water hydrogen bonds
are even slightly higher than those of the water-water hydrogen
bonds, except for the systems with 0.1% water content. In
contrast, the lifetimes of the water-anion hydrogen bonds are
significantly shorter. This observation renders the anion to be
hydrophobic, while the cation’s hydrophobic character is less
pronounced.

The observation that the lifetimes of the water-water
hydrogen bonds are longer than the corresponding cation-
water hydrogen bond lifetimes in the systems with 0.1% water
content can be understood if the underlying exchange process
is taken into account: In the systems with a water concentration
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of more than 0.1% clusters with more than two molecules are
found. Therefore, it is possible that in the same step a water-
water hydrogen bond is broken a new water-water hydrogen
bond is formed. The high energetic stability of the new formed
bond renders the barrier in this associative exchange mecha-
nism to be smaller than a barrier towards a state of free
partners in a dissociative mechanism.®® In contrast, the
individual water molecules in the systems with 0.1% water
content rarely get in contact with each other. In other words,
the hydrogen bonds exists in seldomly occurring water dimers,
surrounded by the ionic liquid. As a consequence, the state of
the former bonding partners after the breaking event has to be
either the energetically unfavored free form, or a hydrogen
bond with the ionic liquid. In the first case, the process needs
to overcome the higher barrier of the dissociative mechanism.
In the second case, it can be assumed, that the influence of
these energetically less favorable hydrogen bonds on the
barrier is weaker than the impact of the water-water hydrogen
bonds. Moreover, the concentration of the interaction sites in
the IL is significantly lower than in water. Subsequently, the
hydrogen bonds in the systems with 0.1% water content are
found to be longer living.

Dipole reorientation

Figure 7 illustrates the dipole reorientation auto-correlation
functions of the water molecules. Similar to the observed trend
for the ion pair and hydrogen bond dynamics the reorientation
becomes faster if the temperature increases.

For the systems with a water content of 1.0% and more a
similar trend is observed if the concentration of water is
increased. However, the systems with only 0.1% water content
do not follow this trend, but show at all temperatures a much
faster reorientation than the corresponding 1.0% systems. This
is opposed to the trends in the hydrogen bond dynamics.
Nonetheless, a similar line of argumentation can be used: The
water is mostly found as single molecules in the systems with
0.1% and is therefore only relatively weakly bound by hydrogen
bonds with the surrounding ions. At higher concentrations the
water molecules are forming small clusters and subsequently
they are fixed in optimal cluster arrangements. If the water
concentration is only at 1.0% the found clusters consist of only
2-3 molecules, with strongly limited options to change the
binding partner. Subsequently, the reorientation dynamics are
slower. If the concentration increases the water’s state changes
more and more to that of bulk phase water, with a correspond-
ingly rapid reorientation rate due to the fluctuating network of
hydrogen bonds.

Diffusion and ionic conductivity
Self-diffusion coefficients are obtained from the Einstein

relation using mean square displacements. Overall, the ob-
tained diffusion coefficients are well comparable with diffusion
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Table 4. Hydrogen bond lifetimes of hydrogen bonds in between water molecules as well as water molecules and ions calculated with the reactive flux
approach. All values are given in ps.

Water content T H(cation)—O(water) H(water)—O(anion) H(water)—O(water)
0.1% 30°C 3385 374 590.7

0.1% 50°C 139.9 185 242.3

0.1% 60°C 98.9 134 141.2

0.1% 80°C 47.8 7.8 86.5

1.0% 30°C 174.0 28.0 87.2

1.0% 50°C 80.3 16.1 50.6

1.0% 60°C 732 1.0 399

1.0% 80°C 475 7.7 294

2.0% 30°C 1324 239 411

2.0% 50°C 79.2 13.5 380

2.0% 60°C 57.3 21 359

2.0% 80°C 438 5.9 254

3.8% 30°C 103.3 19.2 282

3.8% 50°C 59.9 12.5 26.3

3.8% 60°C 428 2.0 244

3.8% 80°C 417 4.7 223

coefficients (from both experiments and simulations) of several
[NTf,]"-based pure and doped ILs®"* and IL-water systems.*

The trends shown in Table 5 reveal that at all investigated
temperatures and all concentrations of water the cation exhibits
faster diffusion than the anion. This was already observed in
several [NTf,]-based ILs.***] Diffusion coefficients of all inves-
tigated species show a marked increase with temperature.
Moreover, the diffusion coefficients of the ions increase as well
with increasing water content with a few exceptions. These
exceptions are presumably due to the fact that calculations of
diffusion constants based on relatively short simulation times
are known to lead to considerable uncertainties.””

The observation that the ionic diffusion is sped up by the
addition of water was already reported for imidazolium based

Table 5. Self diffusion constants for the different simulations. All values are
given in pm?ps ' and in the order cation/anion/water.

30°C 50°C 60°C 80°C
pure  13.2/85/- 30.2/24.5/- 47.3/38.9/- 100.8/93.9/-
0.1% 13.4/95/131.5 33.8/28.2/ 52.2/42.9/ 91.7/85.6/837.9
316.0 502.3
1.0% 21.0/17.5/ 35.5/33.3/ 60.3/43.6/ 100.2/91.8/
109.9 256.1 496.7 631.0
20% 18.6/155/63.4 44.8/39.1/ 73.2/56.2/ 117.0/103.1/
210.1 310.2 565.9
38% 24.1/185/52.2 49.9/41.2/ 70.3/60.2/ 124.8/113.5/
134.0 139.2 3458

Table 6. The ionic mobility for the different systems in 10 *m?s 'V '
caleulated according to the Nernst-Einstein relationship. All values are
given as cation /anion/average ionic mobility.

30°C 50°C 60°C 80°C
pure 4.1/2.6/34 5.6/4.5/5.1 7.3/6.0/6.7 11.7/10.9/11.3
0.1% 4.1/2.9/3.5 6.3/5.2/5.8 8.1/6.6/74 10.6/9.9/10.3
1.0% 6.5/5.4/6.0 6.6/6.2/6.4 9.3/6.7/8.0 11.6/10.7/11.1
2.0% 5.8/4.8/5.3 8.3/7.3/7.8 11.3/8.7/10.0 13.6/12.0/12.8
3.8% 7.5/5.7/6.6 9.3/7.6/85 10.9/9.3/10.1 14.5/132/13.8
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PILs.*? However, the same work showed that the speed—up of
the cation is larger than that of the anion. This is not the case
for the pyrrolidinium based PIL investigated herein.

From the ionic mobility evaluated using the Nernst-Einstein
relationship with the obtained diffusivity coefficients shown in
Table 6, we observe that the average ionic mobility increases
marginally with addition of water but more significantly with
increase in temperature. Actually, the observed trends resemble
those of the experimental conductivity®” as illustrated in
Figure 8, which provides a good validation of the presented
dynamical data.

Additionally, the data in Table 5 reveals, that water gen-
erally exhibits a much higher diffusion coefficient than the ions.
Interestingly, the diffusion coefficient of the water is not
increasing with higher water content, but in contrast decreas-
ing. Before, it was shown that the dynamics of the hydrogen
bonds become faster with increasing concentration. The same
trends were observed for the rotations of the water molecules.
These accelerations co-occur with an increase of the overall
fluidity of the system in terms of the ion’s diffusion coefficients
and thus can be explained by a simple effect due to the dilution
of the ionic liquid. This explanation is consistent with the
recently published report, that the ion—ion interaction strength
in PILs is not affected by the presence of water.”® Therefore,
these observations alone do not allow an explicit statement
about the state of the water.

The observed decrease of the translational mobility of the
water molecules with increased concentration, however, shows
an opposite trend compared to the system’s fluidity. Hence,
these findings clearly indicate that the water exists in different
states within the ionic liquid depending on its concentration.
While at low concentrations the water shows the typical
behavior of a neutral molecule in an ionic liquid, the bulk water
properties are more and more dominating if the concentration
is increased. This is fully in line with the findings from the static
analyses.
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Figure 7. Water dipole reorientation dynamics in the water-in-IL solutions at
different temperatures for the 1.0% water solution (top panel) and for the
different concentrations at 30 °C (middle panel) and 50°C (bottom panel).

Conclusions

The impact of water addition on the physical properties of the
protic ionic liquid [pyrH4][NTf,] was reported previously.“” In
this contribution, we complete these investigations by focusing
the point of view on the physical state of the added water with
the aid of molecular dynamics simulations. To achieve this goal,
ionic liquids with different amounts of water additives were
simulated at varying temperatures. In the analysis, generally,
three different states of the water are conceptionally distin-
guished: First, water as a shared solvent molecule between two
ions. Second, water as a member of a single solvent shell. And
third, a state comparable to that in the bulk liquid.

Clear changes in the clustering behavior of the water
molecules can already be identified by a simple visualization of
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Figure 8. lon mobility according to the Nernst-Einstein-relationship (circles
and dotted lines) compared to the experimental conductivity'” (squares and
solid lines). Both data sets show the same trends for the increasing
temperature as well as for the increasing water content.

the obtained trajectories and are further quantified by a
Voronoi-based domain analysis. Therein, it is found that for a
water content of 0.1% the water is well dispersed as single
molecules. With a content of 1.0% it is forming small clusters of
two to three molecules. With higher contents, larger aggregates
with average sizes of six and more molecules in averages are
observed.

The molecular details of this clustering are illustrated with
the aid of combined distribution functions. The simulations
with 0.1 % water content is dominated by one prominent signal,
which can be explained with water molecules simultaneously
bound in two hydrogen bonds - one with an anion and one
with a cation. In the above described concept, these water
molecules are identified as shared solvents. At higher concen-
trations two more peaks arise. One is explained with water
molecules which are members in two interacting single solvent
shells. The other can be assumed as degenerated and is most
probably the result of overlying contributions of shared solvent
molecules and interacting single solvent shell molecules. The
ratio of shared solvent to interacting solvent shell molecules is
found to clearly decrease with increasing water content. Finally,
for the highest concentrations, the occurrence at larger
distances become more dominating which can be explained by
the presence of a quasi-bulk water microphase.

It is found that the decay rates of ion pairs and hydrogen
bonds between cations and anions are correlated with the
experimentally measured conductivities. Furthermore, the dy-
namics of both interactions become faster with increasing
temperature as well as with increasing water content. Similar
trends are observed for the reorientation of the water’s dipoles.
However, in this case an exception is found for the system with
0.1% water content, which shows a faster reorientation than
what one would expect. At this concentration the water
molecules are present individually and therefore, relatively free
to rotate. At higher concentrations the water molecules are
hindered by the emanating water—water interactions. If the
concentration increases the size of the formed clusters increase
and subsequently the water's state is more approaching the
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state in the bulk phase and in consequence the dynamics
become faster similar to the fluctuating hydrogen bond net-
work.

Finally, the self diffusion coefficients calculated by the
Einstein relation are analysed. It is shown, that all constants
increase with increasing temperature. Furthermore, the coef-
ficients of the ions increase with increasing water content.
These trends are the same for the experimental conductivities.

Interestingly, the diffusion coefficients of the water mole-
cules show the opposite trend corresponding the water
content: The higher the water content is, the slower becomes
the water’s diffusion. The findings for the hydrogen bond
dynamics and rotations of the water molecules can alternatively
be explained as a side effect of the increase of the liquid’s
fluidity. However, the findings for the translations require a
different explanation: For low concentrations the water behaves
as a typical neutral solute in an ionic liquid. At higher
concentrations this behavior is clearly due to a change in the
water's state towards that in the bulk.
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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 PlLs 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 [Pyrua][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 AlL, [Pyr14][TFSI]

was carried out (same compositions with diglyme as [Pyrua][TFSI]).

Compared to the “pure” 2G (with 0.5 M NaTFSl), the “pure” ILs (with 0.5 M NaTFSI) display
worse transport properties, owing to their high viscosities. [Pyrua][TFSI] shows slightly better
values compared to [Pyri4][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 AlL mixtures show a large gap

between 20 and 50 mol% of 2G, a behavior commonly observed in AlL-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 [Pyrus][TFSI],

the ESW of the protic mixtures is much lower, resulting in an overall ESW of around 3V
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compared to almost 4V 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 [Pyrua][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 AlL 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 PlL-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 AlL-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 SEl, while the demands in power

performance could be accomplished by higher content of solvent.
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Tonic liquids (ILs) have been proven to be promising electrolytes for electrochemical energy stor-
age devices such as supercapacitors and lithium ion batteries. In the last years, due to deficiency
in storage of lithium on earth, innovative systems, such as sodium-based devices, attracted consid-
erable attention. IL-based electrolytes have been proposed also as electrolytes for these devices.
Nevertheless, in the case of these systems, the advantages and limits of IL-based electrolytes need
to be further investigated. In this work we report an investigation about the chemical-physical prop-
erties of mixtures containing bis(2-methoxyethyl)ether diglyme (2G), which is presently considered
as one of the most interesting solvents for sodium-based devices, and the ionic liquids 1-butyl-
1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (Pyr;4TFSI) and 1-butylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (PyrgsTFSI). The conductivities, viscosities, and densities of
several mixtures of 2G and these ILs have been investigated. Furthermore, their impact on the electro-
chemical behaviour of activated carbon composite electrodes has been considered. The results of this
investigation indicate that these mixtures are promising electrolytes for the realization of advanced

sodium-based devices. Published by AIP Publishing. https://doi.org/10.1063/1.5013117

I. INTRODUCTION

Tonic liquids (ILs) are considered one of the most interest-
ing classes of electrolytes for a large number of electrochem-
ical storage devices. In the past, ILs have been successfully
utilized in supercapacitors (SC)' and lithium-ion batteries
(LIBs).”-!! Several works showed that the use of IL-based elec-
trolytes might have a beneficial impact on the safety as well as
on the energy density of these devices. '2-14 The favourable fea-
tures displayed by IL-based devices are related to the unique
chemical-physical properties of these molten salts and, espe-
cially, to their large electrochemical stability, low flammability,
and low vapour pressure. So far, aprotic ionic liquids (AILSs)
have been the most investigated and utilized class of IL for the
realization of IL based electrolytes for SC and LIBs. In both
systems, AILs have been used as neat solvents as well as a
co-solvent for a variety of organic solvents.*!>15 It has been
shown that the use of neat IL might have a positive impact
on the safety of these devices, especially in the case of LIBs.
On the other hand, the use of mixtures of IL and organic sol-
vents offer the great advantage of making the tuning of the
electrolyte properties possible, allowing the realization of high
performance devices. More recently, protic ionic liquids (PILs)
have also been proposed as electrolytes for SC and LIB. In
the case of SC, the use of this class of IL does not appear
particularly interesting.'® To the contrary, it has been shown

MAuthor to whom correspondence should be addressed: andrea.balducci@
uni-jena.de

0021-9606/2018/148(19)/193825/10/$30.00

148, 193825-1

that PIL-based electrolytes are very promising electrolytes for
LIBs.”'718 Thanks to the unique lithium environment present
on these electrolytes, in neat IL as well as in mixtures with
organic solvents, the use of PIL allows the realization of LIBs
that are able to display high performances even at high current
densities.® 1

In the last years, due to the relative scarce storage of
lithium on earth,?’ several efforts have been dedicated to
the development of alternative alkaline metal-ion batteries.
Among these systems, sodium-ion battery (SIB) are consid-
ered one of the most promising candidates, thanks to the
high natural abundance of sodium and its low price, which
make these devices ideal for stationary energy storage appli-
cations.?! In recent years, the research on SIBs followed the
footsteps of LIBs’ development by using similar electrode
materials and electrolytes.?> Among the electrolytes proposed
so far for SIBs, glyme-based electrolytes appear to be one
of the most interesting. In fact, it has been shown that the
use of glyme-based solvents allows the reversible formation
of ternary intercalation compounds between the sodium or
lithium ions, the glyme molecules, and the graphite and thus
makes the use of graphite as an anode material for SIBs possi-
ble.232* ILs have also been considered for SIBs.?> AILs have
been utilized in combination with several materials and they
have also been used for the realization of full cells.?®27 So far,
PILs have only been used in combination with polyanionic or
layered metal oxide cathodes.?®

As mentioned above, mixtures of ILs and organic sol-
vents are presently considered as a very interesting class
of electrolytes for many electrochemical devices. It is

Published by AIP Publishing.
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important to notice that the investigation of these mixtures
can also supply very helpful indications about the solvent-salt
(which in these mixtures are the metal-salt and the ionic liquid)
interactions. Information about these interactions is of crucial
importance for the understanding of the chemical-physical and
electrochemical properties of these electrolytes.

To the best of our knowledge, in the past, only few works
have been dedicated to the investigation of mixtures of AIL
and glyme-based solvents?>*° and none to mixtures of PIL and
glyme-based solvents. Nevertheless, considering the interest-
ing properties of these two classes of electrolytes, a deeper
understanding of the properties of this kind of mixtures would
be of importance for the realization of advanced sodium-based
devices.

Taking this point into account, in this paper we inves-
tigated the chemical-physical properties of mixtures con-
taining bis(2-methoxyethyl)ether diglyme (2G), the AIL
1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)
imide (Pyri4TFSI), and the PILs I-butylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (PyrgyTFSI). In order to
realize electrolytes suitable for sodium-based systems, sodium
bis(trifluoromethanesulfonyl)imide (NaTFSI) has been used
as conducting salt.

With the aim to have a better understanding of the prop-
erties of these mixtures, several ratios of 2G/IL have been
considered. At the beginning of the manuscript, the conductiv-
ities, viscosities, and densities of the investigated electrolytes
are considered. In the second part, the electrochemical sta-
bility of these mixtures is investigated. In the last part of the
manuscript, the impact of these electrolytes on the operative
voltage (OPV) of activated carbon is reported.

Il. EXPERIMENTAL
A. Electrolyte preparation

The bis(2-methoxyethyl)ether diglyme (2G) (99.5%,
obtained by Sigma-Aldrich) was used as received. The AIL
1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)
imide (Pyri4TESI) (99%, obtained by Iolitech) was used
as received. The PILs 1-butylpyrrolidinium bis(trifluoro-
methanesulfonyl)imide (Pyrg4TFSI) was synthesized as pre-
viously reported.>! The sodium bis(triflucromethanesulfonyl)
imide (NaTFSI) (99.5%, obtained by Solvionic) was dried
under vacuum at 60 °C for two days before its use.

Table I reports the composition of the investigated elec-
trolytes. In all electrolytes, the concentration of NaTFSI was
equal to 0.5M.

The electrolytes used for the investigations were prepared
under an argon atmosphere in an MBraun Labmaster?™ ECO
glovebox with <1 ppm H20 and <1 ppm O,. The water content
of all electrolytes was lower than 30 ppm.

B. Chemical-physical-characterization

The conductivities of the electrolytes were measured
using a potentiostat ModuLabXM (Solartron analytical) in the
temperature range comprised between —30 and 80 °C fol-
lowing the procedure described in Ref. 13. The viscosity of
the electrolytes was determined using a rheometer MCR 102

J. Chem. Phys. 148, 193825 (2018)

TABLE 1. Compositions of the electrolytes investigated in this work. The
ionic liquids Pyrj4 TFST and PyryyTFSI were used for the realization of the
electrolytes. NaTFSI (0.5M) was used as conductive salt.

2G (mol. %) IL (mol. %)
0 100
20 80
50 50
80 20
100 0

(Anton Paar) in the temperature range comprised between —30
and 80 °C, following the protocol reported in Ref. 13. The den-
sity of electrolyte was determined in the temperature range
comprised between 10 and 80 °C, using the density meter
DMA 4100M (Anton Paar).

C. Electrode preparation

Activated carbon (AC) electrodes were prepared follow-
ing the protocol developed by Krause et al.*? The dry compo-
sition of the electrodes was 90 wt. % of Norit DLC Super 30
(activated carbon), 5 wt. % Super C65 (conductive agent), and
5 wt. % carboxymethyl cellulose (CMC, binder). The mass
loading of the electrodes varied between 2.6 mg/cm? and
3.5 mg/cm?, the electrode area was equal to 1.13 cm?.

For the evaluation of the operative voltage of the AC-
based electrodes, an (oversized) counter electrode containing
85 wt. % of Norit DLC Super (activated carbon), 10 wt. % of
Super C65 (carbon black), and 5 wt. % of polytetrafluoroethy-
lene (PTFE, binder) were prepared following the procedure
described in Ref. 33. The mass loading of these electrodes
was about 40 mg/cmz, while the area was 1.33 cm?.

D. Electrochemical measurements

All electrochemical measurements have been carried out
using a three-electrode Swagelok cell setup. In every cell,
Whatman glass microfiber filters (150 mm) were used as sepa-
rators, drenched with 150 pl electrolyte. The cell assembly was
done under an argon atmosphere in an MBraun LABmaster?"®
ECO glovebox with <1 ppm H20 and <1 ppm O,.

The electrochemical stability window (ESW) of the elec-
trolytes were measured in a Swagelok cell using a platinum
electrode as working electrode, an oversized carbon electrode
as counter electrode, and a silver electrode as pseudoreference
electrode. After a 12-h open circuit voltage (OCV) measure-
ment to reach equilibrium, the cells were swept from OCV
towards either positive or negative direction at 1 mV/s until
a potential of -6 V vs. OCV and 6 V vs. OCV was reached
respectively.

For the determination of the operative voltage (OPV)
of AC-based electrodes on the investigated electrolyte, a
Swagelok cell using an AC-based working electrode, an over-
sized carbon electrode as counter electrode, and a silver
electrode as pseudoreference electrode were used.

The first step in the OPV measurements was an OCV
measurement for 1 h, after which 50 cyclic voltammetry (CV)
cycles at 20 mV/s, starting from the last recorded OCV value,
ranging from 0.8 V vs. Ag to —0.8 V vs. Ag were carried
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out to make sure the pores of the counter electrode were
fully soaked. As next step, another OCV was measured for
12 h, giving the starting point for the actual OPV measure-
ment, carried out via cyclic voltammetry (CV) with 5 mV/s
scan rate. The working electrode was swept towards pos-
itive and negative directions, respectively, using a step of
0.1 V. The positive and negative limits were defined as the
potential at which the Coulombic efficiency of the CV was
dropping below 98%. The efficiency 1 was calculated using
Eq. (1), with the sum of all positive currents 7, and negative
currents 7_,

pp e g o BE gy
L+ YL+ L
The specific capacitance C was calculated with Eq. (2),
1
C= ) @
axm

inwhich 1 is either the average current over the respective volt-
age window on cyclic voltammogram or the constant current
applied during galvanostatic cycling and @ represents the slope
of the voltage, in these cases the scan rate, while m is the mass
of the electrode.

After the determination of the OPV, full cells were assem-
bled and tested. Equation (3) was used for the electrode
balancing,

ml*Cl*U1=m2*C2*U2. (3)

m; and my are the masses of the electrodes, C; and C» are the
capacitances measured during the positive and negative OPV
measurements, respectively, and U; and U the positive and
negative voltage range of the electrolyte, respectively.

The electrochemical behaviour of the cells was investi-
gated using cyclic voltammetries carried out at different scan
rates (1 mV/s, 2.5 mV/s, 5 mV/s, 10 mV/s, 25 mV/s, and
50 mV/s) and galvanostatic cycling experiments carried out
at different current densities (0.5 A/g, 1 A/g, 2.5 Alg, 5 Alg,
10 A/g, and again 0.5 A/g). From these latter experiments, the
specific capacitance was also calculated using Eq. (2).

ll. RESULTS AND DISCUSSION
A. Chemical-physical properties

Figure 1 shows the conductivity evolution of the different
mixtures upon increasing temperature. According to Fig. 1(a),

100 100

J. Chem. Phys. 148, 193825 (2018)

at 30 °C the 2G displays a conductivity of 5.4 mS/cm, which
increases to 9.8 mS/cm at 80 °C.

Pyr14TFSI displays a lower conductivity through all the
investigated temperature range. At 30 °C this AIL displays
a conductivity of 1.7 mS/cm, while at 80 °C its conductiv-
ity is equal to 9.3 mS/cm. It is interesting to notice that,
with increasing temperature, the conductivity of the IL rises
faster than that of the solution containing 2G. This different
increase has been observed also in other mixtures contain-
ing organic solvent and IL, e.g., based on propylene carbon-
ate.!® The conductivity of the mixtures of 2G and Pyr;4TFSI
increases with the temperature following a trend similar to
that of the pure Pyri4TFSI, and at 80 °C all mixtures display
higher conductivities compared to both the single compo-
nents. The figure shows that the content of 2G inside the
electrolytes has a strong influence on the values of conduc-
tivity. At 30 °C the mixture containing 20% 2G displays a
conductivity of 2.9 mS/cm, which is a value lower than that of
the pure 2G. At the same temperature, the mixtures contain-
ing 50% and 80% of 2G display a conductivity of 9.4 mS/cm
and 10.1 mS/cm, respectively. These values are significantly
higher (more than 30%) than those of the other investigated
electrolytes. It is also interesting to notice that the conductivity
of the mixtures containing 50% and 80% of 2G is very similar
through all the investigated temperature range. Considering
this behaviour, it is possible to assert that in the case of these
mixtures there is a kind of 2G content threshold (in the order of
50%), above which an abrupt increase of conductivity is taking
place.

Figure 1(b) shows the conductivity evolution of the elec-
trolytes containing the PyryyTFSI. This PIL has a melting
point of 30 °C and, for this reason, the conductivity of the
pure component is reported only up to this value. At this tem-
perature, Pyrg4TFSI displays a conductivity of 2.8 mS/cm,
which rises to 13 mS/cm at 80 °C. These values are in agree-
ment with those already reported in the literature for this
PIL.3* This figure shows that when the temperature increases,
the conductivity of PyrgyTFSI rises faster than the one of
2G (as observed for the Pyr;4TFSI). At 80 °C, all inves-
tigated electrolytes, including the pure PyrgsTFESI, display
higher conductivity than the 2G. In the case of these mix-
tures, the 2G amount in the electrolytes also has a strong
influence on the conductivity and the higher the 2G content,
the higher is the conductivity. Nevertheless, contrary to the
2G-AIL mixtures observed above, no 2G content threshold
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FIG. 1. Influence of the temperature on
the conductivity of the (a) AIL-2G and
(b) PIL-2G mixtures, all with 0.5M
NaTFSL
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is observed, and the conductivity increases gradually with
increasing solvent content. This latter behaviour has been
observed for many other mixtures of organic solvents, e.g., PC,
AIL and PIL.131? Overall, the mixtures containing the PIL dis-
play higher conductivity values compared to that containing
the AIL.

Organic solution such as the 2G investigated in this work
follow an Arrhenius behaviour. To the contrary, as reported
already in the literature, ionic liquids (neat and in mixture with
organic solvents) do not exhibit an Arrhenius behaviour.>! For
this reason, the temperature dependence of the conductivity
was determined using a Vogel-Tamman-Fulcher (VTF) equa-
tion3® The VTF parameters of the investigated mixtures are
reported on the supplementary material,

J. Chem. Phys. 148, 193825 (2018)

FIG.2. VTF-plot of the conductivity curves of the (a)
AIL-2G and (b) PIL-2G mixtures. The insets show the
Arrhenius plot of the mixture based on pure 2G.

Figures 2(a) and 2(b) shows the VTF-plot for the investi-
gated mixtures. In both figures, the Arrhenius plot of the
2G electrolyte is reported in the inset. As shown, all elec-
trolytes containing ionic liquids display a linear behaviour. In
all investigated electrolytes, the addition of 2G leads to an
increase of conductivity. Nevertheless, as already discussed
above, the changes in conductivity determined by the addi-
tion of 2G are markedly different in AIL, where a thresh-
old is visible, compared to PIL-based electrolytes, where a
gradual change is observed. This difference seems to indi-
cate that the nature of the IL is influencing the ion-solvent

interactions.

Figures 3(a) and 3(b) illustrate the influence of the temper-
ature on the viscosity of the investigated electrolytes. Accor-
ding to Fig. 3(a), at 30 °C the Pyr14TFSI displays a viscosity
of 111 mPa s. This value is significantly higher than that dis-
played by the electrolyte containing the neat 2G, which at this
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FIG. 3. Influence of the temperature on
the viscosity of the (a) AIL-2G and
(b) PIL-2G mixtures, all with 0.5M
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temperature displays a viscosity of 1.5 mPa s. The viscosity
of the mixtures containing Pyr;4TFSI-2G is, at all investigated
temperatures, lower than the one of the neat Pyrj4TFSI. The
figure shows that the higher the amount of 2G in the elec-
trolyte, the lower is the viscosity of the mixtures. As already
observed for the conductivity measurement, a threshold of 2G
concentration seems to be present. In the figure it is well visible
that the mixtures containing 50% and 80% of 2G display from
80 °C till =10 °C, very similar values, which are significantly
lower than that showed by the mixture containing 20% of 2G.
Below —10 °C the viscosities of the two mixtures become dif-
ferent, but they are still an order of magnitude lower than those
of the mixtures with 20% 2G. According to Fig. 3(b), in the
case of the mixtures containing the PyryyTFSI, a more grad-
ual change of viscosity is observable, in agreement with the
result observed for the conductivity. PyrgsTFST has a melting
point of 30 °C, which is higher than that of the Pyr14TFSI. This
higher melting point has a strong influence on the liquids range
of the mixtures, which is dependent on the 2G content. The
figure shows that the higher the 2G content, the lower are the
viscosities and the larger the liquids range of the investigated
mixtures.

As in the case of the conductivity measurements, the tem-
perature dependence of the viscosity has also been determined
via a VTF equation. The VTF parameters of the investigated
mixtures are reported on the supplementary material,

1 =10 * eXp

-B,
T_TO]. ®

Figures 4(a) and 4(b) show the VTF plot for the two inves-
tigated classes of 2G-IL mixtures. As in the case of the

conductivity, the Arrhenius plot of the neat 2G based elec-
trolytes is reported on the inset of the figure. Figure 4(a)
shows that all the mixtures containing the Pyri4TFSI dis-
play a linear behaviour and a marked difference between
the electrolyte containing low and high amount of 2G is
observed. Again, the electrolytes containing PyrysTFSI show
a more gradual change of viscosity over temperature. Never-
theless, it is interesting to notice that the mixture containing
80% 2G appears deviated from the ideal VIF behaviour.
However, as it does not follow the Arrhenius behaviour,
the VTF behaviour appears as the most appropriate to
describe the variation of viscosity over temperature of this
mixture.

Figure 5 shows a comparison of the densities of the
investigated electrolytes. Overall, as visible, the higher the
ionic liquid content in the mixtures, the higher their den-
sity. The density of the protic and aprotic mixtures are similar
(except for the mixture containing 50% IL), due to the simi-
lar density of Pyri4TFSI and Pyrg4TFSI. All mixtures show
a decreasing density with increasing temperature. The differ-
ent behaviour between the protic and aprotic mixtures, when
increasing the IL content higher than 20 mol. %, is visible
here too.

B. Electrochemical characterization
1. Electrochemical stability window

Figure 6 reports the ESW of the investigated mixtures.
Figure 6(a) shows that the mixture based on pure 2G and
the AIL show electrochemical stabilities overall exceeding
4 V. The electrolyte containing the neat Pyri4TFSI displays
the larger ESW. The cathodic stability of this AIL appears
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to reach the Na plating potential, although a small peak at
around —2 V vs. Ag is visible on the curve. On the other hand,
the anodic stability of this electrolyte appears higher than 2.5 V
vs. Ag, which is a value in line with those already observed
for this AIL.7 The solution containing the neat 2G displays a
marked peak at around —1.75 V vs. Ag, which might be origi-
nated by the occurrence of decomposition processes in the 2G
solvent. At lower potentials, however, the current decreases
and becomes more stable. The oxidation potential of this elec-
trolyte results significantly lower than the one of the electrolyte
containing the neat IL, indicating that the presence of 2G is
limiting the stability of the TFSI anion. The mixtures contain-
ing 2G and Pyr4TFSI display an ESW in between those of
the two neat components. As shown, the mixture containing
20% of 2G shows a peak at —1.75 V vs. Ag and its cathodic
limit appears to be at ca. =3 V vs. Ag. The presence of the
solvent leads to a reduced anodic stability (ca. 1 V) com-
pared to the neat AIL. When higher amounts of 2G (50% and
80%) are present in the mixtures, the intensity of the peak
located at —1.75 V vs. Ag increases. At the same time, high
amounts of solvent are also reducing the anodic stability of the
mixtures.

The mixtures containing the protic ionic liquid Pyrgs TFSI
and 2G display a completely different behaviour. Figure 6(b)
shows that the cathodic stability of all electrolyte containing
the PyrgsTFSI is limited by the reduction of the proton of
the PIL, which is occurring at ca. =1 V vs. Ag. Similar to
the mixtures containing the AIL, the oxidation potential of all
mixtures is decreasing with higher 2G content.

Potential vs. Na/Na+

Temperature [°C]

2. Operative voltage measurements

Figure 7 compares the maximum operative voltage (OPV)
possible for AC-based electrodes on (a) 2G, (b) Pyr14TFSI, and
(c) Pyrg4 TFSI based electrolytes. In all cases, as for all fol-
lowing investigations, the OPV has been defined as the higher
positive and the lowest negative potential limits, at which the
efficiency of the charge-discharge was higher than 98%.

As shown, the use of these different electrolytes leads to
different OPVs. As expected from the ESW results, the use of
AC-based electrodes in combination with Pyrj4TFSI leads to
the higher OPV (3.8 V). On the other hand, due to the limited
cathodic stability of PyryyTFSI, the use of this PIL in com-
bination with AC-based electrodes leads to the smallest OPV
(2.3 V). It is important to notice that the OPV observed in
these two ILs are in agreement with values already reported in
the literature.”* The OPV observed in 2G is equal to 3.4 V,
which is a value in between those of the two IL-based elec-
trolytes. This large OPV is somehow surprising considering the
ESW of this neat solvent discussed above. Obviously, the peak
observed at —1.7 V vs. Ag does not strongly affect the charge-
discharge process, allowing the realization of high efficient
storage process.

The nature of the electrolytes has also a strong influ-
ence on the shape of the CV curves as well as on the specific
capacitance displayed by the AC-electrodes. As shown, when
the Pyri4TFSI is used, the AC electrodes display a capac-
itive behaviour, and they deliver a specific capacitance in
the order of 50-60 F/g. This relative low value, which is in
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FIG. 7. Specific capacitance and Coulombic efficiency of an activated carbon electrode obtained from CV at 5 mV/s for the pure (a) 2G, (b) Pyr4 TESI, and (c)

Pyrys TESI based electrolyte, all with 0.5M NaTFSI.

agreement with those already reported for this type of carbon
in similar IL-based electrolytes,? is obviously due to the high
viscosity displayed by the electrolyte at room temperature.
As shown, the use of Pyrg4TFSI leads to the occurrence of
faradic processes, evidenced by the presence of peaks on the
CV, which are increasing the specific capacitance delivery by
the AC electrodes (which reach values of more than 120 F/g).
This behaviour and the values of specific capacitance delivered
by the AC electrodes are in line with the previously reported
result.’” When the electrolyte containing the neat 2G is used,
the AC electrode display specific capacitances of more than
100 F/g, which are possible, on the one hand, thanks to the rel-
ative high conductivity of the electrolyte (the highest among
the three neat electrolytes) and, on the other hand, due to the
occurrence of faradic processes, which are clearly visible in
the CV profiles.

Figure 8 shows the OPVs displayed by the AC electrodes
on the mixtures of Pyrj4TFSI and 2G. In all mixtures OPVs
higher than 3.5 V are possible. As visible, the oxidation poten-
tial israther comparable in all three mixtures and in the order of
1.3-1.4 V vs. Ag. On the other hand, more marked differences
can beseen for the cathodic limit. The mixture containing 20%,
50%, and 80% of 2G display an anodic limit of —2.5 V vs. Ag,
—2.1 Vvs. Agand —2.3 V vs. Ag, respectively. These values
indicate that there is no direct relationship between the ESW
and the OPV shown by the AC electrodes. Nevertheless, the
figure clearly shows that the shape of the CVs and the specific
capacitance delivered by the electrode is affected by the ratio
AIL/2G inside the electrolyte. Specifically, the higher the IL
content, the more capacitive the CV shape. At the same time,
high amounts of Pyr4TFSTin the mixture lead to areduction of

the specific capacitance delivered by the AC electrodes. Obvi-
ously, this behaviour is caused by the fact that the presence
of 2G improves the conductivities of the investigated mix-
tures but, at the same time, decreases their electrochemical
stability.

Figure 9 shows the behaviour displayed by the AC
electrodes in the electrolytes based on mixtures containing
Pyrg4TEST and 2G. As shown, the OPV of the AC electrodes
in these mixtures decreases with increasing solvent amount,
from 2.5 V (20% 2G), over 2.1 V (50% 2G), to 1.9 V (80%
2G). This decrease of OPV is observable in both the posi-
tive and the negative limits. As visible in the figure, while the
AC electrodes are stable up to —1.2 V vs. Ag in the mixture
containing 20% 2G, the limit decreases to —1.0 V vs. Ag in
the mixtures containing 50% and 80% of 2G. On the other
hand, the positive limits for the AC electrodes in the mix-
tures containing 20% 2G are equal to 1.3 V vs. Ag and only
1.0 V vs. Ag for mixtures with higher solvent content. It is
interesting to notice that the negative limits shown by the AC
electrodes in these mixtures are smaller than those observed
in neat 2G as well as in the neat Pyrg4 TFSI (see Fig. 8). Tak-
ing these results into account, it seems that the combination of
these two components, especially in the case of high 2G con-
tents, results in an unfavourable ion-solvent interaction, which
is limiting both the negative and positive limits of AC-based
electrodes.

As shown on the figure, the shape of the CVs shown by
the AC electrodes is largely influenced by the 2G/PIL ratio.
Large amounts of 2G lead to a shape similar to that observed
in the neat 2G, while large amounts of PIL to those observed
in the neat Pyry,TFSI. Different from the mixtures of 2G and
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FIG. 8. Specific capacitance and Coulombic efficiency of an activated carbon electrode obtained from CV at 5 mV/s for the Pyr;4 TESI based electrolytes with
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AIL, the specific capacitance delivered by the AC electrodes ~ operative voltage similar to that of the neat IL, but capacitances

is rather comparable on all three mixtures. comparable to that of the neat 2G. This behaviour, which has
The results reported above indicated that mixtures of 2G ~ been already reported for mixtures of the same IL and other
and AIL and PIL display interesting chemical-physical prop- organic solvent, e.g., PC,!* confirms once more the advantage

erties and that they can be successfully tested in combination  related to use of this type of electrolytes in view of the real-
with AC-based electrodes. In order to investigate the use of  ization of high voltage IL based EDLCs. On the other hand,
these mixtures in electrochemical storage devices more in Fig. 10(b) shows that the use of PIL, either neat or in com-
detail, electrochemical double layer capacitors (EDLCs)have  bination with organic solvent, does not allow the realization
been assembled and some preliminary test have been carried  of high voltages. This result, which is line with those already
out. For this investigation, only selected mixtures, the one con- reported in the literature, confirm that PILs are not the most
taining 80% 2G and 20% Pyr14TFSI and that containing 20% promising IL for EDLC applications.

2G and 80% Pyry4TFSI, have been considered. The behaviour Figure 11 compares the capacitance retention shown by
of EDLCs containing these two mixtures has been compared  the EDLC containing the investigated electrolytes. As shown,
to that of devices containing the neat electrolytes. due to the high viscosity of the neat ILs, the EDLC contain-

Figure 10 shows the cyclic voltammograms, recorded at  ing these electrolytes display, as expected, low capacitance
5 mV/s, displayed by EDLCs containing the selected elec-  retentions. On the other hand, the EDLC containing the neat
trolytes. Figure 10(a) shows that the use of mixtures of 2G 2G, due to the relative high conductivity of this electrolyte,
and Pyr14TFSI allows the realization of devices able to display ~ displays good capacitance retentions toward higher current
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densities, and at 10 A/g they are retaining 50% of their ini-
tial capacitance. When mixtures of IL and 2G are used, the
capacitance retentions displayed by the EDLCs are depending
on the amount of IL present in the mixture. As shown, the
mixture containing the 80% IL (PyrgsTESI) displays a lower
capacitance retention at 10 A/g compared to that containing
only 20% IL (Pyri4TFSI). These results, which are in agree-
ment with those reported for other mixtures of organic solvents
and ILs, clearly indicate that the ratio solvent/IL for these kind
of mixtures has a strong impact on the capacitance retention
and thus the power of EDLCs.

IV. CONCLUSION

In this work, we investigated the chemical physical prop-
erties of mixtures of diglyme and aprotic and protic ionic
liquids having 0.5M NaTFSI as conducting salt. We showed
that the conductivities and viscosities of all the investigated
IL-based electrolytes fall into the typical range for electro-
chemical energy storage applications at room temperature and
exhibit VTF behaviours. Interestingly, we observed that the
nature of the IL strongly affected the properties of these mix-
tures. In the case of aprotic ionic liquids based mixtures,
we could identify a concentration threshold for the solvent,
beyond which a similar behaviour with pure 2G based elec-
trolyte could be found. To the contrary, we found that the
properties of mixtures of protic ionic liquids and 2G are chang-
ing gradually upon increased solvent concentration within the
mixture. This behaviour, which might be related to the influ-
ence of the nature of the cation of the IL on the homogeneity
of the mixtures, needs to be further investigated. Furthermore,
in order to better understand the behaviour of these mixtures,
other compositions, e.g., with high and low EG content, should
also be addressed in the future. The results reported in this
work show that the investigated mixtures can be successfully
used in combination with AC based electrodes. We proved that
the nature of the ionic liquid has a tremendous impact on the
operative voltage as well as on the specific capacitance of the
AC electrodes. While the use of PIL does not allow the realiza-
tion of high voltage EDLCs, the use of mixtures of AIL and 2G
allows the realization of high voltage EDL.Cs. When a proper
ratio between IL/2G is used, these high voltage EDLCs can
display capacitance retention comparable to the neat organic
solvent up to current as high as 10 A/g.

Considering these results, mixtures of 2G and IL appear
certainly as interesting electrolytes for Na-based electrochem-
ical storage devices. Work is in progress to investigate the use
of these mixtures in combination with SIB electrodes and to
verify their feasibility for a use in Na-ion capacitors.

SUPPLEMENTARY MATERIAL

See supplementary material for VIF parameters of con-
ductivity and viscosity of the different electrolytes.
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2.2. PlLs in Battery Systems

2.2.1. Publikation 5: Imidazolium-Based Protic lonic Liquids as Electrolytes for Lithium-

lon Batteries

Besides improving the weak points of PlLs 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 PlLs already synthesized in the past. While 1-
methylimidazolium ([1-Melmy]) [TFSI]/[FSI], had been listed with low m.p.s below RT, the 1-
2-dimethylimidazolium ([1-2-Me2Imy]) 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 [CI]" anions have very low ESWSs, a switch to [TFSI]  and [FSI] was necessary. Additionally,
for [1-Melmu][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-Melmy][TFSI], [1-Melmy][FSI], [1-2-Me2lmy][TFSI] as well as
[1-2-Me2lmu][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-Melmy][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-MezImu][TFSI] displays the same ionic conductivity as [1-2-Me2Imy][FSI],
seemingly less depending on vehicular ion transport. On the other hand, [1-Melmy][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-MezIlmy][FSI] and [1-2-Me2Ilmy][TFSI] were identified as most
promising for this setup, being able to retain almost 50 % capacity even at 5 C. Surprisingly,
[1-Melmy][FSl], 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-Me;Imu]*-based systems was investigated. While the
[1-2-Me2lmu][TFSI] system was able to retain more than 80 % of the initial capacity, the
[1-2-Mealmy][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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Imidazolium-Based Protic lonic Liquids as Electrolytes for

Lithium-lon Batteries

Timo Stettner,® Florian C. Walter,™ and Andrea Balducci*®

Protic ionic liquids (PILs) have been indicated as a promising
class of ionic liquids (ILs) for the realization of high-performance
lithium-ion batteries (LIBs). In this work we synthesize four
different PILs containing the imidazolium-based cations 1,2-
Dimethylimidazolium (1,2-DMim~) and 1-Methylimidazolium (1-
Mim™), and the anions Dbis(trifluoromethanesulfonyl)imide
(TFSI7) and bis(fluorosulfonyl)imide (FSI"). We show that these
PILs display good conductivities and low viscosities and that
they can be successfully used in combination with lithium iron
phosphate (LFP) electrodes. Among the investigated electro-
lytes, 0.5M LiTFSI in 1,2-DMImTFS|I appears as the most
promising candidate for the realization of systems with high
capacity retentions at high C-rates and high cycling stabilities.

In the last decade ionic liquids (ILs) have been extensively
investigated as electrolytes for electrochemical energy storage
devices due to the favorable combination of properties like low
viscosity, high conductivity, low flammability and low vapor
pressure that these molten salts might display."’ Several studies
showed that ILs could positively contribute to the safety of
batteries, e.g. lithium-ion batteries (LIBs).””*" Until now, how-
ever, the performance of IL-based systems do not match that of
conventional devices containing organic liquid electrolytes.”
Furthermore, the cost of ILs is typically higher than that of
conventional electrolytes. For this reason, further efforts are
required to realize IL-based LIBs with performance and costs
comparable with those of the state-of-the art electrolytes.
These efforts should be directed toward the realization of IL
with designed properties for a specific device.

ILs can be divided in three subgroups: aprotic ionic liquids
(AlLs), protic ionic liquids (PILs) and zwitterionic ionic liquids.
While the latter ones are often used in polymer gel electrolytes,
in the field of batteries in general, AlLs have been the most
utilized subgroup.”"'¥ In the last years, however, the interest on
the use of PILs as electrolytes for LIBs increased.” It has been
shown that PILs might display favorable transport and thermal
properties, and that the presence of one or more proton(s) on
the cation of these ILs, although limiting their cathodic stability,
has a positive impact on the coordination of the lithium ions.
This set of properties appears especially advantageous during
tests at high current densities.”” PlL-based electrolytes have
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Center for Energy and Environmental Chemistry Jena (CEEC Jena)
Friedrich-Schiller-University Jena
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been successfully used in combination with several cathodic
materials, e.g. lithium iron phosphate (LFP), and anodic
materials, e.g. graphite, used in LIBs."*"” Nevertheless, many
aspects related to the use of this subgroup of ILs in LIBs need
to be further investigated.

So far, only a limited number of cations and anions have
been utilized for the realization of PlL-based electrolytes."’"' It
is well known, however, that the chemical composition of the
cation and the anion of ILs is dramatically affecting their
properties.?” Therefore, investigations dedicated to the influ-
ence of the cation-anion combination on the properties of PIL-
based electrolytes suitable for LIBs are of importance for the
realization of devices containing these electrolytes.

Imidazolium based AlLs have been intensively investigated
as electrolytes for LIBs but, to the best of our knowledge, only a
very limited number of studies reported the use of PIL based
on this cation as electrolytes for LIBs. Nevertheless, taking into
account the favorable properties of imidazolium-based ILs, their
use could be of great interest for the realization of advanced
LIBs. In this communication we report for the first time an
investigation about a series of imidazolium-based PIL suitable
for battery application containing the cations 1,2-Dimethylimi-
dazolium (1,2-DMim~) and 1-Methylimidazolium (1-Mim~), and
the anions bis(trifluoromethanesulfonyl)imide (TFSI") and bis
(fluorosulfonyl)imide (FSI7). In the first part of the manuscript,
the chemical-physical properties of the electrolytes are inves-
tigated in detail. In the second part, the impact of these
electrolytes on the chemical physical performance of LFP
electrodes is reported.

Figure 1 shows the chemical structures of the PILs inves-
tigated in this work. For each PIL the used acronym as well as
the state of aggregation at room temperature (RT) are also
reported. As shown in the figure, the nature of the anion has a

Figure 1. Overview of the synthesized and investigated PILs. The state of
aggregation refers to RT.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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strong influence on the aggregation state at room temperature.
At RT the PILs containing TFSI~ as anion are solids, while those
containing the FSI~ anion are liquids. A similar behavior has
been also reported for pyrrolidinium based ILs and, therefore, is
not surprising."” It is important to notice that the state of
aggregation at RT is strongly depending on the water content
of the PIL. When large amounts of water (1% or more) are
present in the PIL, the large majority of these compounds are
liquids."*?" When the content is reduced to only a few ppm, as
in the case of this work, the difference in terms of aggregation
state becomes visible. Unfortunately, this aspect has not been
always carefully considered in the past and several PILs have
been indicated as room temperature ILs even if they are not.
Figure 2 compares the conductivity, viscosity and density of
the PILs investigated in this work. As shown in the figure, the
nature of the anion has a strong influence on the chemical-
physical properties of these ILs. Figure 2a shows that among
the investigated PILs, the 1,2-DMImTFSI displays the highest
viscosity over the whole investigated range of temperature
(27.2 mPa s at 60°C). The replacement of the cation 1,2-DMIm~
with the smaller cation 1-MIm™ reduces the viscosity of the PIL,
but not dramatically: 1-MImTFSI displays a viscosity of 22.3 mPa
s at 60°C. To the contrary, a significant change in viscosity is
observed when the smaller FSI~ replaces the TFSI~ anion. As
indicated in the figure, 1,2-DMImFSI and 1-MImFSI display
viscosities of 16.0 mPa s and of 15.6 mPa s, respectively, at
60 °C. These values are approx. 30% lower than those observed
for the TFSI-based PILs are. Considering these differences, it is
reasonable to assume that the TFSI™ anion is responsible for
higher ionic binding strengths, and thus higher viscosities,
compared to the anion FSI™. This effect is most likely related to
the bigger size of the TFSI™ anion, which facilitates the sterical
matching between anion and cation.”” Figure 2b shows a
comparison of the conductivities of the investigated PILs. As
shown, 1-MImFS| displays the highest conductivity over the
whole temperature range. At 60 °C, it displays a conductivity of
20.8 mS/cm. At 30°C this PIL displays a conductivity of 9.5 mS/
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Figure 2. Influence of the temperature on the (a) viscosity, (b) conductivity,

and (c) density of the PIL investigated in this work.
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cm, a value comparable to that of conventional electrolytes for
LIBs.? On the other hand, 1-MImTFSI shows the lowest
conductivity among all the PIL, with values of 3.1 mS/cm and
8.2 mS/cm at 30°C and 60°C, respectively. Taking these differ-
ences into account, the presence of the anion TFSI™ appears to
have a rather strong (and negative) impact on the conductivity
of PILs containing the cation 1-MIm™. It is interesting to notice,
however, that this impact appears much less significant when
the cation 1,2-DMIm~ is used. As shown in the figure, at 60°C
1,2-DMImTFSI and 1,2-DMImFSI display conductivities of
14.9 mS/cm and 14.8 mS/cm, respectively. Taking these results
into account it seems that the cation 1,2-DMIm ™ influences the
conductivity much more than the cation 1-MIm™. In order to
confirm this assumption, however, a systematic investigation of
the properties of PlLs containing these cations and different
anions would be necessary. This study, nevertheless, is out of
the scope of the present work. Figure 2c compares the variation
of the density over temperature of the investigated PlLs. As
shown, the 1-MIm~ based PILs display a higher density than
the corresponding 1,2-DMIm™ PILs. Additionally, the PILs
containing TFSI™ have a higher density compared to that
containing the anion FSI™. This latter finding could be related to
the higher viscosity of the TFSI™ anion.

Figure 3 shows a comparison of the electrochemical
stability window (ESW) of the investigated PILs. As shown, in all
PILs the cathodic limit is located around —0.6 to —0.65 V vs. Ag.
This limit is obviously defined by the reduction of the proton in
the cation of the PIL. From the results reported in the figure, it
is evident that the different number of methyl groups present
on the imidazolium cations used in this work does not seem to
have an impact on the stability of the “free” proton. The anodic
limit of the PIL is related to the nature of the anion and, as
shown, the TFSI-based are slightly more stable than the FSI-
based PILs. This result is in line with the results available in
literature."”” 1,2-DMImFS| decomposes around 1.9V vs. Ag,
while all other PILs appear to be stable up to 2.0V vs. Ag.
Consequently, the overall ESW of this latter PIL is of approx.
2.55V, while those of all the others amounts to approx. 2.75 V.

Potential (V vs. Li/Li*)
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Figure 3. Electrochemical stability window of the pure synthesized PILs at
60°C.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

88



Results and Discussion

\®*ChemPubSoc
\.{ = Europe

These values are slightly lower than those observed for
pyrrolidinium based PIL2" A similar trend has been also
reported for AlLs.?!

After the chemical-physical investigation described above,
all the PIL have been mixed with 0.5M LiTFSI to realize
electrolytes suitable for a use in combination with LFP electro-
des. After some initial test CVs which have been carried out to
guarantee a good wetting of the LFP electrodes (results not
shown), a C-rate test at 60 °C has been carried out. The results
of these tests are reported in Figure4. At 0.5C the LFP
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Figure 4. Capacity retention over increasing C-rate of LFP electrodes used in
combination with electrolyte containing 0.5 M LiTFSI in PIL. The tests have
been carried out at 60°C.

electrodes display in 0.5 M LiTFSI in 1,2-DMImTFSI, 0.5 M LiTFSI
in 1,2-DMImFSI, 0.5 M LiTFSI in 1-MImTFSI and 0.5 M LiTFSI in 1-
MImFS|  specific capacities of 158 mAhg™', 167 mAhg™',
113 mAhg™" and 143 mAhg, respectively. These values in-
dicate that in the investigated electrolytes the LFP electrodes
can deliver good capacities, comparable or even higher of
those observed in AlLs or other PILs."”” When the C-rate is
increased, the electrode capacity decreases, as expected. In
spite of this, it is interesting to notice that overall the use of
these PlL-based electrolytes allows a good retention capacity
during tests carried out at high current densities. Among the
investigated electrolytes, 0.5 M LiTFSI in 1,2-DMImTFSI appears
as the most promising. The LFP electrode cycles in this
electrolyte were able to retain more than 90% of their initial
capacity at 1 C, and more than 50% at 5 C. For this reason, we
decided to further investigate the behavior of the LFP electro-
des in this electrolyte. In order to get information about the
influence of the anion of the PIL on the electrochemical
performance of LFP electrode, also the electrolyte 0.5 M LiTFSI
in 1,2-DMImFSI has been considered.

Figure 5a shows a comparison of the capacity retention of
LFP electrodes over 100 charge-discharge cycles carried out at
1C and at 60°C. As shown, the LFP electrode used in
combination with 0.5 M LiTFSI in 1,2-DMImFSI was not display-
ing a good capacity retention, and after 25 cycles this electrode
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Figure 5. (a) Specific Capacity of LFP electrodes during test carried out at
60°C and 1 C in combination with 0.5 M LiTFSI in 1,2-DMImFS| and 0.5 M

LiTFSI in 1,2-DMImTFSI; (b) and (c) charge-discharge profiles of the LFP
electrodes in the investigated electrolytes.

was not able to display a decent capacity. As shown in
Figure 5b, this capacity fade was originated by the occurrence
of (parasitic) reactions during the cycles, which were strongly
reducing the efficiency of the charge-discharge process. To the
contrary, the LFP electrode cycled in 0.5M LiTFSI in 1,2-
DMImTFSI was displaying a much more stable behavior, and it
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was able to retain more than 80% of its initial capacity after
100 cycles. During the whole duration of the cycling process,
no parasitic reactions were observed, and the efficiency of the
charge-discharge was always close to 100% (Figure 5c). It has
been shown that TFSI-based IL are typically displaying higher
thermal stability compared to the FSl-based one, and this
difference could be one of the reasons of the better stability
observed in 1,2-DMImTFSI. Study about this important point
are currently in progress.

The realization of designed ILs is of crucial importance for
the introduction of this class of electrolytes in electrochemical
energy storage devices. In this manuscript we reported the
chemical physical properties of four different imidazolium-
based PILs, and we showed that these ILs display promising
transport properties. Furthermore, we showed that despite
their rather limited ESW, they can be successfully used as
electrolytes for LIBs. Among the investigated PlL-based electro-
lytes 0.5M LiTFSI in 1,2-DMImTFSI appears as the most
promising. LFP electrodes utilized in combination with this
electrolyte can deliver high capacity at low as well as at high C-
rates and a good capacity retention during prolonged charge-
discharge cycles carried out at 1 C and 60°C. Further inves-
tigations are certainly needed to better understand the impact
of imidazolium-based PILs on the electrochemical performance
of other active cathodic and anodic active materials. Never-
theless, these results confirm that PILs can be seen as an
interesting class of electrolyte for the realization of high-
performance solvent-free LIBs.

Experimental

Synthesis of PILs

The PILs have been synthesized with a procedure similar to that
reported in reference®. The freshly distilled precursor, either 1,2-
dimethylimidazole, or 1-methylimidazole (59.34 mmol, obtained by
Aldrich) was put in a two-neck flask, topped by a reflux condenser
and a dropping funnel. The latter one was filled with 5.35 ml HCI
(35%, obtained by Merck). While dropping the HCI slowly to the
precursor, the reaction mixture was stirred and cooled using an ice
bath. After complete addition, the mixture was stirred at room
temperature for 2 hours. Residual water was then evaporated using
vacuum, to obtain a white salt, which was put into the two-necked
flask for the next step. The flask was equipped with a reflux
condenser and a dropping funnel. LiTFSI or LiFSI (59.34 mmol,
obtained by lolitec) was solved in 20 ml H,O, filled into the
dropping funnel and slowly dropped into the flask. Two phases
were obtained during this metathesis, an aqueous on top and the
PIL below. After complete addition and 2 h further stirring, the
aqueous phase was removed using a separation funnel. To make
sure no residual by-product LiCl was solved in the PIL, it was
washed with water five times consecutively. The wash water was
mixed with AgNO; to verify LiCl absence. As a last step, the PIL was
dried under vacuum (10 *mbar) and at 80°C for three days.
Following this procedure the PILs 1,2-dimethylimidazolium bis
(trifluoromethanesulfonyl)imide (1,2-DMImTFSI), 1,2-dimethylimida-
zolium bis(fluorosulfonyl)imide (1,2-DMImFSI), 1-methylimidazolium
bis(trifluoromethanesulfonyl)imide (1-MImTFSI) and 1-methylimida-
zolium bis(fluorosulfonyl)imide (1-MImFSI) were obtained. All PILs
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display water contents lower than 30 ppm, as determined using
Karl Fischer titration.

Electrolyte Preparation

Electrolytes containing the synthesized PILs and 0.5M LiTFSI
(lolitec) have been prepared in an MBraun LABmaster®® ECO glove
box with <1 ppm H,0 and <1 ppm O,. The water content of all
electrolytes was lower than 30 ppm.

Chemical-Physical-Characterisation

The conductivities of the electrolytes were measured using a
potentiostat ModuLabXM (Solartron analytical) in the temperature
range comprised between —30 and 80°C.*” The viscosity of the
electrolytes was determined using a rheometer MCR 102 (Anton
Paar) in the temperature range comprised between —30 and
80°C*" The density of the electrolytes was determined in the
temperature range comprised between 10 and 80°C, using a
density meter DMA 4100 M (Anton Paar).

Electrode Preparation

LFP composite electrodes were prepared following a procedure
identical to that used by Menne et al.?® The dry composition of the
electrodes is 85 wt% of active material (LFP, Stidchemie) 10 wt% of
conducting agent (Super C65, Imerys) and 5wt% of binder
(carboxymethyl cellulose, Dow). The mass loading of the electrodes
is comprised between 2.5 mg/cm? and 3.2 mg/cm’ the electrode
area was equal to 1.13 cm’.

As (oversized) counter electrodes, activated carbon-based electro-
des were used. The electrodes were prepared following the
procedure indicated in reference®. The electrodes composition is
90 wt% of activated carbon (DLC Super, Norit), 5wt% of carbon
Black (Super C65, Imerys) and 5 wt% of binder (polytetrafluoro-
ethylene, Aldrich). The mass loading of these electrodes is about
40 mg/cm?, and their area 1.33 cm”.

Electrochemical Measurements

The ESWs of the electrolytes were measured in a Swagelok cell
using a platinum electrode as working electrode, an oversized
carbon electrode as counter electrode, and a silver electrode as
pseudo reference electrode. 150 pl of the pure synthesized PILs
have been utilized. After a 1.5-hour open circuit voltage (OCV)
measurement (needed to reach an equilibrium), the cells were
swept from OCV towards either positive or negative direction using
a scan rate of 1 mV/s. Since one of the investigated electrolytes (1-
MimTFSI) was liquid only above 60°C, all the ESW measurements
have been carried out in an oven at 60°C, to make a fair
comparison between the PILs possible.

The electrochemical behavior of the LFP electrodes in the PlL-based
electrolytes has been investigated in a Swagelok cell. In the case of
these measurements, the LFP working electrode was coupled with
an oversized carbon counter electrode. As reference, a silver
electrode was used. 150 pl of the prepared 0.5 M LiTFSI in PIL has
been used as electrolyte. The first step of the measurements has
been an OPV measurement for 8 hours. Afterwards, 10 cycles of
cyclic voltammetry (CV) were carried out using a scan rate of 5 mV/
s. Subsequently, the LFP electrodes were charged-discharged using
C-rates ranging from 0.5C to 5C. For this test, the theoretical
capacity of LFP (170 mAhg™') was used to define 1 C. Finally, tests
at 1 C were carried out to investigate the electrode stability over
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cycling. All the electrochemical tests have been carried out in an
oven at 60°C.
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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 [Pyrua][TFSI]
and [Pyrua][FSI] has been carried out. The electrolyte is composed of a PlL: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 0V 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 [Pyrua][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 AlLs, as explained in chapter 1.7.2.
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operated with protic ionic liquid (PIL).
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protection.

e VC-added PIL-based electrolytes enable
Li-metal cells with both LFP and 4-V
class NMC.

o Stable cycling at high capacity of PIL-VC
Li metal cells up to 1C at RT.

* High energy density, low-cost PIL-based
Li metal batteries may turn into indus-
trial reality.
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1. Introduction

In the forthcoming decade, the growth in electrification of modern
society will mainly be driven by the irreversible deployment towards
decarbonization in many critical sectors: large investments for the
exploitation of renewable energy resources are increasing worldwide,
with particular attention to wind and solar power energy plants, which
are the most mature technologies [1]. In this scenario, batteries are
identified as high-performance systems that can efficiently store and
deliver energy on demand along with reducing the carbon footprint of
the transportation sector, stabilize the power grid and support a wide
range of strategic industries [2]. Lithium-ion batteries (LIBs) are
nowadays one of the most important energy storage devices. LIBs are
already dominating the portable consumer electronic market and have
been indicated as the most promising electrochemical devices for the
realization of hybrid-electric, plug-in and full electric vehicles, as well as
for advanced delocalized energy storage units [3]. The commercially
available LIBs contain electrolytes based on organic carbonate mixtures
(e.g., ethylene carbonate - EC, and diethyl or dimethyl carbonate -
DEC/DMC). These electrolytes show high jonic conductivity, excellent
wetting properties and low charge-transfer resistance at the interface
with the active materials [4]. However, the presence of flammable and
volatile organic solvents accounts for serious safety hazards, including
leakage, auto-combustion and/or explosion in abusive conditions [5];
these features are also accompanied by serious environmental issues,
such as pollution of soil /water sources and human health, especially at
the end of the battery life without proper recycling/remanufacturing
[6].

These issues are prompting research on the development of new
electrolyte materials. In this scenario, ionic liquids (ILs) are considered
amongst the most promising candidates to replace conventional organic
liquid electrolytes [7]. ILs are an interesting class of salts having melting
points lower than 100 °C, with major advantages over organic solvents,
which include negligible vapour pressure at low/moderate temperature,
high chemical and thermal stability, and, in some cases, hydrophobicity;
as a result, they are considered safe due to non-flammability, and they
have also attracted great attention for use as “green” solvents in chem-
ical reactions [8-10].

Synthesis procedures of several families of aprotic ILs (AILs) have
already been deeply studied and optimized [11-13], as well as their
energy application as electrolytes or electrolyte components for elec-
trochemical devices - including rechargeable batteries, fuel cells,
double-layer capacitors and hybrid supercapacitors - due to their high
ionic conductivity and electrochemical stability [14-19]. Nevertheless,
a subset family of ILs, called protic ionic liquids (PILs), is receiving
increasing attention in recent years, as they possess all the attractive
features of AILs, but, in addition, they are typically cheaper and easier to
prepare, thus more sustainable [20,21]. PILs are synthesized via direct
neutralization reactions of a Brgnsted acid (proton donor) and a
Brgnsted base (proton acceptor) [14], resulting in most cases in a
nitrogen-containing organic cation singly or doubly protonated with a
corresponding counter anion. The main advantage of PILs over AlLs is
the presence of less shielded cations in the former ones, intrinsically
responsible for the “cation competition effect”, which, in a mixture of
PIL-Li salts, results in loosely coordinated Li* ions along with improved
mobility [22,23].

The use of PILs as electrolytes in LIBs is rather recent [24], and their
use in high-energy Li metal battery has never been considered so far
because of the presence of acidic protons, which are strongly reactive
towards the Li metal electrode. It is well known that Li metal is the ul-
timate choice for the anode amongst all possible candidates, because it
has the highest theoretical capacity (3860 mAh g 1) and lowest elec-
trochemical potential (—3.04 V vs. the standard hydrogen electrode) [3,
25-27]. Furthermore, the Li metal anode is the core of Li-S and Li-air
systems, both of which are being intensively studied for
next-generation energy-storage applications [28], and it allows the

Journal of Power Sources 481 (2021) 228979

intriguing opportunity of reaching the maximum energy density
achievable by Li metal cells operating with high voltage cathodes (e.g.,
LMNO, LiCoPO4, NMC at very low Co content or Li-rich NMC) [29,30].
Therefore, the combination of PILs as electrolyte components with the Li
metal anode is still a great challenge, possibly leading to high-energy
density devices, with improved performances compared to the systems
with AILs, mostly due to the enhanced mobility of Li*. Considering all
the above mentioned attractive features of PILs, the introduction of this
(these) innovative electrolyte(s) could be of importance for the devel-
opment of safe and cheaper IL-based Li-metal batteries, thus establishing
new market opportunities.

In this work, we report for the first time the use of pyrrolidinium-
based PILs with Li metal as anode in two different lithium metal bat-
tery configurations, using either lithium iron phosphate (LFP) or lithium
nickel manganese cobalt oxide (NMC) as cathodes. The electrolytes
consist of solutions of N-butylpyrrolidinium-bis(tri-
fluoromethanesulfonyl)imide (PYRy4TFSI) or N-butylpyrrolidinium-bis
(fluorosulfonyl)imide (PYRy4FSI) in combination with lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) or lithium bis(fluorosulfonyl)
imide (LiFSI), respectively. The electrolyte solutions are combined with
vinylene carbonate (VC) that has the fundamental purpose of promoting
the formation of a stable protective layer on the Li metal anode, pre-
venting detrimental reactions due to the protic ILs, by means of elec-
trochemically induced reductive decomposition upon initial cycling [31,
32]. Within this work, remarkably stable ambient temperature cycling at
different current regimes is firstly demonstrated even with >4 V class
NMC composite cathodes, as well as in comparison with the corre-
sponding AlL-based cells.

2. Experimental

2.1. Synthesis of protic ionic liquids (PILs) and PIL-based electrolyte
solutions

N-butylpyrrolidinium-bis(trifluoromethanesulfonyl)imide
(PYRy4TFSI)  and  N-butylpyrrolidinium-bis(fluorosulfonyl)imide
(PYRy4FSI) were synthesized following similar procedures described
elsewhere [14,33]. In a first step, the yellowish precursor 1-butylpyrro-
lidine (98%, obtained by Aldrich) was distilled at 60 °C and 20 mbar.
After the distillation, the resulting colorless 1-butylpyrrolidine (25
mmol) was put in a two-neck flask equipped with a magnetic stirrer and
a dropping funnel filled with 5.35 ml of HCI (35%), topped by a reflux
condenser. The reaction flask was placed in an ice bath and HCl (in
molar excess) was added dropwise under continuous stirring. After the
addition, the ice bath wasremoved and the solution was stirred for 2 h at
ambient tempearature. Residual water and reactants were removed
under reduced pressure, leaving 1-butylpyrrolidine-chloride as a solid.

The 1-butylpyrrolidine chloride (25 mmol) was dissolved in 8 ml of
H»0 and then put into a two-neck flask equipped with the same setup
used for the first synsthesis step. In order to get the final TFSI and FSI
PILs, equimolar amounts of LiTFSI (99.95%, from Aldrich, now Merck) or
LiFSI(99.95%, from Aldrich, now Merck), respectively, were dissolved in
18 ml of HO and filled into the dropping funnel. In both cases, the
lithium salt solution was added dropwise to the 1-butylpyrrolidine
chloride solution while keeping stirring. The solution was stirred for
3 h to ensure complete anion exchange. At the end of the reaction, a
separating funnel was used to remove the aqueous phase from the
organic one. Subsequently, the protic ionic liquids were washed six
times with water, to remove residual LiCl. To test on complete removal,
AgNO3 was added to the washing water, LiCl reacts with AgNO3 to AgCl,
which is poorly soluble, so the absence of a precipitation confirms the
complete removal of LiCl. As a last step, residual water was removed by
reduced pressure and heating (60 °C, 3.0 x 10 ® mbar).

In an Ar-filled dry glove box (MBraun UniLab, O and H20 < 1 ppm),
two liquid electrolyte solutions were prepared, hereafter named H4TFSI
and H4FSIL, consisting in LiTFSI or LiFSI (both battery-grade, from
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Solvionic, vacuum-dried at 150 °C for 48 h, and at 70 °C for 24 h before
use, respectively) dissolved in PyrysTFSI or PyrysFSI PILs (vacuum-
dried at 60 °C for 48 h) to obtain one fully TFSI” and one fully FSI anion
based solution, respectively. In both cases, the molar ratio between the
PIL and the comresponding Li salt is 4:1, which was selected, being the
one with highest lithium salt concentration without crystalline phase
formation, avoiding detrimental effect to battery cycling [34].

The solutions were stirred for several hours at 30 °C until complete
salt dissolution. A portion of each of the above mentioned solutions was
added with 10 wt% of vinylene carbonate - VC (battery grade, Solvionic,
used as received), followed by stirring to ensure homogeneity of the
resulting solutions, hereafter named H4TFSI-VC and H4FSI-VC. The four
PIL-based electrolyte solutions were safely stored in the dry glove box.

2.2. Characterisation techniques

The ijonic conductivity of the electrolytes was measured using a
potentiostat ModuLabXM (Solartron analytical) in the temperature range
between —30 and 80 °C. The samples were placed in sealed cells with Pt
plated electrodes. The conductivity values were calculated from the
dielectric measurements following the method reported by Leys et al.
[35]. Cells for conductivity tests feature platinum plated electrodes and
were filled with the electrolyte under argon atmosphere. Impedance
spectroscopy was carried out in the frequency range of 300 KHz to 1 Hz,
with an alternating current of 5 mV, to measure the resistance. The
viscosity of the electrolytes was determined using a rheometer MCR 102
(Anton Paar), starting with shear rate of 500 s 1 for the analysis at 10 °C
and progressively increasing it by 250 s ! for each 10 °C step in the
temperature range between 10 and 80 °C. The density of the electrolytes
was determined in the temperature range between 20 and 80 °C, using
the density meter DMA 4100 M (Anton Paar).

The electrochemical stability window (ESW) was measured in a
three-electrode cell with a Pt working electrode (WE), an oversized
carbon counter electrode (CE), and an Ag quasireference electrode
(QRE). After 12 h of equilibration at the open circuit voltage (OCV), the
potential was linearly varied to —3 V or 3 V vs. Ag QRE with a scan rate
of 1 mV s 1, The ESW was also evaluated in Li-metal cells, with lithium
metal as both CE and QRE, using a stainless steel (SS-316) ECC-Ref test
cell (EL-Cell GmbH, Germany). A Whatman glass wool disk, previously
soaked with PIL electrolyte solution, was sandwiched between the two
electrodes, namely copper foil and a lithium metal disk. The potential
was linearly swept from OCV to -0.3 V vs. Li*/Li with a scan rate of 0.1
mV s L Fresh electrolyte was used for the anodic and the cathodic
sweeps, respectively.

The Li plating/stripping experiments were carried out using two-
electrode Swagelok cells equipped with Li metal electrodes. Whatman
glass microfiber filters (150 um) were used as separators drenched with
150 pL of electrolyte. The cells were assembled under Ar-atmosphere in
a MBraun LABmasterpro ECO glove box (O, and HyO < 1 ppm). Galva-
nostatic cycling (GC) tests were performed at 25 °C at a fixed current
density of 0.088 mA cm 2 (0.1 mA current, 1.13 em? electrode area),
with plating or stripping steps lasting for different times (i.e., 30, 90 and
150 min).

2.3. Electrode/cell preparation and electrochemical testing

The electrochemical performance of the liquid electrolytes in lab-
scale Li metal cells was evaluated by means of charge/discharge GC
with both LiFePO,4 (LFP) and LiNiMnCoO, (NMC) based electrodes.
Whatman GF/A glass wool disks were used as separators drenched with
200 pL of electolyte. The composition of the LFP composite electrodes
was 80 wt% of the active material LFP (LiFePO4+C, Life Power® P2,
BASF), 12 wt% of the electrically conductive agent (carbon black C-
NERGY™ Super C65) and 8 wt% of poly(vinylidenefuoride) - PVdF
(Solvay Solef 2010) as the binder, while the composition of the NMC
composite electrodes was 94% of the active material NMC (Ni:Mn:Co =
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6:2:2, BASF), 3% of the electrically conductive agent C65 and 3 wt% of
PVDF as the binder. The following procedure was adopted for all the
electrode preparations. First, powders of active material and C65 were
gently mixed in a hand mortar. Successively, the mixture was added to a
solution of PVAF in ~1 ml of N-methyl pyrrolidone (NMP, Aldrich, now
Merck) under constant stirring, which was continued for 3-4 h at
ambient laboratory temperature (i.e., ~21 °C). The resulting dense,
homogeneous slurry was casted onto an Al current collector using a
doctor-blade. NMP solvent was removed by evaporation at ambient
temperature and further drying at 120 °C/vacuum for 24 h prior to
utilization. The average active material mass loadings were 5 and 6 mg
em 2 for the LFP- and the NMC-based electrodes, respectively, with
thickness values in the range of 50-60 pm. The lab-scale cells were
cycled at ambient laboratory temperature at different current-rates,
where the rate denoted as C/n corresponds to a full discharge (or a
full charge) in n hours, based on the theoretical cathode capacity (C) of
the corresponding electrode material. The lab-scale Li/PIL-based elec-
trolyte/LFP cells were cycled between 2.7 and 3.7 V vs. Li*/Li, while the
Li/PIL-based electrolyte/NMC cells between 3.0 and 4.3 V vs. Li*/Lj,
where the Li metal was used as both CE and reference electrodes. The
electrochemical tests described above were performed using a VMP3
electrochemical workstation (20 V, 400 mA) by BioLogic Science In-
struments (France) using ECC-Std test cells (EL-Cell GmbH, Germany). Test
cells were assembled inside the Ar-filled glove box to avoid moisture
contamination.

3. Results and discussion

Fig. 1 shows the comparison of viscosity (1a) and ionic conductivity
(1Db) of the two PIL-based electrolytes investigated in this work: H4TFSI-
VC and H4FSI-VC. At 30 °C, the TFSI-based electrolyte displays a vis-
cosity of 38 mPa s, while the viscosity of the FSI-based electrolytes is 27
mPa s. Just for comparison, these values are lower than those displayed
by the neat PILs at the same temperature (43 mPa s for Pyry,TFSI and 30
mPa s for Pyry,FSI) [36,37], which is most likely due to the presence of
VC. The significant difference between the viscosity of HFSI-VC (39
mPa s) and that of H4TFSI-VC (60 mPa s) at 20 °C might be related to the
proximity of the melting point of crystalline Pyry,TFSI [38]. At higher
temperature (80 °C), the two electrolytes display comparable viscosity
values (9 and 11 mPa s for H4FSI-VC and H4TFSI-VC, respectively). As
shown in Fig. 1b, the ionic conductivity of the H4FSI-VC is higher than
that of the H4TFSI-VC over the entire temperature range investigated.
This trend is not surprising considering that H4FSI-VC displays viscosity
values lower than those of H4TFSI-VC in the same temperature range.
This is commonly observed when comparing ILs with TFSI vs. their
counterparts with FSI , due to the anion size [37]. Accordingly, the
difference in conductivity is more marked at lower temperature: at 20 °C
the FSI-based electrolyte is displaying a conductivity of 5.5 mS em 1,
while the TFSI-based one a value of 1.9 mS ecm 1. It is also noticed that
although the viscosities of the investigated PIL-based electrolytes are
lower compared to their neat counterparts, the conductivity of the
former ones is lower (e.g., at 30 °C, 8.6 mS cm ! for PyryFSIvs. 7.7 mS
em ! for HFSI-VC and 4.0 mS em ! for Pyry,TFSI vs. 3.0 mS em ! for
H4TFSI-VC) [39]. This observation can be explained considering that the
introduction of lithium salt increases the amount of charge carriers, thus
increasing the recombination of ions in the system and lowering the
overall conductivity. Nevertheless, it has already been shown, that the
mobility of Li*-ions is rather high in protic ionic liquids, especially
compared to that in their aprotic counterparts [22]. Lastly, an important
part of the charge transport in these electrolytes is performed by the
protons of the PILs. It has been demonstrated that PILs might be able to
form a hydrogen-bonded network, which allows H* migration through
structural diffusion (the “Grotthuss mechanism”) [40,41]. However,
since the conductivity of the electrolytes under study is not increasing
drastically compared to their viscosities, in this case, conventional
vehicular charge transport is likely to be the dominant process.
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Fig. 1. Influence of the temperature on the (a) viscosity and (b) ionic conductivity of the investigated PIL-based electrolytes.

As shown in Fig. S1 (Supplementary Data), the variation of density
over temperature displays a comparable linear rend for both H4TFSI-VC
and H4FSI-VC. Also in this case, the difference between the two elec-
trolytes is related to the nature of the anion counterpart. At 30 °C, the
FSI-based electrolyte shows a density of 1.37 g em 2, while the density
of the TFSI-based electrolyte is 1.45 gem 3; moreover, both electrolytes
are denser compared to their pure counterparts.

As mentioned in the introduction, the electrochemical stability
window (ESW) of PILs is limited by the presence of the labile proton(s)
in the cation structure. Specifically, the cathodic potential limit is
considerably reduced compared to that of their aprotic counterparts.

On the other hand, it has been already shown that the anodic sta-
bility window (ASW) of PILs is almost analogous to that of AlLs having
the same anion [42]. Neat Pyry TFSI and PyrysFSI show comparable
cathodic potential limits, close to —1 V vs. Ag QRE while, in terms of
anodic potential limit, the FSI-based PIL results to be less stable towards
oxidation due to the higher chemical and electrochemical reactivity of
the former compared to the latter anion. Similar behavior has been
observed before [43]. The comparison of Fig. 2a,b clearly shows that the
addition of VC leads to a variation of ASW of the two PIL electrolytes. It
seems that the oxidation process of VC, at ca. 4.6 V vs Lit/Li [44],
prevails over the other oxidation mechanisms, defining the oxidation
potential limits for H4TFSI-VC and H4FSI-VC. In addition, the presence
of VC leads to a notable improvement of the cathodic stability window
(CSW) in both electrolytes. As shown in Fig. 2b (and in the magnification
reported in Fig. S2 in Supplementary Data), both of them are stable till
—2.9 V vs. Ag QRE (corresponding to ca. 0 V vs. Li*/Li, which is the
potential at which lithium plating takes place). The cathodic potential
limitresults to be ca. 2 V higher compared to the neat PIL one, indicating
clearly that the presence of VC, through a polymer-
ization/decomposition process, leads to obtain a protective layer on the
Li metal surface, likely preventing the direct contact between Li metal
and PIL [31,44]. In order to get further information about the electro-
chemical reduction of VC, the CSW was also evaluated in a Li/H4F-
SI-VC/Cu cell with a Li metal electrode as the reference. The easily
detectable reduction process occurring in the voltage range between 1.5
and 2 V vs. Li QRE (inset of Fig. S3 in Supplementary Data) can be
assigned to the electrochemical reduction (polymerization) of VC.

In general, this process occurs at relatively high potential values as
compared to the other components in the common electrolytes [31,45],
promoting the formation of a passivation layer, which prevents detri-
mental reactions due to [Pyrya] ™ at the Li-metal anode.

To further investigate the compatibility of the PIL-based electrolytes
with the Li metal electrode, Li plating/stripping experiments were also
carried out. Fig. 3a,b show the voltage profiles of Li metal symmetrical
cells, using H4FSI-VC and H4TFSI-VC solutions as electrolytes.

The plating/stripping profile of the H4FSI-VC sample is characterized
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Fig. 3. Voltage profiles of symmetrical Li metal cells in combination with (a) H;FSI-VC and (b) H,TFSI-VC as electrolytes, as well as the results of charge-discharge
measurements of (¢) Hy,FSI-VC/Li and (d) H4sTFSI-VC/LI, all at different charge times. The experiment was conducted at 25 °C and the current density of 0.088

mA cm™2,

by relatively limited overpotential (+~ 15-20 mV) and flatter outline
when compared with the TFSI counterpart (£~ 50-80 mV). This
behavior could be imputed to the intrinsic properties of FSI -based
electrolytes. Fig. S4 shows the poor reversibility of the lithium plating/
stripping process without VC addition, corresponding to a severe in-
crease of cell overpotential and capacity fade from the early cycles.

The lower viscosity, higher conductivity and the capacity of forming
a more stable solid electrolyte interface (SEI) make lithium ion diffusion
and plating/stripping processes easier with FSI anion [46]. Fig. S5 in
supplementary data clearly demonstrates the better film forming ability
of FSI-based electrolytes, limiting the increase of the electrolyte bulk
resistance during the plating/stripping process, which could be directly
correlated to the reduced overpotential. Nevertheless, both cells appear
to be stable even during prolonged constant-current plating/stripping
steps; in fact, no sign of severe electrolyte degradation was observed,
both in terms of overpotential (cell resistance) and coulombic efficiency
(reversibility). Fig. 3c,d show stable cycling up to 60 cycles with each
step lasting for 150 min, along with high (>>99.9%) efficiency during the
whole measurement. The plating/stripping analysis underlines the
beneficial effect of VC when added into the electrolyte solution, effec-
tively limiting decomposition reactions of the PILs after prolonged
contact with Li metal, and accounting for the excellent lithium plati-
ng/stripping ability in PIL-based electrolytes.

Fig. 4a,b clearly show the difference in the galvanostatic behavior of
Li/PIL-based electrolyte/LFP cells with and without VC. As evident in
Fig. 4a, the use of PIL-based electrolyte in direct contact with the Li
metal electrode leads to rapid cell failure in about five cycles. Actually,
the acidic proton strongly affects the reactivity of PILs towards alkali
metal electrodes, making them extremely more reactive than their

aprotic counterparts [47]. This reactivity is presently hindering the use
of PIL-based electrolytes in alkali metal batteries, limiting the field of
application of this family of electrolytes. The high irreversible capacity
of the first cycle clearly accounts for side reactions, including the
deprotonation of the pyrrolidinium cation resulting in H, evolution and
PIL degradation. The presence of VC was found to be fundamental to
allow cycling with Li metal anode, as shown in Fig. 4b. The Li/H4TF-
SI-VC/LFP cell shows the typical flat plateaus of LFP cathode material
for the first cycles, corresponding to Li* ion deinsertion (charge) and
insertion (discharge) from/in the LiFePO4/FePO4 The Li metal cell
assembled with H4TFSI-VC is able to deliver 170 mAh g ! during the
first cycle at C/20 and 120 mAh g ! at C/10, with high reversibility
(Coulombic efficiency - CE approaching 100% during the whole cycling
test) and a remarkably improved capacity retention (~75% after 50
cycles) as compared to the VC-free cell. To our knowledge, in addition of
being remarkable, this is the first result of this kind with a liquid
PIL-based electrolyte.

These excellent results can only be explained considering the
decomposition/polymerization of vinylene carbonate occurring during
the first charge, resulting in the formation of a protective film onto the Li
metal electrode. Similar to other alkyl carbonates, VC is also reduced to
species containing ~OCO,Li groups, part of which may also have C=C
double bonds. However, in contrast to the commonly used alkyl car-
bonate solvents the reduction of VC probably forms polymeric chains by
reactions of the double bond through radical polymerization [31]. The
polymerization of VC at the surface of the Li metal electrode during the
first reduction process occurring at the Li metal anode affects the surface
chemistry of the electrode, reducing the imreversible capacity and sup-
pressing the rapid electrolyte degradation, making the use of PILs with
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Fig. 4. Galvanostatic charge/discharge cycling behavior of [Li metal/PIL-based electrolyte/LFP] cells assembled with PYR, TFSI-LiTFSI and H,TFSI-VC PIL-based
electrolytes, respectively: voltage vs. specific capacity profiles at different C rates and evolution of the specific capacity (a,b) and specific charge/discharge capacity
and coulombic efficiency vs. cycle number at G/10 and C/20 rates (c,d). All of the measurements were performed at ambient laboratory temperature (21 °C), setting

the same C rate for both the charge and discharge steps.

Li metal anode possible. It also accounts for a very stable passivation
film onto the Li metal electrode; actually, it can constantly sustain the
volumetric variation of the lithium electrodes, which normally induces
significant mechanical stress on the SEI leading to the formation of
cracks and exposing fresh-lithium directly to the electrolyte.

In our system, we can even assume that the bare new, free, exposed
lithium metal surface that might form upon cycling almost completely
reacts again with the excess of VC, to form a new SEI in equilibrium with
the peculiar polarization conditions that the electrode is experiencing
[48,49], thus accounting for the limited capacity fade upon cycling. The
stability and robustness of the protective layer upon cycling at higher
current regimes was confirmed by reducing the current rate again to
C/20 after the 15th cycle: the cell recovered almost 95% of the initial
discharge specific capacity. The rather consistent capacity drop while
doubling the current rate to C/10 likely accounts for the rather low Li*
ion diffusion/mobility throughout the VC-based protective film formed;
further optimization is needed in this respect, in particular considering
the effect of the PIL anion and electrolyte formulation.

Motivated by the promising results discussed above, obtained with
standard LFP-based electrodes operating at moderate voltages and well
in the stability range of common LIB electrolytes, the performance of
H4TFSI-VC was assessed in lab-scale Li metal cell using high voltage
NMC-based composite cathodes. Primary advantages of NMC-based LIBs
are their high energy density and stability, allowing devices to be lighter
and more compact, more durable and better to manage. Actually, the
upper voltage limit for NMC is around 4.2 V vs. Li*/Li, much higher than
the LFP, which is around 3.5 V vs. Li*/Li. If the capacities of the batteries
remain constant, the energy content is defined by the voltage, which

turns NMC to be a material suitable to build much higher energy density
batteries compared to LFP, particularly when combined with the lithium
metal anode.

Similarly to the LFP-based cell operating with the fully TFSI-based
PIL/VC-based mixture, the discharge voltage profile is stable and
reproducible upon initial cycling, but the Coulombic efficiency de-
creases quickly from the 9th cycle (see Fig. S6 in Supplementary Data).
These drawbacks, probably related to the TFSI” anion, can be improved
to a large extent by employing a solution based on the FSI anion,
considering the remarkable performance in terms of anodic stability and
more stable SEI formation [50]. Future work is needed to confirm
whether this poor cycling ability is to be attributed to the TFSI” anion or
to the quantity of VC in the system.

Taking these results into account, and in order to enhance the elec-
trochemical performance of the NMC/Li cell with PIL-based electrolyte,
we investigated its behavior in combination with H4FSI-VC. Fig. 5a
shows the typical charge/discharge profiles of an NMC cathode in a Li
metal cell with the configuration Li/H4FSI-VC/NMC at different charge/
discharge rates up to 1C in the voltage range of 3.0-4.3 V vs. Li*/Li. The
specific capacity delivered by the cell exceeded 155 mAh g ! during the
initial cycles at C/20 rate, which is fundamental for proper initial acti-
vation of this cathode material. The capacity drop while doubling the
currentrate to C/10 was actually very limited and the cell still delivered
more than 145 mAh g ! (15th cycle), 130 mAh g ! (20th cycle) at C/5,
85mAhg !(30th cycle) at C/2 and about 50 mAh g ! (38th cycle) even
at 1C. In addition, reversible charge discharge behavior was observed
throughout 60 cycles, suggesting that the FSI-based electrolyte solution
allows relatively stable operation with NMC cathodes, as shown in
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Fig. 5. Galvanostatic charge/discharge cycling behavior of [Li metal/H4FSI-VC/NMC] cells: voltage vs specific capacity profiles at different C rates (a) and evolution
of the specific capacity and the Coulombic efficiency with the cycle number (b). All of the measurements were performed at ambient laboratory temperature

(=21 °C), setting the same C rate for both the charge and discharge steps.

Fig. 5b. Except for cycling at a high current rate of 1C, the coulombic
efficiency was stable above 99% during the whole test. The specific
capacity was almost completely restored when the current rate was
lowered back to C/10 (capacity retention of 95%), with no straightfor-
ward (~8%) fading even after 60 cycles. At present, we may ascribe
what we observed to a better (improved compared to TFSI ) and stable
passivating layer at the interface of Li metal to effectively prevent its
contact with the electrolyte solution that may cause the deterioration of
the performance upon prolonged cycling.

In our case, with sufficiently high concentration of VC present in the
electrolyte, residual VC likely remains in the electrolyte after anode SEI
formation, which may undergo oxidation at the interface with the high-
voltage cathode, resulting in increased overall cell impedance. As
already suggested in previous studies [51], the formation of a poly(VC)
film on the NMC cathode at high anodic potential values is the most
likely explanation for the large improvement in capacity retention (or
lifetime) as well as the slight increase of resistance, which may
compromise the cell performance at higher discharge rates. Therefore,
future studies should be focused on the investigation and optimization of
the content of VC. The impact of VC on the parasitic reactions occurring
at the cathode could be summarized in a decrease of detrimental elec-
trolyte oxidation reactions at the positive electrode, mainly responsible
for the limited lifetime.

Furthermore, we compared the performance of PIL/VC-based elec-
trolytes with the corresponding AlL-based electrolytes (either bare or
added with VC) in a Li/PYR; 4FSI-LiFSI/NMC Limetal cell configuration.
Fig. S7 in supplementary data shows comparable electrochemical per-
formance of the PIL/VC and bare AIL based electrolytes at low C/20 and
C/10 rates upon initial cycling, while the difference in performance
becomes more pronounced moving towards higher C rates: actually, the
specific capacity of H4FSI-VC starts to gradually drop. The comrespond-
ing bare AlL-based cell does not show the same drop in discharge ca-
pacity at higher current rates of C/2 and 1C. However, the CE trend and
capacity retention upon decreasing the current back to C/10 is
extremely improved for the PIL/VC-based electrolyte. This likely ac-
counts for a more stable SEI layer formed by this latter electrolyte
compared to the bare AlL-based one. On the other hand, the presence of
the protecting layer arising from VC reduction increases the internal
resistance and, correspondingly, decreases the rate capability: optimi-
zation in this regard is required. This is demonstrated by the comparison
in Fig. 6, where it can be clearly seen that the addition of VC, particu-
larly at high amounts (10% by weight in the present work), to the AIL-
based electrolyte leads to a remarkable drop in the rate capability of the
Li/PYR14FSI-LiFSI-VC/NMC cell. Indeed, Fig. 6 shows the electro-
chemical performance of the electrolyte solutions based on PIL and AIL,
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Fig. 6. Comparison of the constant-current (galvanostatic) charge/discharge
cycling behavior of different [Li metal/IL solution/NMC] cells assembled with
H,FSI-VC electrolyte and the corresponding one with the aprotic PYR 4FSI-
LiFSI-VC: evolution of the specific capacity and the Goulombic efficiency at
different C rates with the cycle number.

both comprising VC additive. The PIL-VC cell actually outperforms the
AIL-VC based counterpart at each of the tested cument regimes
(enhancement of specific capacity output of the PIL-VC based cell
compared to the AIL-VC based counterpart: 4, 15, >40% at C/20-C/10,
C/5, C/2-1C rates, respectively). The results of Fig. 6 clearly demon-
strate that, at the same conditions of temperature, current rates, active
material loading and amount of VC, PIL-based electrolytes allow supe-
rior cycling in lithium metal batteries compared to AlLs, particularly at
high C-rates. This enlightens how the intrinsic properties of PILs and
their lower viscosity affect positively the lithium ion mobility and the
corresponding cell behavior. Nonetheless, one should consider that the
target of this work is not to compare the performance of PILs and AILs,
but demonstrate the positive effects of VC additive when combined with
the former. Here, VC was demonstrated to be fundamental to achieve
stable cycling in Limetal cells with PILs, remarkably limiting the surface
reactivity of PIL-based electrolytes vs. the Li metal electrode and,
concurrently, enhancing the electrode stability during electrochemical
tests, thus foreseeing a bright future for high energy density Li metal and
post-Li batteries.

99



Results and Discussion

G. Lingua et al.

4. Conclusions

In this work, we presented the first examples of lab-scale lithium
metal cells stable and safely operating with PYR{j4(TFSI /FSI )-based
protic ionic liquid (PIL) electrolytes. This is accomplished by the use of
vinylene carbonate (VC) encompassed in the PIL-salt solution, and
resulted in steady prolonged cycling performance at ambient tempera-
ture with standard LFP and, even more remarkably, with 4 V class NMC-
based cathodes. All the beneficial properties of PILs, in terms of ease of
synthesis and cost with respect to AlLs, have been matched, with the
remarkable outcome of enabling the safe use of the Li metal anode,
which is characterized by the highest theoretical capacity and lowest
electrochemical potential. The electrolytes under investigation,
comprised of N-butylpyrrolidinium-(TFSI /FSI ) based PILs, (TFSI /
FSI ) based lithium salts and vinylene carbonate (VC) additive, have
been tested in Li metal lab-scale cells assembled with LFP and NMC
cathodes. The use of VC ensured the formation of a protective layer at
the interface between Li metal and the PIL-based electrolytes as well as
on the cathode at high anodic potentials, allowing the cells to deliver
capacities comparable to those achieved with their AlL-based
counterparts.

For sure, to proper engineer the use of PILs with Li metal anode,
improvements and optimization are needed, as well as the thorough
understanding of several mechanisms occurring within the cell. The
protective layer formation and surface chemistry of the Li metal anode
before and after cycling, the specific role of FSI or TFSI anions as well
as the interface with high-voltage cathodes, all need to be clarified.
Nonetheless, in this work we are demonstrating for the first time that it
possible to successfully utilise PIL-based electrolytes also in lithium-
metal batteries, and such an initial proof-of-concept represents an
important contribution for the realization of cutting-edge, safer, high
energy density lithium metal batteries to power next generation electric
devices to face the global energy/environmental challenge.
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2.2.3. Publikation 7: lonic 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 AlLs.
Thus, as a proof of concept, [Pyrua][TFSI] mixed with PC (8:2 molar ratio) and 0.1 M Ca(TFSl);
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(TFSl)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 [Pyri4][TFSI], simply because it has a higher viscosity compared
to [Pyrua][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 5.1V, 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 3.3V, 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 TiS, as active
material for the working electrode. However, only the electrolyte based on [Pyri4][TFSI] was
able to achieve calcium insertion into the TiS; at 100 °C. During the cycling of [Pyrua][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 TiS,, also co-intercalation of [Pyria]* 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 AllL-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 PlL-based electrolytes in these devices.
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Calcium-based energy storage devices are more and more
considered as an attractive alternative to state-of-the-art storage
systems such as the lithium-ion battery (LIB). A Ca-ion system
relying on an insertion type anode such as graphite would fall short
in terms of performance when compared with the state-of-the-art
LIBs. However, the use of Ca metal as anode material (1.34 Ah g !
and 2.06 Ah cm *) can lead to a leap-frog in energy density in
addition of being advantageous in terms of cost and sustainability,
Ca being the 5th most abundant elemet on the Earth’s crust.’ The
development of Ca-based systems, however, is in an early stage and
very few, if any, full-cell studies exist,2 by contrast with the more
advanced technology based on magnesium (8th most abundant
element).>* Nevertheless, the lower polarizing character of Ca?t
when compared with Mg®* holds promise for faster reaction kinetics
and hence better power performances for Ca batteries.

One severe obstacle on the road towards calcium-based systems
has been the successful deposition and stripping of calcium in
inorganic electrolytes. While Mg metal plating can be traced back to
the early 1920s, using an electrolyte based on Grignard reagents (R-
MgX, X = Br, Cl),5 reversible Ca plating and stripping was
demonstrated recently in a carbonate solvent based electrolyte
(ethylene carbonate (EC) and propylene carbonate (PC)) at tem-
peratures above 75 °C or at room temperature in ether and glyme
based electrolytes.>® Although these solvents are relatively cheap
and largely used, they are highly flammable and toxic.'® For this
reason, the use of safer alternative appears of importance in view of
the development of Ca-based systems. Ionic liquids (ILs) have been
shown to be a promising alternative in a vast amount of devices,
such as batteries, electrochemical capacitors and hybrid, high power
devices. '3 So far, the use of ILs in Ca-based systems has been
scarcely invcstigatcd.ls’” Nevertheless, considering the favorable
properties of ILs, the investigation of their use in Ca-based system
appears of importance.

In this work we report about the use of IL-based electrolytes in
combination with electrode materials suitable for the realization of
Ca-based systems. The ionic liquids 1-butyl-1-methylpyrrolidinum
bis(trifluoromethylsulfonyl)imide (Pyr4TFSI) and 1-butylpyrmoli-
dinum  bis(trifluoromethylsulfonyl)imide (Pyry, TFSI) have been

“These authors contributed equally to the work.
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utilized. Pyr;4TFSI is an aprotic IL (AIL), which has been used in
a large number of storage systems during the last 10 years.
Pyry,TFSI is a protic IL (PIL), which holds a “free” proton on the
cation.’®! This latter category of IL is attracting an increasing
interest in the field of batteries, due to distinct interactions of the
protic ions within the electrolyte, leadinz% e.g. to an increased
lithium-ion mobility compared to AILs.”***~>® To the best of our
knowledge,PILs have never been used for Ca-based systems. Thus,
both AIL and PIL have been employed in combination with calcium
bis(trifluoromethylsulfonyl)imide (Ca(TFSI),) to obtain electrolytes
suitable for Ca-based systems. In order to achieve a satisfactory
solubility of this salt (0.1 mol 1 1y, 20 mol% of PC have been added
in all considered electrolytic solutions. In the first part of the
manuscript, the chemical-physical properties of the selected electro-
lytes have been investigated. Afterwards, their use in combination
with activated carbon (AC) has been considered with the aim to
verify if these electrolytes can be utilzed for the realization of
electrical double layer capacitors (EDLC) and, eventually, of hybrid
devices based on Ca chemistry. In the last part of the manuscript the
intercalation of calcium ions into layered TiS, has been addressed,
being one of the very few cathode material for which a fully
reversible intercalation of Ca®* was demonstrated.”’

Experimental

Preparation of the electrolyte.—Pyry , TFSI was synthesized
using the same procedure described in Ref. 28. 1-butylpyrrolidin
has been used as precursor, LiTFSI for the anion exchange.
Pyru TFSI as well as Pyry4TFSI (obtained from lolitech) and PC
(obtained from Sigma Aldrich, 99.7%) were mixed in a 8:2 molar
ratio, respectively. Subsequently Ca(TFSI), was added to achieve a
molarity of 0.1 mol1 . Before preperation the water amount in the
used liquids has been determined to be below 20 ppm using a C20
Coulometric KF Titrator from Mettler Toledo. The electrolyte was
prepared in an MBraun LABmasterpro ECO glove box under argon
atmosphere with <1 ppm H,0 and <1 ppm O,.

Chemical-physical-characterisation.—The conductivity of the
electrolyte was measured using a potentiostat ModuLabXM
(Solartron analytical) in the temperature range comprised between
30 and 80 °C as described in Ref. 29. The viscosity of the
electrolytes was determined using a rheometer MCR 102 (Anton
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Paar) in the temperature range comprised between 30 and 80 °C as
described in Ref. 29.

Electrode preparation.—AC-based electrodes were prepared
following a procedure identical to that used by Krause et al.*® The
dry composition of the electrodes was 90 wt % of active material
(AC, DLC Super, Norit) 5 wt % of conducting agent (Super C65,
Imerys) and 5 wt % of binder (carboxymethyl cellulose, Dow). The
mass loading of the electrodes was comprised between 2.6 mg cm 2
and 3.5mgcem % the electrode area was equal to 1.13 cm®. As
(oversized) counter electrodes, AC-based electrodes were used to
determine the maximum operative voltage (OPV) of the investigated
EDLCs. The electrodes were prepared following the procedure
indicated in Ref. 31. The electrode composition was 90 wt % of
AC (DLC Super, Norit), 5 wt % of carbon black (Super C65, Iimerys)
and 5 wt % of binder (polytetrafluoroethylene, Aldrich). The mass
loading of these electrodes was about 40 mg cm 2, and their area
was 1.33 cm?”.

TiS,; (99.995%, Aldrich) electrodes were prepared by tape casting
with 10% polyvinylidenfluorid binder and 10% carbon black (Super
P, Timcal) as conductive additive, as descibed in Ref. 32. An
aluminium foil was used as current collector. 11 mm diameter
electrodes were employed with a loading of 0.8 mg cm 2,

Electrochemical ts.—All electrochemical measure-
ments in the EDLC setup have been carried out using a three-
electrode Swagelok cell setup. In every cell, Whatman glass
microfiber filters (150 mm) were used as separators, drenched with

150 1 electrolyte. The cell assembly was done under argon atmo-
sphere in an MBraun LABmasterpro ECO glove box with <1 ppm
H,0 and <1 ppm O,. All tests were carried out at 30 °C to ensure
that all electrolytes were liquid when employed in the cells.

The electrochemical stability window (ESW) of the electrolytes
was measured using a platinum electrode as working electrode, an
oversized carbon electrode as counter electrode, and a silver
electrode as quasireference electrode (QRE). After a 12-hour open
circuit voltage (OCV) measurement to reach equilibrium, the cells
were swept from OCV towards either positive or negative direction
at1mVs ' until a potential of —6 V vs OCV and 6 V vs OCV was
reached, respectively. For each direction, fresh electrolyte was used.

For the determination of the OPV of AC-based electrodes in the
investigated electrolyte an AC-based working electrode, an over-
sized carbon electrode as counter electrode, and a silver electrode as
QRE were used. The OPV was determined via the method described
in Ref. 33.

The electrochemical behavior of the cells was investigated using
cyclic voltammetry (CV) camried out at different scan rates
(ImVs !, 5mVs ! 10mVs ! 25mVs ! 50mVs ' and
100mV's ') and galvanostatic cycling (CC) experiments carried
out at different current densities (0.1Ag %, 025Ag ', 05Ag !,
1Ag 'and25A¢g ).

TiS, electrodes were cycled in Swagelok cells at 100 °C in three
electrodes configuration with Ag QRE and activated carbon CE
(YP17, Kuraray). Four layers of glass fiber separators (Whatman
GF/D) were employed, with the reference electrode placed in the
middle. The separators were soaked in PC at 100 °C for 5 d then
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Figure 1. Influence of the temperature on the (a) viscosity and (b) conductivity of the electrolytes based on Pyr;sTESI:PC (blue) and Pyryy TESI:PC (red), both
with 0.1 mol1™" Ca(TFSI),. (c) and (d) show Arrhenius plots of the viscosity and conductivity of the electrolytes based on Pyri,TFSI and Py TFSI with

Ca(TFESI), as well as pure Pyry, TFSI and pure Pyr,, TESI.
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Figure 2. Electrochemical stabil't§/ of the investigated electrolytes at room
temperature (scan rate of 1mV s™).

rinsed with dimethyl carbonate and dried before use. The CEs were
pre-charged in symmetric cells at room temperature to ensure that
they remain in a safe voltage window with respect to electrolyte
oxidation during cycling of TiS, and suppress electrolyte dilution
effects. For cycling of TiS; in Pyr;4TFST:PC (0.1 M Ca(TFSI),), the
CEs were pre-calciated in PC (0.1 M CaTFSI,) to ensure Ca’*is the
ion released by the CE at first reduction of TiS,; for cycling in
Pyr,,TFSI:PC, the CEs were pre-charged in the same electrolyte to
avoid the presence of Ca®* in the cell.

TiS, was discharged and charged galvanostatically at C/50 (C <
1 divalent cation inserted in TiS, in 1 h) between —2.4 and —0.25V
vs Ag, with each step limited to 40 h, using an MPG-2 potentiostat
(Bio-Logic). In case of complete reoxidation of TiS,, the charge was
limited in capacity rather than when reaching the higher cut-off
potential.

Ex situ X-ray diffractometry.—After cycling, the cells were
disassembled in the glove box; the active material was recovered,
rinsed with dimethyl carbonate and embedded in glass capillaries to
record X-ray diffraction patterns in §-8 configuration using a Bruker
D8 Advance A25 diffractometer equipped with a Mo Kol radiation
source (A = 0.7093 A) and Johansson monochromator.

Results and Discussion

At first, the chemical-physical properties of the considered
mixtures of PC and AIL and PIL have been investigated. Since
the melting point of Pyr;,TFSI is —3 °C and that of Pyrg,TFSI is
higher than 30 °C the operating temperature range of the former is
wider. Figure la shows the influence of the temperature on the
viscosity of both electrolytes. Until 30 °C, the viscosity of the
electrolyte containing Pyr;,TFSI is rather high, starting with 206
mPa s at 0 °C, and decreasing to 42 mPa s at 30 °C. At this
temperature, the electrolyte containing Pyry,TFSI displays a com-
parable viscosity (39 mPa s). With increasing temperature, the
viscosity of both electrolytes is decreasing in a similar way. At 100 °©
C the viscosity is reduced to 9 mPa s and 7 mPa s for the electrolyte
containing the AIL and the PIL, respectively. From 30 °C on, the
electrolyte containing Pyrg TFSI is showing an overall lower
viscosity compared to the one containing the AIL. This is due to
the additional alkyl chain in the [Pyry4]™ cation, which is impeding
the movement of ions.> Since the ILs are diluted with PC, this effect

is less pronounced. Compared with the viscosity of 0.1 M Ca(TFSI),
in PC (~3.5 mPa s at 25 °C) the neat IL-based electrolytes display
an increased viscosity.®® This is not surprising due to the strong
interionic bonds between cations and anions of the IL. Nevertheless,
the viscosities displayed by both electrolytes appear suitable for the
use in energy storage devices.

The influence of the temperature on the ionic conductivity of the
electrolytes is displayed in Fig. 1b. Starting at 0 °C the electrolyte
containing Pyr;,TFSI is exhibiting a conductivity of 0.8 mS cm ’
which is rising to 3.4 mS cm * at 30 °C and to 18.9 mS cm ' at 100
°C. Analogous, the ionic conductivity of the electrolyte comainin%
Pyry4TFSI is increasing from 4 mS cm 1 at 30 °C to 21.8 mS c¢m
at 100 °C, which is slightly higher than the aprotic one, due to the
higher viscosity of the latter one. Additionally, in PILs the ion
transport is not only goverend by vehicular mechanisms but also by
ion, or more specific, proton hopping. This latter transport is
independant of the viscosity, which may explain the stronger
increase in conductivity of the PIL.**>°

Near room temperature the IL containing electrolytes display
similar ionic conductivity compared to 0.1 M Ca(TFSI), in PC with
approximately 3 mS ecm ' at 30 °C.* Figures lc-1d depict the
Arrhenius plots of the viscosity and conductivity of the investigated
electrolytes and, for comparison, the pure Pyr,4,TFSI and Pyrg,TFSL
The mixtures with PC and Ca(TFSI), are showing the typical “non-
Arrhenius” behavior of ILs. Among the two electrolytes, the
Pyr4TFSI and PC mixture appears to deviate more from the
behavior of the pure IL than that containing the Pyrg,TFSI. This
is especially true when the viscosities are considered. Very likely,
this is due to the general higher viscosity of the Pyr;,TFSI, which is
more easily reduced when mixed with a low viscosity solvent.

Figure 2 shows the ESW of the investigated electrolytes. The
electrolyte containing Pyr;4TFSI displays an overall potential
window of about 5.1 V, which is the result of a large cathodic
(~—3V vs Ag) as well as anodic (~2.1 V vs Ag) stability. The ESW
of the electrolyte containing PyryTFSI is significantly lower, and
equal to 3.2V. The cathodic stability appears therefore limited by
the cation [Pyriq]" or [Pyru]* decomposition, rather than the
calcium plating, the lower stability in the latter case being due to
the presence of the “free” proton which is getting reduced at —1.1 V
vs Ag.'® The anodic stability of both electrolytes, on the other hand,
is comparable, suggesting that it is dictated by the reduction of the
[TFSI] anion. It is important to notice that the ESWs of both
electrolytes are comparable with those of the pure ILs.*’

In order to effectively utilize the investigated electrolytes in
combination with AC-based electrodes, the OPV of these electro-
Iytes need to be assessed.*’ Obviously, the maximum OPV achiev-
able with AC-based electrodes is lower than the ESW measurement.
This is due to the higher reactivity of the AC surface compared to
that of the inert Pt electrode utilized for the determination of the
ESW.*? Figure 3 compares the maximum OPV possible for AC-
based electrodes in the two investigated electrolytes, as obtained by
CV measurements. The positive and negative limits have been
defined considering the Coulombic efficiency of the process
(threshold 98%). It has to be noted that calcium has not been used
as electrolyte component for EDLC in the past, partly because the
electrosorption of large bivalent ions can be problematic at a given
pore size and because of superior transport properties of conven-
tional ions like quaternary ammonium cations.” As shown in
Fig. 3a, the use of the electrolyte containing Pyr;,TFSI allows a
maximum OPV of 3.3V, which is resulting from a negative and
positive limit of —1.91 V vs Ag and 1.39 V vs Ag, respectively. This
OPYV is smaller compared to that reported for the pure Pyr,,TFSI in
combination with the same electrodes (3.8 V), but is comparable
with that observed for other mixtures of Pyr;4TFSI and alkali metals,
e.g. Li and Na, based salts.*® This difference is mainly caused by a
shortening of the cathodic stability, suggesting a possible parasitic
contribution due to the reduction of the solvent molecules present in
the calcium cation complex. By contrast, the cathodic stability of the
electrolyte containing Pyry,TFSI is only slightly modified by the use
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of AC (—0.95V vs Ag) when compared with Pt electrode (—1.1V
vs Ag) and an ESW of 2.4 V is obtained. The reduction of the free
proton of the [Pyrgq]™ cation thus appears to be only slightly
affected by the nature of the electrode used. As for the anodic
stability recorded with AC electrodes, both electrolytes present
similar values (about 1.5V vs Ag) dictated by the TFSI anion
oxidation, about 1 V earlier than with the Pt electrode. These results
are comparable to those reported for AC-based electrodes used in
combination with neat Pyrg,TFSI (Figure S1).40

After these measurements, EDLCs containing the AC-based
electrodes and the two investigated electrolytes have been assembled
and tested. The tests have been carried out utilizing the maximum
OPV determined in the previous experiments. Figure 4 shows the
CVs of the EDLCs containing the two electrolytes. Both EDLCs
display the typical rectangular shape characteristic of these devices,
and no significant faradic peaks are visible. Overall, the EDLC
containing Pyr;4TFSI appears to display a better performance than
the one containing Pyry TFSI. The former displays a higher OPV
(3.3V vs 2.4V) and capacitance (25Fg ' vs 20F g ') than the
latter.

Afterwards, CC measurements carried out at different current
densities were performed. As shown in Fig. 4, also during these tests
the EDLC containing Pyr;,TFSI appears to display a better
performance than the one containing Pyry,JFSI. At 0.1 A g ! the
device capacitance was equal to 18 Fg ' and 16Fg ! for the
system containing the AIL and the PIL, respectively. Both systems
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Figure 5. Galvanostatic charge/discharge profiles of TiS; electrodes at C/50
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X-ray diffraction patterns of the active material after extended reduction or
one complete cycle in Pyri TFSIPC (0.1 M Ca(TFSI);) (c) and after
extended reduction in PyrisTFSI:PC (d). The diffraction pattern of pristine
TiS; is reported in Ref. 32 as well in (d).
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display good capacitance retention up to 1Ag ' At 25Ag !
however, the device containing the electrolyte based on Pyrg,TFSI
shows a low capacitance retention, compared to the one based on
Pyr14TFSL. This difference could be partially caused by the operative
temperature of the experiment (30 °C), which is in proximity of the
melting point of the PIL.

Taking these results into account, the use of the investigated IL-
based electrolytes in combination with AC-based electrodes appears
promising. Both of these electrolytes could be utilized for the
realization of Ca-based energy storage devices containing this active
material.

In order to investigate the impact of the investigated electrolytes
when used in combination with battery materials, we performed CC
measurements of TiS, in Pyrj,TFSI:PC (0.1 M Ca(TFSI),) electro-
lyte, which displays the highest cathodic stability limit (Fig. 2). A
pre-calciated AC CE and a Ag QRE were used, to prevent the cell to
be limited by a Ca anode.**

The voltage of the TiS, electrode for one galvanostatic cycle or
prolonged reduction at C/50 in Pyr14TFSI:PC (0.1 M Ca(TFSI),) at
100 °C is reported in Fig. 5. After an initial decrease from —0.5 to
about — 1.2V vs Ag, the voltage nearly stabilizes and the discharge
is limited in capacity to 0.8 Ca>* per formula unit (i.e., 383 mAh g *
(TiS,) in 40 h). This response differs from that of the same electrode
in 0.3 M Ca(TFSI), in PC, where the voltage gradually decreases
and no plateau is reached.>

As the curent is reversed, the voltage quickly reaches the value
of the initial rest potential, showing a high hysteresis. At this point,
the current was reversed again in the case of the grolonged reduction
and a capacity corresponding to another 0.8 Ca®* could be passed
through the cell (reaching point (A)). In a second cell, the first
oxidation was pursued until annulling the net capacity passed
through the cell reaching point (B) at 450 mV vs Ag.

To better understand the role of the [Pyry4]™ cation, a prolonged
reduction of TiS, was performed in an electrolyte which does not
contain calcium cations (in Pyr;4TFSI:PC, Fig. 5b). The voltage
response appears very similar to the one obtained in Pyr;,TFSI:PC
(0.1 M Ca(TFSI),), though shifted by ~400mV towards positive
values. This shift can be attributed to a difference in potential of the
QRE between the two electrolytes, since a comparable difference is
observed for the CEs: —600 mV vs Ag QRE in Pyr),TFSI:PC
(0.1 M Ca(TFSI);) and —150 mV in Pyr;,TESLPC after 15h rest
(not shown). As the current is reversed after a specific capacity of
383 mAh g * has been reached, the voltage increases by more than
500 mV, reaching the cut-off limit, which shows that the hysteresis
is important in this electrolyte as well. As in the case of the
electrolyte containing Ca(TFSI), salt, the reduction could subse-
quently be extended by a capacity value equivalent to 0.8 Ca’* in
TiS,, reaching point (C).

Ex-situ X-ray diffraction (XRD) patterns are reported in Figs. 5c
and 5d for TiS, tested in Pyr,TFSI:PC (0.1 M Ca(TFSI),) and
Pyr14TESLIPC, respectively. The diffraction pattern of pristine TiS,
powder is also reported in Fig. 5d for comparison. After extended
reduction in Pyr;,TEST:PC (0.1 M Ca(TFSI),) (pattern (A)), peaks of
TiS, can still be identified at wavenumbers of 1.1, 2.4, and 3.7 A 1,
despite their important broadening. The most intense peak, at a value
of 0.57A ! corresponding to an interlayer distance of 11.1 Aisa
consequence of the intercalation of cations in the structure, possibly
with concomitant intercalation of PC molecules. It is worth
mentioning that using 0.3 M Ca(TFSI), in PC electrolyte, a similar
peak related to solvent co-intercalation was observed.”> However,
the latter was recorded at a higher Q value of 0.68 A ! and suggests
that [Pyr,,]" cation (larger than PC) can be inserted in TiS,.

After a complete cycle in Pyr;,TESI:PC (0.1 M Ca(TFSI),)
(pattern (B)), the characteristic peaks of TiS, are still clearly
identified despite significant broadening, indicative of reduced
crystallite size after discharge and charge. The peak at 0.57 A 'is
also observed, indicating that the processes occurring in reduction
were not fully reversed at oxidation. These results suggest that
insertion and de-insertion of cations inside the structure of TiS, is

possible in this electrolyte, as it was shown to occur in PC (0.3 M
Ca(TFSI),).” However, by contrast with the IL free electrolyte,
cycling in Pyr ,TFSI:PC (0.1 M Ca(TFSI),) lead to a higher degree
of amorphization of the host structure and only partial removal of the
intercalated species upon oxidation (the peak at 0.57 A ! being still
observed in point (B), Fig. 5¢). The XRD data in Fig. 5d reveals
quasi total amorphization of TiS, after extended reduction in
Py, TESLPC. A low intensity peak is still present at 0.55 A ! as
a remaining of the largest ordering range in the intercalated phase.

Overall, it appears that intercalation of [Pyr;4]™ into TiS, can
take place leading to the formation of significant interlayer distances
and amorphization. A lower degree of amorphization being reached
after reduction in Pyr,TFSILPC (0.1M Ca(TFSI);) than in
Pyr; 4, TFSI:PC suggests preferential insertion of Ca’* with respect to
[Pyry4 7. Nevertheless, the insertion is not fully selective since the
same voltage trend is observed in both electrolytes and similar
interlayer distances are obtained upon reduction. These results also
differ from the one obtained in Pyr;,TFSI free electrolyte, in which
the capacity and degree or amorphization reached in reduction are
lower than in the electrolytes employed in the present work.

Conclusions

The development of innovative electrolytes is of great impor-
tance for the development of advanced Ca batteries. In this work we
showed that electrolytes based on mixtures of PC and AIL/PIL
containing the salt Ca(TFSI), display good transport properties and
ESWs comparable with those of electrolytes with similar composi-
tion, but suitable for Li- or Na-based systems. The use of these
electrolytes in EDLCs with AC electrodes showed to be a viable
strategy to obtain devices displaying good capacitances paired with a
high reversibility and stability. When AIL-based electrolytes are
used, also high voltage devices can be realized. Considering these
results, AC appears therefore as suitable material for the realization
of Ca-based devices. The use of IL-based electrolytes in combina-
tion with TiS,, on the other hand, appears more challenging. In order
to build a reliable Ca-based battery device, the active material should
either insert Ca’" selectively, or accommodate the large cation of the
IL without damage. We showed that this is not the case for the
combination of [Pyr;4]* with TiS,, which is known for having the
ability to host a broad variety of species in its structure but gets
amorphized upon insertion of the [Pyrj4]* cation. In order to
overcome this problem, the use of different IL, e.g. with different
cations, and the investigation of other active materials should be
considered in the future.
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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 ([Pyr1a][TFSI] and [Pyrua][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
[Pyr1a][TFSI] is increased when confined in the silica, contrary to [Pyrua][TFSI] where the m.p.
is decreased when confined. This suggests a higher affinity of the more polar liquid
[Pyrua][TFSI] for the host network compared to the less polar liquid [Pyr1a][TFSI]. Interestingly,
when the lithium salt LiTFSI is added the behavior only changes for [Pyrua][TFSI]. The lithium-
ions appear to change the interaction between the silica pore walls and the [Pyrus]* 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 [Pyri][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 [Pyrns]*, 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
ApK, 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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Silica based ionogels: interface effects with
aprotic and protic ionic liquids with lithium¥

Angélique Marie,? Bilel Said,” Anne Galarneau,® Timo Stettner,” Andrea Balducci, ¢
Maxime Bayle,? Bernard Humbert 2 and Jean Le Bideau (& *?

In the frame of the development of solid ionogel electrolytes with enhanced ion transport properties, this paper
investigates ionogel systems constituted by ~80 wt¥% of ionic liquids (ILs} confined in meso-/macroporous
silica monolith materials. The anion—cation coordination for two closely related ILs, either aprotic (AL} butyl-
methylpyrrolidinium or protic (PIL} butylpyrrolidinium, both with bis{trifluoromethylsulfonyliimide (TFSI) anions,
with and without lithium cations, is studied in depth. The ILs are confined within silica with well-defined
mesoporosities (8 to 16 nm). The effects of this confinement, onto melting points, onto conductivity followed
by impedance spectroscopy, and onto lithium-TFSI coordination followed by Raman spectroscopy, are pre-
sented. Opposite effects have been observed on the melting temperature: it increased for the AlL (+2 °C} upon
confinement, while it decreased for the PIL (—2 °C). With lithium, the confinement led to an increase of the
melting temperature (+1 °C) for the PIL and AlL. Regarding ionic conductivities, a relative maximum was
observed at 40 °C for a mesopore diameter of 10 nm for the AIL with 0.5 M lithium, while it was not
clearly visible for the PIL. These differences are discussed in view of the charge balance at the interface
between silanols and ILs: the presence of a PIL, contrary to an AlL, is expected to modify the acidity of
the silica. Raman data showed that the coordination number of lithium by TFSI is reduced upon AlL con-
finement, although this was not observed for PlLs. At last, this work highlights the impact of the acidity of
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Introduction

Tonic liquids (ILs) have been studied intensively for different
purposes, from catalysts to sensors, energy storage devices, optical
devices, etc. One of the key features of ILs is to be composed solely of
ions, and to be at a liquid state below 100 °C. This results in good
dynamics and transport properties," very low flammability and low
vapour pressures, making them highly attractive alternatives for
conventional electrolytes for electrochemical storage devices.”
Different classes of ILs are of interest, owing to specific properties.
Besides broadly studied aprotic ILs {AILs), protic ILs {PILs) represent
a subclass of ILs displaying interesting properties originating from a
possible “free” proton. Unlike AlLs, charge conduction in PILs can
be enhanced due to the association of Grotthuss {proton hopping)
and vehicular (proton remain linked to a carrier) mechanisms?*
Although the largest field of application for PILs this far has been
fuel cells, they still have been employed as electrolytes in several
other energy storage devices.”
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a PIL on the chemistry occurring at the interface of the host network within ionogels.

Another general advantage of PILs is their synthesis, which
is simpler as well as cheaper compared to the synthesis of
AILs.® They are obtained by proton transfer between a Bronsted
acid and a Bronsted base. Theoretically, a full conversion of
Brensted molecules to ions is expected for a high pk, difference,
based on aqueous measurements, between an acid and a base.
Nevertheless, a high pk, difference in turn results in a high
coulombic interaction between cations and anions,’ thus leading
to strong interactions within cation-anion pairs or aggregates.
Such strong interactions result in a decrease of the ionicity, i.e. an
unintended decrease of the effective concentration of “free” ions.®
This affects the viscosity and the conductivity of the ILs.**®
Nevertheless, when associated with lithium, the free proton of
PILs was shown to improve the lithium-ion mobility."* Also,
aggregated areas are commonly found in ILs,'* and confining
the ILs allows breaking down of the aggregated regions, thus
increasing the ionicity and favoring lithium conduction."®

The present study aims at comparing the anion-cation
coordination of two closely related ILs, based on bis(trifluoro-
methylsulfonyl)imide (TFSI) anions and either N-butyl-N-
methylpyrrolidinium (AIL) or N-butylpyrrolidinium (PIL), with
and without lithium-TFSI salt. These ILs are confined within
meso-/macroporous silica monoliths with 2 pm macropores and
various mesopore diameters ranging from 8 to 16 nm. The effects

Phys. Chem. Chem. Phys., 2020, 22, 24051-24058 | 24051
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of this confinement onto the melting temperature, conductivity,
and lithium-TFSI coordination, followed by Raman spectroscopy,
are presented.

Experimental
Ionic liquids

The pyrrolidinium-based AIL N-butyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide {(Pyri4 TFSI) has been pur-
chased from Iolitech (99%), LiTFSI from Aldrich (99.95%). The
pyrrolidinium-based PIL N-butyl-pyrrolidinium bis(trifluoro-
methanesulfonyl)imide {PyrH4 TFSI) was synthesized following
a procedure similar to that described elsewhere.'*** Two solutions
at 0.5 M LITFSI were prepared in Pyr14 TFSI and PyrH4 TFSI. The
water content of the ILs is lower than 40 ppm, as measured by Karl
Fisher titration before DSC and conductivity measurements.

Silica synthesis
Hierarchical meso-/macroporous silica monoliths (6 mm diameter
and 10 cm length) with around 90% total porosity were synthesized
accordingly to already published methods,'®*™® which combines
silica sol-gel synthesis in acidic medium (HNOs) with spinodal
decomposition, due to the addition of polymers (polyethylene
oxide, 20 kDa) at 40 °C. Hence, monoliths with macropores of
2.5 um diameter and a skeleton thickness of 3 um are obtained. By
applying post-treatments in NH,OH 0.1 M at different tempera-
tures (from 40 to 80 °C) and durations {6 to 24 h) the mesopore
diameters are adjusted from 8 to 16 nm (Table 1). All monoliths are
calcined under air at 550 °C for 8 h to remove remaining polymers.
The macropore volumes, diameters and surface areas were
measured by Hg porosimetry after outgassing the samples at
room temperature. The mesopore volumes, diameters and sur-
face areas were determined using nitrogen sorption isotherms
at 77 K after outgassing the samples at 250 °C.

Ionogel preparation

Silica monoliths were cut into pellets of around 3 mm high and
6 mm diameter. Before impregnation of ILs within silica, silica
monoliths, ILs and ionogels were dehydrated overnight under
0.5 mbar at 50 °C. Pellets were immersed in ILs for one week in
closed vials. The same dehydration process was carried out
prior to any characterization experiment.

Calorimetry

Phase transitions of bulk and confined ILs were studied by
differential scanning calorimetry.

Table 1 Structural characteristics of silica monoliths before impregnation

Silica d’mesc(Nz) SEE‘I‘(Nz) Vmeso(Nz] Vinacro(g)  Viotal
monolith (nm) (m*g™) (em’g?) (em’® g“‘ﬂ (em® g9
40°C-8h 8.1 636 0.97 1.99 2.96
40°C-13 h 8.5 584 0.97 2.09 3.06
40°C-24h 9.8 546 1.03 2.22 3.25
50°C-24h 112 540 1.06 2.29 3.35
60°C-24h 126 437 1.03 2.23 3.26
80°C-24h 16.2 336 1.19 2.47 3.66
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Few mg of ILs and ionogels were hermetically sealed in
aluminium pans. After initial heating at 100 °C, the samples were
quenched down to —100 °C at a cooling rate of ~30°Cmin *. A first
heating, up to 100 °C, at 10 °C min * is applied and allows a simple
observation of the heat capacity increase corresponding to the glass
transition temperature, which is measured at the inflexion point.
The samples were then cooled again to —100 °C (~30 °C min *) and
heated at 2 °C min * to measure the temperature and the enthalpy
of the cold crystallisation and melting. The melting temperature is
taken at the maximum of the transition. For each sample (ILs and
ionogels), the heat flow is given per mass unit of IL.

Ionic conductivity

The ionic conductivity of samples was studied by complex
impedance spectroscopy (CIS) between —20 °C and 90 °C using
a VMP 3, Biologic. The amplitude voltage used was 7 mV and
the frequency range was 184-100 mHz.

Raman spectroscopy

Raman spectra were recorded with a standard Fourier-transform
spectrometer (Bruker) using a 1064 nm Nd:YAG laser line. The
laser power was set to 300 mW, the spectral resolution to 2 ecm *
and each presented spectrum was an average of 400 scans.

Results and discussion
Thermal behaviour

The macroporosity of the hierarchical meso-/macroporous silica
monolith supports was studied by SEM and Hg porosimetry and
the mesoporosity using N, adsorption/desorption isotherms at
77 K (Table 1). A typical SEM image is presented in Fig. S1
(ESIt). Macropore diameters of the silica monoliths are around
2.5 ym with a skeleton thickness of 3 pm, the macropore volume
is around 2 mL g ' and the macropore surface area is around
4 m* g *. The mesopore volume is around 1 mL g *, which
represents around one third of the total pore volume. The
mesopore diameters increase from 8 to 16 nm, with the increase
of NH,OH post-treatment duration and temperature (Table 1),
leading to a decrease in the surface area from 600 to 300 m* g *.
All monoliths feature a silanol density of 5-6 SiOH per nm?
(calculated from Raman spectroscopy). The impregnated IL
weight in silica is obtained from the difference between the
weight of silica after IL impregnation and the weight of pristine
dried silica. For each case, the IL weight represents more than
82% of the total weight of ionogels (Table S1, ESIt) in accordance
with a total pore filling.

The confinement of ILs in these hierarchical macroporous
silica monolithic matrices with different mesoporosities leads
to variations in their change-of-state temperatures, which can
be studied by DSC. Heat rates at 10 °C min * and 2 °C min *
are used in order to measure precisely (i) the heat capacity at
the glass transition, and (ii) the cold crystallization and melting
temperature, respectively. DSC scans for unconfined and con-
fined Pyr14 TFSI are shown in Fig. 1. For the other studied ILs
(Pyr14 Li-TFSI, PyrH4 TFSI, PyrH4 Li-TFSI) DSC scans are

This journal is© the Owner Societies 2020
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Fig. 1 DSC measurements for Pyrl4 TFSI bulk and confined: (a) glass and
(b) melting transitions. The heat flow is reported in relation to the mass of
ILs. Curves are offset for visibility.

shown in Fig. S2 (ESIf). Table 2 summarizes the IL phase
transitions (bulk and confined).'® Fig. 2 presents the evolution
of the glass transition temperature, the calorific capacity varia-
tion during the glass transition, the melting transition tempera-
tures, and the melting enthalpy, vs. the mesopore diameter. The
glass transition temperatures T, of Pyri4 TFSI, Pyr14-Li-TFSI,
and PyrH4-Li-TFSI increase when the IL is confined in silica
matrices, as shown in Fig. 1a and 2a. For confined and uncon-
fined PyrH4 TFSI, the glass transition was not observed in the
temperature range studied. The heat capacity modification AC,
(Fig. 2b) of Pyrl4 TFSI, either pure or containing Li, is not

View Article Online
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significantly modified by confinement, whereas the heat capacity
of PyrH4 Li TFSI shows a larger increase. Nevertheless, the heat
capacity of these three ILs seems to increase with the increase of
mesopore diameter of the silica matrices. This appeared to be
consistent with a decrease of surface to volume ratio, relatively less
IL being constrained at the interface, thus allowing a macroscopic
increase in entropy and thus an increase in heat capacity.

The variation in melting temperature Ty, as a function of
mesopore diameter is shown in Fig. 2c. The melting temperatures
are —8.2 °C and +31.2 °C for Pyrl4 TFSI and PyrH4 TFSI,
respectively. Confinement effects in opposite manners for Pyri4
TFSI and PyrH4 TFSI were observed: confinement of Pyr14 TFSI
resulted in an increased Ty, of 1.9 °C {T,; = —6.3 °C), whereas for
PyrH4 TFSI confinement resulted in a decrease in melting tem-
perature of about 1.5 °C (T, = 29.7 °C). Upon addition of Li salt,
confinement of Pyr14-Li-TFSI showed an increase of T, of 1.1 °C
(T' 1 = —9.4 °C); the confinement of PyrH4-Li-TFSI caused a very
small Ty, increase of about 0.8 °C (T'y, = 25.7 °C), unlike for neat
PyrH4 TFSI, which showed a decrease of 1.5 °C.

Sign of AT, upon confinement Pyr14 TFSI PyrH4 TFSI
Without Li TS5 T TE < Tw
With Li e S 78 s g

Upon addition of lithium, there is only a small difference
between Pyri4 and PyrH4, with an increase of Ty, of around 1 °C
with confinement. However, it is without lithium that the difference
is larger between the two ILs, with a Ty, increase of 1.9 °C for Pyr14
and a decrease of —1.5 °C for PyrH4 with confinement. Even if these
differences are not decisive in terms of devices performances, the
study of 7;, variation allows us to better analyse and understand the
interactions of the ILs with the silica surface. The interactions
between the IL and the silica pore wall with the given chemistry
is thus different between Pyri4 TFSI and PyrH4 TFSI. Moreover,
these interactions at the IL-silica interface are modified in the
presence of Li cations. The Gibbs-Thomson model allows a ratio-
nalization of the melting/solidification temperature of confined ILs:

To—Tm _ (1 —¥s-D¥
2
Tm fmcsoAmH (1)

Table 2 Thermal properties of non-confined ILs and of values averaged over all pores size for confined ILs

ILs T/°C ACTg T K™Y TG AnH g™t
Pyr14TESI —86.59 0.244 —8.18 45.56
Confined —83.4 £ 0.1 0.26 + 0.01 -6.3+ 0.6 35.8 £ 0.9
Pyr14TESI

Pyr14TFSI + 0.5 M LiTFSI —~76.05 0.274 —10.53 (~7.53) 40.59
Confined Pyr14TESI + 0.5 M LiTFSI —74.5 + 0.6 0.28 + 0.02 -9.4+ 0.3 29.8 £ 0.8
PyrHATFSI — — 31.36 59.95
Confined — — 29.9 + 0.9 51+2
PyrHATESI

PyrHATESI + 0.5 M LiTESI -72.19 0.0276 (8.20) 24.9 41.19
Confined PyrH4TFSI + 0.5 M LiTFSI -70.9 £ 0.7 0.13 + 0.05 25.7 £ 0.1 3641

¢ Minor melting events are given in parenthesis, taken at the peak maximum. They are comprised of AH values.
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Fig. 2 DSC results for (a) glass transition, (b) calorific capacity variations
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fusion for bulk and confined ILs. The heat flow is reported in relation to the
mass of IL in the studied samples. Horizontal solid and dotted lines are eye
guides referencing to non-confined ILs.
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with Ty, and Ty, as the melting temperature of the confined and
unconfined IL, ysy and y;; as the interface energies between the
silica wall and the IL depending on whether it is in the solid or
liquid state, v as the molar volume of the IL (Av during phase
change is neglected), A,H as the melting enthalpy of the uncon-
fined IL and ryeso as the pore radius. The interface energies ys ;and
11 are taken positive and are homogeneous at chemical potentials;
the system spontaneously evolves towards a chemical potential
decrease. If ys; < .y, then Ty, > Ty, the liquid state of the
confined IL is unfavored. These are the situations of Li-free
Pyr14 TFSI, and those of Pyr14 and PyrH4 with Li. If ys; > 7y,
then Ty, < T the liquid state of the confined IL is favored. This
is the situation of Li-free PyrH4 TFSL The decrease of melting
point upon confinement is classically observed for liquids with
high affinity for the surface matrix as water in hydrophilic
silica.?*" 1t was also observed for IL, such as hydrophilic
1-butyl-3-methylimidazollium [CF;S05] ™ 1L, in silica.** Confine-
ment can preserve the original liquid nature of some ILs at a
much lower temperature than bulk 7,. For water, a thin non
freezable layer between the core ice and the pore walls exists at
very low temperature and has been recently observed for silica
and carbon supports.*

In other words, the physico-chemical affinity between the
host network and the confined IL at liquid state is lower when
Twm > Tm compared to when Ty, < Ty, For Pyrl4 TFSI, the
Ty, increase indicates an attracting effect between Pyr14 TFSI at
solid state and silica pores. In contrast, for PyrH4 TFSI, the T},
decrease upon confinement shows an attractive effect between
PyrH4 TFSI at liquid state and the silica pores. The behaviors of
Pyr14 and PyrH4 are similar to what is observed for a non-ionic
and polarizable liquid, such as CCl, confined, in graphite and
in silica, respectively.*

For Pyr14-Li-TFSI and PyrH4-Li-TFS], the melting temperature
increased upon confinement (Fig. 2 and 3), as observed in a
previous study.'® The presence of Li cations at the interface
appears to decrease the interaction between the pyrrolidinium
and TFSI ions with the silica pore walls. Thus, this is consistent

Temperature / °C

100 80 60 40 20 0 -20 4
-1 T T T T T T 10
O~ Pyr14TFSI
i - @ Pyr14-Li-TFSI
B- PyrH4TFSI 14n-
2 i B PyrH4-Li-TFSI 10°
&
- ~ - R0
- -3 “o. _ 107 »
g g T 1
T4l - * © 13
.. !
\. 8
5 410°
o
6 1 1 L 1 L L 1 10°
238 3.0 3.2 3.4 36 3.8 4.0

1000/T /K'

Fig. 3 lonic conductivity of bulk ILs. Breaks on conductivity are due to
melting transition of PyrH4 TFSI and PyrH4—-LiTFSI (around 30 °C).
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with a high affinity of Li cations towards silica for both ILs. It is
therefore no longer Pyri4 or PyrH4 which interacts with the
silica wall, but a layer involving Li cations. This is consistent
with previous studies, showing that Li cations preferentially
move towards the interface between the IL and the pore wall."® It
is also worth pointing out that confinement in silica shows
stronger effects in the case of PyrH4, which might be due to
the larger importance of H-bonding within the IL and SiO-H
surface groups of silica, which disturbance is in turn compen-
sated upon lithium addition by SiO-H-SiO-Li exchange. No
dependency of melting temperature on the mesopore size was
observed as expected by the Gibbs-Thompson model as the
presence of the macropores averages the effect of the mesopores.

Conductivity

The ionic conductivity of bulk ILs is shown in Fig. 3. Above
40 °C, the conductivities of Pyr14 TFSI and PyrH4 TFSI were
very similar, with and without Li. As expected, the addition
of Li TFSI decreased the conductivity. Upon cooling, a slope
break appeared for PyrH4 based ILs due to the solid-to-liquid
transition {(at about 30 °C). For Pyri4-based ILs, this slope break
is smaller and appeared at lower temperature {lower Ty,). The
conductivity values of ILs are comparable with those obtained
previously.'

Fig. 4 shows the conductivity of Pyr14 TFSI ionogels compared
to that of the neat IL. For each ionogel, the conductivity was lower
but showed the same behavior as that of the non-confined IL
(Fig. 83, ESIY). It is worth pointing out that the conductivity of the
ionogels does not correspond to the intrinsic conductivity of
confined ILs, since for a given form factor, the amount of IL in
ionogels {~ 80 wt%) is lower than in unconfined ILs {100 wt%)."®
In order to study the conductivity independent of the volume of
confined ILs, the molar conductivity is calculated for each non-
confined and confined IL. For confined ILs, the ionic conductivity
{(Aconineart) is calculated such as:

Tionogel M

— 2
VIL/ Vionogcl P ( )

Aconfined IL =

Temperature / °C
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Fig. 4 lonic conductivity of Pyrl4TFSI ionogels, compared to the IL
Pyr14TFSI.
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here, Gionoger is the conductivity of the whole ionogel, Vi, and
Vionogel are the volumes of IL confined and the ionogel, M is the
molar mass and p is the specific weight of the IL.

The molar conductivity vs. mesopore diameter at 40 °C is
presented in Fig. 5. A similar pore size dependency was observed
at the other temperatures. For AIL Pyrl4 without lithium, the
conductivity increases with mesopore diameter. A slight relative
maximum occurs at around 10 nm for Pyr14-Li-TFSI, as already
reported in a previous study with Pyr13-Li-TFSI confined in
similar silica.’ The PIL PyrH4 with lithium does not show clearly
any extremum at this temperature. In a previous work, we
concluded that the dynamics of the silanol groups could help
to create a diffusion path at the interface for the Li cation, and
that the optimum mesopore diameter might indicate that the
best diffusion of ions should occur when (i) the silica interface
was saturated by lithium ions and when (ii) an almost equal
ratio of ions was present at the surface of the pore and in the
volume of the pore. This assumption was also proposed in
catalysis, where the best compromise between the highest
reactivity and the highest diffusion was estimated for an equal
amount of molecules on the surface of the pore and in the
volume of the pore (leading to an optimal mesopore diameter
equal to 5-7 times the size of the molecule, calculated from the
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Fig.5 Evolution of the molar conductivity of Pyrl4 TFSI, PyrH4 TFSI,
Pyr14—Li=TFSI and PyrH4-Li—=TFS| with the confinement at 40 °C. The
molar conductivity is calculated as the conductivity normalized by the
volume of IL confined in the silica matrices. Horizontal solid and dotted
lines are eye guides showing the conductivities of non-confined ILs.
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Ruckenstein law).’® In the present study, carried out with the
same silica and the same Li salt amount, we obtained the same
result for the AIL Pyr14-Li-TFSI, showing sizes similar to that of
Pyr13-Li-TFSI. For PIL PyrH4-Li-TFSI, the absence of clear
extremum at 40 °C could be due to the drastic different effects
of the AIL vs. PIL on the acidity of the silica This was recently
shown for drastic different effects of the AIL and PIL on a series
of para-substituted benzoic acids; there, the Hammett p values
for the acidic dissociation in some PILs were about the same as
that in water but significantly smaller than that in the AIL.>®
Consequently, in the present study, the PIL should create an
impactful amount of silanolate on the surface, thus decreasing
drastically the ratio between the amount of Li cations and
silanolate. An excessively large number of silanolate sites vs.
the given amount of Li cations might turn into traps for part of
the Li cations, or to strong interactions between PIL cations
with the interface, at the expense of the release of the Li" from
its coordination by TFSI. This is investigated below by means of
Raman spectrometry.

Raman spectroscopy study

The interactions on a molecular scale at the interfaces can be
investigated using Raman spectroscopy, through the study of the
vibrational eigenmodes of our compounds. More specifically, the
cisoid and transoid conformations of the TFSI anion (noted cis and
trans hereafter): these are sensitive to the chemical environment
and to the confinement, presenting different signatures. In this
work, we focus our attention on the 720-765 cm ' range of the
Raman spectra.

In non-confined Pyri4 TFSI (inset in Fig. 6a), the symmetric
elongation mode of the whole TFSI anion appears through the
band located at 742 em *.***%%7 It should be noted that both cis
and trans conformations participate in this contribution.?***
This band shifts at about 744 cm * in the case of PyrH4 TFSI
(inset in Fig. 6b), indicating an increase of the interactions
between TFSI and the pyrrolidinium cations, which may be due
to the presence of a hydrogen atom bonded to the nitrogen.****

Addition of lithium to the Pyr14 TFSI leads to the appear-
ance of a shoulder on the previous band at about 748 cm *,
accounting for the coordination of Li* to TFSL**?*3° For
PyrH4-Li-TFS], this additional contribution merges with the
band at 744 cm *, giving an asymmetrical band shifted toward
the higher wavenumbers.

The number of TFSI anions coordinating a Li" cation can be
estimated using the ratio of the integrated intensity of the
748 cm * band {A.o0ra) OVer the integrated intensity of the whole
band (A4,o,)-**"*" If we consider that all the Li* are coordinated by
TFS], its coordination number CN can be calculated

N = Aot 1 @)
tot X
with x as the molar fraction of Li" in the IL (0.132 in Pyr14 TESI
and 0.125 in PyrH4 TFSI). To calculate these integrated intensities,
the signal can be decomposed into two {one non-coordinated and
one coordinated) or three (cis, trans and coordinated) components.
This latter decomposition gives more precise results and is
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Fig. 6 Raman spectra of non-confined and confined ILs: (a) Pyrl4-Li—
TFSI and (b) PyrH4—-Li-TFSI. Raman spectra of neat ILs are added for
comparison in dashed lines. Silica pore sizes are indicated in front of
corresponding confined IL spectra. Spectra normalised on intensity maximum
and shifted for visibility.

presented in Fig. 7. To support and confirm the choice of this
method, a decomposition of the signal has also been performed
using a Bayesian positive source separation algorithm (BPSS,
Fig. S4, ESIT). This unsupervised numerical approach gave the
same results presented here, and thus are not detailed in this
paper with a view to greater clarity and concision. For more
information, one can find details in ref. 32. It is to be noted that
both approaches show only one band for the vibration mode of
the coordinated species. This point does not allow further
conclusion on the possible position difference between cis and
trans configurations in the coordinated complexes.

For the Pyr14-Li-TFSI and PyrH4-Li-TFSI-based ionogels
and ILs, the best fits of the Raman spectra were obtained using
three pseudo-Voigt functions, named C1, C2 and Ccoord (details
on the method and obtained parameters are available in Tables
S2 and S3, ESIt). For each non-confined IL spectrum, Ccoord
parameters (relative intensities and positions) were in good
agreement with the already reported results."***** For Pyr14-
Li-TFS], the positions of cis and trans components have been
reported to be separated by 2 em *, which is in agreement
with the 1.3 cm ' measured on our spectra between C1 and C2.
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The positions of cis and ¢rans components in the above study
were not reported for PyrH4 TFSI or PyrH4-Li-TFSL Thus, the C1
and C2 fitted peaks could not be surely attributed to the cis and
trans conformations. However, the sum of their integrated intensity
remained a good representation of the non-coordinated conforma-
tions of TFSL

The CN was evaluated with this method at 2.1 TFSI per Li"
for Pyr14-Li-TFSI and 1.1 TFSI per Li" for PyrH4-Li-TFSI
(Fig. 8). For the same lithium-salt concentration (0.5 M LiTFSI),
previous studies estimated a CN at 2 TFSI in Pyr14-Li-TFSI, and
at 1.2 TFSI for PyrH4-Li-TFSL.*>433

For ILs confined in silica, two different behaviors emerged.
For confined Pyr14-Li-TFSI, the CN decreased to ~1.5. On the
other hand, the CN remained unchanged for PyrH4-Li-TFSI
(~1.2). The confinement of Pyr14-Li-TFSI lowered the inter-
actions between TFSI and Li" due to a preferential interaction
of Li" with silanolates.**'® For confined PyrH4-Li-TFSI, it was
not possible to observe clearly such an effect, maybe due to PIL
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Fig. 8 Coordination number of Li* by TFSI in confined Pyr14—Li—TFSI
(left) and PyrH4-Li—TFSI (right) compared to non-confined ILs (horizontal
gray lines). In confinement, the coordination number of Pyrl4—Li-TFSI
decreases. There is no clear modification of the coordination number in
confinement for PyrH4—-Li—-TFSI.
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interactions with silanolates, and to an average coordination of
TFSI not only by lithium but also by protons.

Conclusions

Aprotic butylmethylpyrrolidinium bis{trifluoromethylsulfonyljimide
(AIL) and protic butylpyrrolidinium bis(trifluoromethylsulfonyl)-
imide {PIL) ionic liquids have been confined within a silica host
network. Opposite effects on the melting temperatures have been
observed; upon confinement, without lithium, it increased for
the AIL, while it decreased for the PIL. With lithium, confinement
still led to an increase of the melting temperature for the AIL, and
in this case even for the PIL. Regarding ionic conductivities, at
40 °C, a small relative maximum was found around pore sizes of
10 nm for the AIL with lithium. This might be due to the charge
balance at the interface between silanols/silanolates and the ionic
liquid: the presence of a PIL, contrary to an AIL, is expected to
modify the acidity of the silica rather strongly. Thus the charge
balance between ILs with a given amount of lithium salt and host
network is modified. Raman data showed that the coordination
number of lithium by bis(trifluoromethylsulfonyl)imide is
reduced upon confinement of the AIL, although this was not
observed when confining a PIL. This study also highlights the
real impact of the acidity of a PIL on the chemistry occurring at
the interface of the host network within ionogels, and gives
knowledge for a better choice of host network for confined
species adaptation in perspective of all solid devices.
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2.3.2. Publikation 9: Protic lonic 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 AlLs and polymers has been intensively investigated
in the past, the confinement of PlLs 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 [Pyrua][TFSI] at temperatures higher than 300 °C
combined with very stable mass retention at 60 °C under N2 or O, 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 [Pyrua][TFSI] or [Pyrua][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 [Pyrua][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 2.0V, slightly lower than the maximum OPV achievable for pure [Pyrua][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 [Pyrusa][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
[Pyrua][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 PlL-based electrolyte in combination with metallic lithium.
Considering the reactivity of [Pyrua][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 PlL-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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Protic lonic Liquids-Based Crosslinked Polymer
Electrolytes: A New Class of Solid Electrolytes for Energy

Storage Devices

Timo Stettner, Gabriele Lingua, Marisa Falco, Andrea Balducci,* and Claudio Gerbaldi*

Herein, the preparation of an innovative crosslinked polymer electrolyte
(PEO_HPyr) encompassing protic ionic liquids (PILs) displaying high ionic
conductivity, wide thermal, and electrochemical stability is reported, thus suitable
for use in safe energy storage devices. The first example of an all-solid-state
electrochemical double layer capacitor (EDLC) containing a PEO_HPyr-based
electrolyte is presented, which shows high performance at ambient temperature
and exceptional stability. Furthermore, the first example of a PIL-based lab-scale
lithium-metal cell with lithium iron phosphate cathodes is also presented, which
provides almost full capacity (i.e., 150 mAh g~ at C/20) and highly reversible
cycling at ambient conditions and different current rates. The excellent results
obtained clearly demonstrate that PIL-based crosslinked polymer electrolytes
represent a new and very interesting class of solid electrolytes for energy storage

devices.

1. Introduction

Protic ionic liquids (PILs) are a subgroup of ionic liquids (ILs)
characterized by the presence of an acidic proton in their
structure. PILs display the typical properties of ILs, including
high thermal stability and low flammability, with the advantage
of being easily synthesized through simple acid-base reactions.
Although less popular than aprotic ionic liquids (AILs), PIL-
based electrolytes have been considered in energy applications
for many years. Initially, PILs have been mainly used as
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electrolytes for fuel cells.?! Afterward, their
use as electrolytes in electrochemical
capacitors has been investigated, and, only
recently, they have been proposed as elec-
trolytes for Li-ion batteries (LIBs).” In the
last couple of years, their use in Naion aswell
as K-ion batteries has also been consider-
ed.">* The results of these studies indicate
that PIL-based electrolytes allow the realiza-
tion of alkali metal-ion batteries with
promising performances. Furthermore, they
showed that the acidic proton in the structure
of PILs could be advantageously used to tune
the jon environment and the storage process
dynamics taking place in these devices. Ithas
been shown, for example, that the presence
of this proton is favorably influencing the
coordination of Li* ions in LIBs, making
PILs suitable for high-power applications.”!
Finally, it has also been shown that aqueous solutions containing
high concentration of PILs, which can be indicated as “water-
in-PIL” electrolytes, display unique properties and are acting like
aprotic and protic electrolytes at the same time.®

It is evident that the properties of PILs and PIL-based electro-
lytes are strongly influenced by the acidic proton and by the envi-
ronment in which the proton is present. Dry PILs (with a water
content lower than 50 ppmy) display transport and thermal prop-
erties comparable to that of AILs. However, the presence of the
acidic proton limits the electrochemical stability window (ESW)
of PILs, making it significantly lower compared with that of
AILs!”) In spite of this, it has been shown that the use of film
forming additives decomposing within the ESW of PILs enables
the use of carbonaceous anodes, e.g., graphite and hard/soft
carbon, in combination with PIL-based electrolytes.’®!

To date, a large number of investigations have been dedicated
to polymer electrolytes based on room temperature (RT) ILs, suit-
able for electrochemical double layer capacitors (EDLCs) and
LIBs, but all of them have been realized utilizing AILs.”!
Polymer electrolytes based on PILs have been used as proton
conductive membranes in fuel cells."” Trivedi et al. success-
fully implemented a mixture of protic and aprotic polymeric
electrolytes in an activated carbon-based EDLC, whereas
Mishra et al. used a PIL-based gel polymer in a proton battery.*!
To the best of our knowledge, however, safe, self-standing, and
robust polymer electrolytes encompassing PILs, which are suit-
able for stable operation in EDLCs and LIBs, have not been
reported. Nevertheless, the development of these polymer elec-
trolytes could be interesting for several reasons. First of all,
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the immobilization of PILs inside of a polymer network would
reduce the risk of leakage typical for other liquid electrolytes,
thus further improving the safety of systems and their cycle life.
In addition, the use of polymer electrolyte membranes could
enable the use of PILs in flexible and/or shapeable storage sys-
tems. Finally, the use of a solid electrolyte incorporating a PIL
could also be a strategy to overcome the limitation related to
the high reactivity of these ILs toward alkali metals, which is pres-
ently hindering the practical use of PIL-based electrolytes in high
energy/power density alkali metal batteries, thus limiting the
field of application of this family of electrolyte. This latter aspect
appears particular interesting, because the direct use of lithium
metal would make the use of PIL in the next generation of high-
energy density batteries possible, e.g., Li-S and Li-air.

In this work, we propose the use of PIL-based polymer
electrolytes suitable for application in energy storage devices.
In particular, we studied a novel polymer electrolyte based on
UV-crosslinked poly(ethylenoxide) (PEO), encompassing the
PIL 1-butylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(Pyrp4TFSI) and lithium Dbis(trifluoromethanesulfonyl)imide
(LiTFSI). In the first part of the manuscript, the ionic conductiv-
ity, thermal properties, and electrochemical stability of this novel
polymeric electrolyte are investigated. In the second part of this
study, we demonstrate, for the first time, that the PIL-based
crosslinked polymer electrolytes can be successfully used for
the realization of solid EDLCs and solid lithium-metal batteries,
able to display high performance at RT.

2. Results and Discussion

2.1. Chemical-Physical Characterization

The crosslinked PEO-based polymer electrolyte encompassing
PyrH4TFSI, namely PEO_HPyr, was prepared by a simple,
green, solvent-free procedure. It includes a hot-pressing step
(15 min) for film formation and a rapid (6 min) free-radical reac-
tion induced by UV light (UV curing) to crosslink the network.
This results in an easy-to-handle, ready-to-use electrolyte mem-
brane. The polymer electrolyte contains equal amounts by weight
of PEO and Pyry,TFSI (i.e., 41%), 16% of LiTFSI, and 2% of
benzophenone (BP) as the hydrogen abstraction photoinitiator.

The crosslinking step, which is sketched in Figure 1A, allows
obtaining a transparent, self-standing film, which is elastic
and shape retaining, as shown in Figure 1B. As previously
demonstrated, the crosslinking step is fundamental to obtain
amorphous, highly ionic conductive PEO-based -electrolytes
encompassing high amount of IL without any leakage, while
keeping good mechanical properties and integrity.'%12

The scanning electron microscope (SEM) images, energy-
dispersive X-ray spectroscopy (EDX) mapping and surface profile
analysis indicate that these membranes are highly homogeneous
(Figure S1 and S2, Supporting Information). More in-depth
field emission scanning electron microscopy analysis was per-
formed to characterize the morphology of the photocured
polymer electrolytes. Representative microscopy images are
shown in Figure 2, which were taken from a cross-sectional view
to better show the morphology of the crosslinked samples. As
already reported in previous studies,"® the surface of the
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Figure 1. A) Schematics of materials, polymer electrolyte preparation, and
crosslinking at different magnifications with indication of the temperature
range of stability. B) Digital photographs of the PEO_HPyr polymer elec-
trolyte membrane under investigation, showing excellent robustness and
elasticity even well above the melting temperature of PEO.

polymer electrolyte shows uniform wrinkled textural features,
due to crosslinking of the PEO chains under UV light in the pres-
ence of BP. Within these, amorphous PEO domains are alter-
nated to some residual-ordered (semi-crystalline) domains. In
case the same precursor mixture is processed without final
UV irradiation, the resulting sample shows nonuniform and
hardly homogeneous texture (inset of Figure 2b). Conversely,
UV-induced crosslinking allows encompassing high amount
of PIL and salt, leading to a material with dramatically different
morphological characteristics in terms of homogeneity and
robustness. Here, the amorphous UV-cured PEO-based network
is able to efficiently hold the PIL without any leakage (see, in par-
ticular, the previous study'?).

The prepared PEO_HPyr displays a flash point higher than
300°C, and when exposed to an open flame, they do not catch
fire (Figure S3, Supporting Information).

Figure 3 compares the thermal stability of the neat Pyry TFSI
of the binary mixture LiTFSI:Pyry4TFSI (1:4 molar ratio,
indicated as HPyr) and PEO_HPyr. As shown in Figure 3A,
the thermal stability of the three electrolytes is very similar, and
all of them start to decompose around 300°C. Above this
temperature, the liquids are steadily decomposing, whereas
HPyr shows an increased stability compared with pure
Pyri4TFSI. This can be attributed to the presence of LITFSI, a
salt with a higher thermal stability, in the former. The polymer
electrolyte membrane behaves differently. As shown in
Figure 3A, it displays a distinct decomposition between 300
and 330°C. The weight loss in this temperature range can be
attributed to the decomposition of Pyry4TFSI, which is account-
ing for roughly 40% of the total mass of PEO_HPyr. Above
330°C, PEO starts to decompose, and at 460 °C, only lithium
compounds, e.g., lithium oxide and other non-volatile residues,
are left. Figure 3B shows the thermal stability of PEO_HPyr
during isothermal measurements carried out at 60°C for 24 h
under nitrogen (blue) and oxygen (black) atmosphere. In these
conditions, the polymer electrolyte membrane is extremely stable,
and it only loses 1-2% of its initial weight. This minor loss,
however, is due to the residual water, which was absorbed prior

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. a-d) SEM images of the crosslinked PEO_HPyr polymer electrolyte, showing its microstructure at increasing magnification; the inset of (b)
show the appearance of a non UV-crosslinked polymer electrolyte obtained with the same precursor mixture.

to the test, as the different preparation steps are carried out under
controlled atmosphere and using only battery grade and/or care-
fully dried materials.

Figure 4 shows a comparison of the variation of conductivities
at different temperatures of neat Pyry, TFSI, HPyr, and
PEO_HPyr. As shown, neat Pyry,TFSI displays a conductivity
of 3.5mS cm™" at 30 °C. Below this temperature, however, this
PIL does not display any practical conductivity due to its crystal-
lization. HPyr, which is a binary mixture of Pyry,TFSI and
LiTFSI, displays a lower conductivity compared with the neat
PIL (1.3mScm™" at 30°C) but, at the same time, a larger
temperature range in which the electrolyte is displaying a decent
conductivity (0.03 mS cm™" at 10 °C), due to the melting point
decrease induced by LITFSI. The ionic conductivity of
PEO_HPyr at 30°C is 0.14mS cm™", which is a high value
for a solid polymer electrolyte, especially near RT.'%
Considering these results, the practicable temperature window
of PEO_HPyr is wider compared with the liquid electrolytes,
which represents a substantial advantage offered by the polymer
electrolyte. The fully amorphous character of the film obtained by
the UV-induced crosslinking of the macromolecular chains is
demonstrated by the lack of a clear change in an activation energy
at 40-60°C, which is generally observed with typical semi-
crystalline PEO-based electrolytes, obtained by standard solvent
casting and/or hot-pressing, due to the phase transition of crys-
talline PEO."%1%! This result is consistent with the differential
scanning calorimetry (DSC) measurement (Figure S4A,
Supporting Information), where no obvious melting or crystalli-
zation peaks are observed. Similarly, other literature reports
about crosslinked PEO-LITFSI-ILs films show that the crystalli-
zation of PEO and P(EO),LiTFSI complexes can be hindered
in these ternary electrolytes.'* Nevertheless, in these systems,
the crystallization of excess IL may occur depending on the
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composition.™*? In the present work, this latter phenomenon
was not observed by either SEM or DSC analyses. The ionic con-
ductivity shows a Vogel-Tamman-Fulcher (VTF) dependence
typical of fully amorphous polymer electrolytes.'**14) The
VTF plot of the logarithm of conductivity versus (T-Tp) ™" for
PEO_HPyr is shown in Figure S4B, Supporting Information.
Figure S5, Supporting Information, shows the VTF plot of the
ionic conductivity of Pyry,TFSI and HPyr. The apparent activa-
tion energy (E,) can be extracted from the linear interpolation of
the ionic conductivity data according to Equation (1)"*

Eq

ln6:A+m )

Here, A is a factor depending on the ionic conductivity at
infinite temperature, R is the universal gas constant, and Ty, is
a parameter customarily located 30 K below the glass transition
temperature (Tg), which is related to the zero configurational
entropy of the system.!”® On the basis of the first DSC heating
scan, Ty is located at —50.7 °C. From the linear fit, apparent E,
values of 4.8, 5.4, and 7.0kJ mol™" have been calculated for
Pyry,TFSI, HPyr, and PEO_HPyr, respectively. These values
indicate that the E, of PEO_HPyr is rather comparable to that
of the liquid PIL, and it is also similar to that of Pyr,,TFSI/
LiTFSI solutions."”!

Figure 5 shows the ESW of the PEO_HPyr at RT (scan rate of
0.1mVs™?). The crosslinked PEO_HPyr electrolyte displays an
overall ESW of ~3.5V (with cathodic and anodic limits of
—0.9 and 2.6 V versus Ag, respectively). This value is lower than
that observed for many AIL-based polymeric electrolytes, but is
comparable to that of the liquid PIL (see Figure S6, Supporting
Information), indicating that the immobilization of Pyr;, TFSI in
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stability of this PIL.

Considering these results, the PEO_HPyr appears as an
electrolyte with an interesting set of transport, thermal, and elec-
trochemical properties. These properties are making this cross-
linked PIL-based solid polymer electrolyte suitable for the
realization of electrochemical energy storage devices operating
at RT.

2.2. All-Solid PEO_HPyr-Based EDLCs

At first, the PEO_HPyr was used for the realization of a proof-of-
concept lab-scale all-solid EDLC containing activated carbon-
based electrodes and having an operating voltage of 2 V. This
operating voltage was selected, because it is safely achievable
with the liquid HPyr.®) As shown in the cyclic voltammogram
(CV) in Figure GA, this all-solid EDLC displays a capacitive-like
behavior without any signs of irreversible redox reactions.
Clearly, due to the limited electrolyte conductivity, the system
shows a rather high resistance, as visible in the constant current

Energy Technol. 2020, 8, 2000742 2000742 (4 of 9)

Potential vs. Ag[V]

Figure 5. ESW ofthe polymer electrolyte (PEO_HPyr), measured via linear
sweep voltammetry with a platinum working electrode, silver reference
electrode, and an oversized carbon counter electrode at 40°C and
01mvsT

(CC)} (galvanostatic} charge/discharge voltage profiles versus
time in Figure 6B. Nevertheless, this resistance appears compa-
rable with that observed with other ILs (both protic and aprotic},
and it is certainly acceptable for a lab-scale device, especially con-
sidering that the EDLC under study is solid state and has been
tested at RT.1*6l

With the aim to investigate the overall performance of the all-
solid EDLC, also CC tests at different current density rates and
float tests at different voltages have been carried out. Figure 7A
shows the behavior of the EDLC under study during 1200 CC
cycles carried out at different current densities. During the initial
100 cycles at 1 mA g%, the capacitance of the device is constantly
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Figure 6. A) CVat0.5mVs ™' and B) CC curve at 1 mA g~ of an activated
carbon-based EDLC using PEO_HPyr.

increasing, and this increase becomes more marked when
the current density is reduced to 0.5mAg™" (cycles 100-200).
This behavior is typical for highly viscous electrolytes,
e.g., ILs, and it has been reported in the literature several
times."**'7) An optimization of the electrode/electrolyte inter-
face, as well as of the charge protocol/conditions, could reduce
the time needed for this activation process. Nevertheless, this
kind of optimization is out of the scope of this work and, there-
fore, was not carried out."”'® It is very important to notice that
the all-solid EDLC is able to deliver a capacitance of 12Fg~".
By comparison, a device with the same electrodes used in com-
bination with a PIL-based liquid electrolyte is able to deliver a
capacitance of 18-20 F g71.1%1%! Considering the fact that the
investigated system was not optimized (see below) and it was
an all-solid EDLC, the capacitance delivered by the investigated
devices under the applied operative conditions can certainly be
considered as very promising. Due to the limited electrolyte
conductivity, the capacitance retention of the investigated
EDLC during tests at higher current densities is limited, and
the system is able to deliver a moderate capacitance of 6 Fg™"
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Figure 7. A) Rate capability test performed via CC measurements at dif-
ferent current densities and B) float test at different operative voltages of
an activated carbon-based EDLC using PEO_HPyr at 1 mAg ™.

only up to 2mAg~". Above this latter value, the capacitance
drops significantly, although the system provides a stable behav-
ior (cycles 400-700, not shown). After the rate capability test at
different current densities, the all-solid EDLC was cycled for over
500 cycles at 1 mA g, and it showed a very good cycling stabil-
ity, with a constant capacitance of ~10F g~". To gain a better
understanding of the stability of this innovative EDLC, after
the CC tests, also float tests were carried out (Figure 7B).
Initially, the voltage of the EDLC was held at 2V. As shown
in the figure, after 340 h at this voltage, the all-solid EDLC device
was able to keep 90% of its initial capacitance. Afterward, the cell
voltage was increased to 2.2V, which is the maximal operative
voltage possible using liquid HPyr. Even at this voltage, the
all-solid EDLC displays a very high stability for 240 h with a
capacitance retention of 90%. Finally, the cell voltage was
increased to 2.4 V. At this voltage, the device with PEO_HPyr
is less stable, and its capacitance decreases faster, dropping
already after 50 h below 80% of its initial capacitance. The same
behavior is observed with liquid HPyr.”) It is important to
remark that at an industrial level, one of the stability targets
of EDLCs is to display a capacitance retention of 80% after
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500 h of float at the maximum operative voltage."'* Considering
the results of the float test, the investigated all-solid EDLC,
although not optimized, appears to display a very remarkable sta-
bility. It is also worth mentioning that the Nyquist plots of the
device are not drastically changing during the float test (see
Figure S7, Supporting Information).

Overall, the results reported earlier are very interesting, as the
all-solid-state EDLC displays good capacitance and high cycling
stability, the latter even higher compared with an EDLC operat-
ing with liquid HPyr.”) Combined with the general advantages of
an all-solid-state EDLC, such as no risk of leakage, compactness,
and the possibility for the design and realization of flexible devi-
ces, they appear even more attractive. It is also important to
remark that these results were obtained using electrodes with
a rather high mass loading (2.6-3.5 mgcm™?) for a solid-state
system, that the investigated devices were not optimized
(e.g., in terms of electrode balancing and electrode-electrolyte
surface), and that all the tests were carried out at RT.
Considering these points, it is reasonable to suppose that the
performance of the investigated systems can be significantly
improved in the near future. Work is in progress to realize an
optimized all-solid EDLC.

2.3. All-Solid PEO_HPyr-Based Lithium-Metal Cell

As expected, considering the ESW of liquid HPyr, deprotonation
of the [Pyry,]" cation, followed by the electrolyte degradation
and hydrogen evolution upon reduction at the Li-metal anode,
results in an irregular voltage profile during the first charge
and cell failure in four CC cycles in a Li/PEO_HPyr/lithium iron
phosphate (LFP) cell at C/10 rate and RT (Figure S8, Supporting
Information)."® Preventing the direct contact of the anode
with the PIL is fundamental to avoid hydrogen evolution. The
confinement of the PIL in the crosslinked polymer matrix is
not 100% sufficient to avoid this phenomenon; therefore, an
effective protective layer on Li metal is fundamental to enable
cycling with PILs. In this regard, vinylene carbonate (VC) was,
herein, experimented as an additive to allow the formation of
the Li-metal protective layer.

The use of VC as an additive is widespread in LIB electroly-
tes."°d This cyclic carbonate bears a double bond, allowing the
formation of a protective layer on the anode upon electrochemi-
cal reduction during the first charge. This process occurs at
relatively high potentials versus Li*/Li as compared with the
other components in the common electrolytes, promoting the
formation of a passivation layer, which avoids further undesired
decomposition reactions."%)

As a preliminary test to check the effectiveness of a VC-
based layer to prevent the decomposition of the PIL, a film of
poly(vinylene carbonate) was obtained from VC upon a free
radical-induced polymerization triggered by azobisisobutyroni-
trile (AIBN). The film was weighed and then swelled in the PIL
overnight. No weight change could be detected after swelling,
confirming that the uptake of the liquid phase was negligible.
Thus, VC-based films qualitatively proved to be good candidates
for preventing the diffusion of [Pyrj|" toward the Li-metal
anode. As PEO_HPyr is obtained by a free radical crosslinking
process, the simple addition of VC in the PIL-based polymer
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electrolyte mixture would result in the grafting/polymerization
of VC, thus preventing the formation of an effective VC-based
protective film on lithium metal. 1"

Therefore, here, we prepared a proof-of-concept lab-scale
solid-like Li-metal cell in which the surface of the lithium-metal
electrode was wetted with few drops of a solution of Pyry, TFSI
and LiTFSI (having a PIL:salt molar ratio equal to 4:1) added with
10% by weight of VC prior to contacting the crosslinked
PEO_HPyr polymer electrolyte and stacking the cell components
in a standard sandwiched Li/PEO_HPyr-VC/LFP configuration.
The cell was cycled at C/20 and C/10 rate (i.e., ~0.01 and
0.02 mA cm ™2, respectively), based on the content of LEP active
material (AC) and its theoretical capacity (170 mAhg™') at RT
(Figure 8A). Differently from the cell with the PEO_HPyr alone,
flat voltage profiles typical for LFP are observed, with a rather
limited overpotential (below 100 mV at C/20 rate), considering
the amount of VC used to prepare the swelling solution, the
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Figure 8. A) Voltage profile versus specific capacity during CC cycling of a
Li/PEO_HPyr-VC/LFP cell at C/20 and C/10 rate and RT. B) Specific capac-
ity and coulombic efficiency versus cycle number upon CC cycling of the
proof-of-concept lab-scale solid-like Li/PEO_HPyr-VC/LFP Li-metal cell in
which the surface of the lithium-metal electrode was wetted with few drops
of a solution of Pyr,;, TFSI and LiTFSI (having a PlL:salt molar ratio equal to
4:1) added with 10% by weight of VC prior to contacting the crosslinked
PEO_HPyr polymer electrolyte.
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thickness of the polymer electrolyte (=120 pm), and that the cell
was cycled at RT. The coulombic efficiency of the first cycle is
97.5%, probably limited by processes occurring at the interface
electrolyte/electrode, including the formation of the protective
layer on the Li-metal surface promoted by the presence of VC.
By the second cycle at C/10 rate onward, the coulombic efficiency
increases, reaching values >98.5 and >99.2% at C/10 and C/20
rate, respectively, which accounts for the high reversibility of the
charge/discharge processes. The specific discharge capacity at
C/20 rate is 154 and 151 mAh g~ after 2 and 30 cycles, respec-
tively. These values are close to the practical specific capacity
of the LFP used in this work, which is about 158 mAh g~'.1'**!
At C/10 rate, the specific discharge capacity delivered by the cell
is about 136 mAhg™’, and the overpotential is about 200 mV,
due to the clear limitations associated with the internal resistance
of the cell, which can be decreased upon further optimization
beyond the scope of this article. Nevertheless, it is important
to remark that the performance of this proof-of-concept cell,
being the first example of a PIL-based solid polymer electrolyte
operating with a Li-metal electrode, is already comparable with
that reported for cells with analogous electrodes (in our case,
in addition, we used a standard LFP electrode, without any
ion conductive binder) and solid electrolytes based on AlLs
(see Table S1, Supporting Information, for a more detailed
comparison).

Future work will be dedicated to the investigation of the pro-
tective layer formed by VC on the surface on the Li-metal surface
and the modification of the preparation procedure of the polymer
electrolyte, to directly incorporate the proper quantity of VC in
the reaction mixture and obtain a thin film enabling cell
operation at higher current densities.

3. Conclusion

This work reports, for the first time, about the preparation and
characterization of a crosslinked polymer electrolyte encompass-
ing Pyry4 TFSI/LiTFSI PIL-based mixture and its effective use at
ambient conditions in lab-scale EDLCs and, for the very first
time, in proof-of-concept lithium-metal batteries. We have shown
that this novel solid electrolyte displays elasticity, robustness, and
safety due to non-flammability, along with high ionic conductiv-
ity at low temperature and thermal stability in a wide temperature
range. As in the case of liquid PILs, the ESW of the polymer
electrolyte is limited by the acidic proton in the PIL.
Nevertheless, this is not hindering the application of this inno-
vative solid electrolyte in energy storage devices.

Indeed, we realized the first example of an all-solid-state EDLC
operating with the crosslinked PEO_HPyr-based electrolyte. We
have shown that this device displays excellent performance in
terms of capacitance output at RT, comparable to that achievable
with the liquid PIL. This performance is coupled with largely
enhanced stability, in addition to the advantages listed in the
previous paragraph. Offering the typical benefits of an all-solid
system such as flexibility, compactness, and improved safety
(no risk of leakage), this unoptimized system appears already
very attractive not least due to the larger temperature range in
which it can be utilized, compared with the liquid PIL.
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Furthermore, we presented the first example of a PIL-based
lithium-metal battery assembled with an LFP cathode and a
Li-metal anode. This proof-of-concept system has been realized
by protecting the Li-metal anode with a VC-containing electro-
lyte, which is electrochemically polymerized during the initial
charge. The system displayed almost full specific capacity output
and stable cycling at different current rates at RT. The use of a
solid electrolyte incorporating a PIL appears, therefore, as a fea-
sible strategy to suppress the high reactivity of these ILs toward
alkali metals, and to allow the introduction of PIL-based electro-
Iytes in metal batteries.

International developments at European Union (EU) level and
abroad to reduce air pollution and CO, production are pushing
toward a rapid implementation of electrification of transport, and
the rush for better technology correspondingly necessitates
improved, safe traction battery systems operating in a broad tem-
perature range. In this respect, stable, low-cost, all-solid-state
lithium-metal batteries are a key enabling technology providing
high energy/power density output, which can easily be coupled
with all-solid-state EDLC in an integrated architecture for even
enhanced performance. The results of this study clearly
enlighten that PIL-based crosslinked polymer electrolytes are a
new and very interesting class of safe, stable, low-cost solid
electrolytes that can definitely serve the purpose. Clearly, we
are still at the proof-of-concept stage, and in the near future,
additional efforts will be needed to understand the properties
of these solid electrolytes, e.g., ion mobility, and their interac-
tions with the electrode materials to further improve the perfor-
mance of PIL-based systems.

4. Experimental Section

Synthesis of the IL: The PIL was synthesized with a procedure similar to
that reported in a previous study.® In a first step, 10.55 g of the yellowish
precursor 1-butylpyrrolidine (98%, obtained by Aldrich) was distilled at
60°C and 20 mbar. After the distillation, colorless 1-butylpyrrolidine
(7.55 g/59.34 mmol) was put in a two-neck flask on a magnetic stirring
plate. The flask was topped by a reflux condenser and a 50 mL dropping
funnel, which was filled with 5.35 mL HCl (35%).

HCl was added dropwise and slowly under stirring, while the mixture
was cooled with an ice bath. After the complete addition, the ice bath was
removed, and the solution was stirred for 2 h. Residual water and reactants
were removed under reduced pressure, leaving 1-butylpyrrolidine chloride
as a solid.

The 1-butylpyrrolidine chloride was solved in 8 mL of H,0 and then put
into a two-neck flask, equipped with a reflux condenser and a 50 mL
dropping funnel; 19.33 g of LiTFSI (99.95%, obtained by Aldrich) was
solved in 18 mL of H,0O and filled into the dropping funnel. The LiTFSI
solution was added to 1-butylpyrrolidine dropwise, and the mixture was
stirred for 3 h. During this reaction, two phases were formed: an organic
one containing Pyr,TFSI, at the bottom and an aqueous one on top. To
remove the aqueous from the organic one, a separating funnel was used.

Subsequently, the PIL was washed five to six times with water, to
remove residual LiCl. To test on complete removal, AgNO; was added
to the washing water.

As a last step, residual water was removed by reduced pressure and
heating (60 °C, 3.0 x 10> mbar).

Preparation of the Polymer Electrolyte: To prepare the polymer electro-
lytes, LITFSI (Solvionic, battery grade) was first carefully mixed with PEO
(Mn 200000 Da, Merck, dried under vacuum at 55 °C for two days prior
use), and the mixture was melt and mixed at 80 °C until complete homog-
enization, resulting in a highly viscous paste. The solution of the

© 2020 The Authors. Published by Wiley-VCH GmbH
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photoinitiator BP (Merck) dissolved in Pyry,TFSI was then added to the
paste. Continuous mixing at 80°C yielded homogeneous blends. The
weight

percentages of PEO, Pyr,TFSI, LiTFSI, and BP are 41, 41, 16, and 2 wt%,
respectively. The molar ratio among the components PEO:Pyry TFSI:
LiTFSI is approximately 16.7:1.7:1. The operations mentioned earlier were
carried out in an argon filled glove box (Jacomex GP concept, <1 ppm H,0O
and <1 ppm O,). The blend was then processed into a film by hot-pressing
for 15 min at 10 bar and 70°C between two polypropylene sheets with
adhesive tape as spacers in sealed bags and crosslinked upon irradiation
by UV light (UV curing) for 6 min at 40mWcm 2 using a medium-
pressure Hg lamp (Helios Quartz).

Scanning Electron Microscope: The SEM pictures were taken and EDX
mapping done using a pro X from PhenomTM.

Surface Profile: The surface profile was measured using a Zeiss
SmartProof 5 profilometer. The calculations were done using the software
ZEN smartproof by Zeiss.

Thermogravimetric Analysis: The thermogravimetric analysis (TGA) was
performed with a PerkinElmer STA 6000 using nitrogen or oxygen as carrier
gas with a total flow rate of 20 mL min~". For each measurement, about
15 mg of solid or liquid electrolyte was filled in a platinum crucible. For
TGA measurements, the samples were heated to 500 °C with a gradient
of 10°C min~". For isothermal measurements, a gradient of 30°C min~"
was used to reach 60 °C, which was hold for 24 h.

Electrochemical Measurements: In all cases, the cells with the self-
standing crosslinked polymer electrolytes were assembled without any
additional spacer or separator. The proof-of-concept lab-scale solid-like
Li-metal cell was assembled, placing the polymer electrolyte membrane
directly in contact with the lithium-metal anode, whereas the other side
was placed in contact with the LFP electrode disk, stacking the cell
components in a standard sandwiched configuration. For the Li-metal cell
with Li/PEO_HPyr-VC/LFP configuration, we followed the same procedure
reported earlier, with the addition of pre-treatment on the anode: the sur-
face of the lithium-metal electrode was wetted with few drops of a solution
of Pyry4TFSI and LiTFSI (having a PlL:salt molar ratio equal to 4:1) con-
taining 10% by weight of VC prior to contacting the crosslinked PEO_HPyr
polymer electrolyte. The cells with liquid electrolyte were equipped with
glass microfiber filters (Whatman, 150 pm) as separators, drenched with
150 pL electrolyte. All cells were assembled in an argon filled glove box
(MBraun LABmasterpro ECO glove boxes, <1 ppm H,0 and <1 ppm O,).

The ionic conductivity of the polymer electrolyte was evaluated from the
impedance response of the symmetric cells (ECC-Std cells by EL-CELL
GmbH) assembled by sandwiching PEO_HPyr between two stainless steel
(SS-316) blocking electrodes. The impedance spectra were recorded at an
oscillating voltage of 10mV in the frequency range between 3 x 10° and
1 Hz, using a VMP3 electrochemical workstation (Biologic). The test was
carried out while increasing the temperature in 10°C steps from —20 to
80°C using an environmentally controlled climate chamber (BINDER,
MKS53 E2). The cell was kept for at least 90 min at each given temperature
for proper equilibration. The impedance spectra were analyzed using the
ECLab V10.44 software. The bulk resistance (Ry) was extracted from the
intercept (on the real impedance axis) of the signal due to the double layer
capacity at the blocking electrodes. The ionic conductivity () was calcu-
lated using Equation (2)

t
C = R @)

The thickness (t) of the samples is the average of three measurements
carried out with a micrometer (Mitutoyo gauge). The area (A) of the
samples is 2.54 cm?.

The ESW of the electrolytes was measured in a three-electrode Swagelok
cell using a platinum working electrode, an oversized activated carbon
electrode as the counter electrode, and a silver pseudo-reference
electrode. Activated carbon electrodes were prepared following a proce-
dure identical to that used by Krause et al.? The dry composition of
the electrodes is 90 wt% of AC (DLC Super, Norit), 5 wt% of conducting
agent (Super CG5, Imerys), and 5 wt% of binder (carboxymethyl cellulose,
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Dow). The mass loading of the electrodes is between 2.6 and 3.5 mgcm 2,

and the electrode area equals to 1.13 cm?. After a 12-h open circuit voltage
(OCV) measurement to reach equilibrium, the cells were swept from OCV
toward either positive or negative direction at 0.1 mV's™' until a potential
of —6V versus OCV and 6 V versus OCV was reached, respectively. These
measurements were carried out at 40 °C, both for the liquid as well as for
the solid electrolyte, to ensure the former to be molten while keeping the
results comparable.

The electrochemical behavior of the EDLCs at RT was evaluated in a
three-electrode Swagelok cell using activated carbon electrodes prepared
as described earlier. The cyclic voltammetry measurements were carried
out at different scan rates (0.5, 1, 5, 2.5, and 10 mV s’]), and the CC
experiments were carried out at different current densities (0.1, 0.5, 1,
2,5,and 10mA g ). The stability tests were also performed via CC meas-
urements with a specific current of 1 mAg™". First, 5000 CC cycles were
executed. For the float tests, only 50 cycles were measured but with a 20 h
period of holding the cell at its designated operative voltage afterward.
This was repeated until a period of roughly 600 h at the maximum voltage
was reached, calculating the capacitance after each 50th cycle of the
CC step.

Lab-scale cells with Li-metal anodes and LFP cathodes were assembled
by simply sandwiching the components in ECC-Std cells (EL-Cell GmbH).
The area of LFP (Clariant-LP2) and Li-metal (200 pm, Chemetall, now
Albemarle) electrodes is 2.54 cm®. CC tests were carried out with an
ARBIN BT2000 battery tester. The cutoff voltage values were set to 2.7
and 3.7V versus Li*/Li. The cathodes were prepared by a standard method
from an N-methyl pyrrolidone (NMP; Merck) slurry containing LFP, con-
ductive carbon (Shawinigan Black AB50, Chevron Corp), and polyvinylidene
fluoride (Mn 534000, Merck) at 70:20:10 weight ratio, respectively.
The slurry was deposited onto an Al foil, dried overnight, cut into disks,
and vacuum dried at 120°C for one day prior use to remove water and
residual NMP. The resulting AC loading is about 1.0 mgcm ™2,
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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 PlLs 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 PlLs 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 PlLs 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, [Pyrua][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 [Pyrusa][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 H,O molecules are isolated between PIL molecules, higher
amounts of water will lead to H,O 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 PlLs 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
[Pyrua][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
[Pyr1a][TFSI] have also been investigated to compare AllLs 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, AlL 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 PlLs. 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 [Pyrua][TFSI] or [Pyri4][TFSI] together with PC with 0.1 M Ca(TFSI); have been characterized
and successfully employed in Ca-based EDLCs. Here, the AlL 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
TiS; 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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[Pyr1a][TFSI]-based electrolyte, but also co-intercalation of the [Pyris]*-cation, leading to

deterioration of the TiS; 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 [Pyrua][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 AlL
and PIL based electrolyte. While the Li-ions interact stronger with the silica host matrix in the
AlL, the available proton within the [Pyrua]*-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 ApK, 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 ([Pyrua][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 [Pyrua][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 [Pyrua][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 SEl, 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 [Pyrua][TFSI] and [Pyrua][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 [Pyrus][FSI] based electrolyte. This

was also confirmed in cells employing lithium-metal anodes and LFP cathodes, in which the
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Conclusion

[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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Outlook

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 PlLs 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 AlLs. Nevertheless, this tool could improve the application of PlLs

tremendously, considering the extremely high combination possibilities.
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Table $1. Mass ratios used for the mass balancing ofthe full cell EDLCs.

Electrolyte Ratio Positive Electrode : Negative Electrode
Pure PyrygTFSI 1:1.31
1% H20 1117
2% H20 1:1.75

3.8 % H20 1:1.55
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Bond Coeffs

- SB
- CF

- NT
-CT
- CT
- CcT
- CT
- CT
- CT
- CT
-CT

Figure S6:

1 233.030593 1.818000 # MolType 1 (C2F6N04S2) CF - SB
2 441.921606 1.323000 # MolType i (C2F6N04S2) FB - CF
3 374.880497 1.570000 # MolType i (C2F6NO4S2) NB - SB
4 637.069790 1.437000 # MolType 1 (C2F6NO4S2) SB - OB
5 382.002868 1.448000 # MolType 2 (C8Hi8N ) NT - CT
6 267.925430 1.529000 # MolType 2 (C8Hi8N ) CT - CT
7 339.985660 1.090000 # MolType 2 (C8Hi8N ) HC - CT
8 434.034417 1.010000 # MolType 2 (C8H18N ) HN - NT
9 450.000000 1.000000 # MolType 3 (H20 ) OW - HW
Angle Coeffs
1 82.934990  111.700000 # MolType 1 (C2F6N04S2) FB - CF - SB
2 93.331740  107.100000 # MolType 1 (C2F6N04S2) FB - CF - FB
3 80.186424  125.600000 # MolType i (C2F6N04S2) SB - NB - SB
4 91.300191  103.500000 # MolType 1 (C2F6N04S2) NB - SB - CF
5  94.287763  113.600000 # MolType 1 (C2F6N04S2) NB - SB - 0B
6 103.967495  102.600000 # MolType 1 (C2F6NO4S2) CF - SB - OB
7 115.798279  118.500000 # MolType 1 (C2F6N04S2) OB - SB - 0B
8  56.202199  109.500000 # MolType 2 (C8H18N NT - CT - CT
9  35.002390  109.500000 # MolType 2 (C8H18N ) HC - CT - NT
10 37.500000  110.700000 # MolType 2 (C8H18N ) CT - CT - HC
11 32.994742  107.800000 # MolType 2 (C8H18N ) HC - CT - HC
12 58.353250 112.700000 # MolType 2 (C8Hi8N ) CT - CT - CT
13 35.002390  109.500000 # MolType 2 (C8H18N ) HN - NT - CT
14  51.804493  107.200000 # MolType 2 (C8H18N ) CT - NT - CT
156 54.995220  109.470000 # MolType 3 (H20 ) HW - OW - HW
Dihedral Coeffs
1 7.832935 -2.490440 -0.763623 0.000000 # MolType 1 (C2F6ND4S2) SB - NB
2 0.000000 0.000000 0.315966 0.000000 # MolType 1 (C2F6NO4S2) NB - SB
3 0.000000 0.000000 0.346797 0.000000 # MolType 1 (C2F6N04S2) 0B - SB
4 0.000000 0.000000 -0.003585 0.000000 # MolType i (C2F6N04S2) OB - SB
5 0.000000 0.000000 0.559990  0.000000 # MolType 2 (C8H18N ) HC - CT
6 0.415989 -0.128011 0.695005 0.000000 # MolType 2 (C8H18N ) CT - NT
7 1.300000 -0.050000 0.200000 0.000000 # MolType 2 (C8H18N ) CT - CT
8 0.000000 0.000000 0.300000 0.000000 # MolType 2 (C8H18N ) CT - CT
9 -0.190010 -0.416993 0.417997  0.000000 # MolType 2 (C8H18N ) EN - NT
10 2.391993 -0.673996 0.550000 0.000000 # MolType 2 (C8H18N ) CT - CT
11 0.000000 0.000000  0.400000 0.000000 # MolType 2 (C8H18N ) HN - NT
12 0.000000 0.000000 0.300000 0.000000 # MolType 2 (C8H18N ) HC - CT
13 -1.013002 -0.709011 0.472992 0.000000 # MolType 2 (C8H18N ) HC - CT
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Figure S$4: Mean square displacements caleulated for the simulation of the pure ionic
liquid at a temperature of 60° C.
20
15
o
|
Q
.nO
=10
o
[}
=
5..
0, L L L 1
0 1000 2000 3000 4000 5000
time / ps

Figure $5:

Mean square displacements calculated for the simulation of the pure ionic
liquid at a temperature of 80° C.
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Figure S3: Mean square displacements calculated for the simulation of the pure ionic
liquid at a temperature of 50° C.
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with 1.0% water at a temperature of 50° C.
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Figure S16: Mean square displacements caleulated for the simulation of the fonic liquid
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MSD / 10° pm?
w
o
‘

201
10
0 T 5 | !
0 1000 2000 3000 4000 5000
time / ps

Figure S17: Mean square displacements caleulated for the simulation of the ionic liquid
with 3.8% water at a temperature of 50° C.
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Publication 4

Mixtures of Glyme and aprotic-protic ionic liquids as electrolytes for energy
storage devices

T. Stettner,"? P. Huang,"? , M. Goktas'?, P. Adelhelm "2 and A. Balducci'?

V. Supplementary Information

TABLE II. Calculated VTF parameters of the conductivity measurements of the different electrolytes.

Electrolyte To K] 6o [mS*cm] B, [K] R?

PyruaTFSI 188 458,86 588,47 0,9999
2g/Pyru TFSI 20:80 182 441.24 558.60 0.9999
2g/PyruaTFSI 50:50 180 304.90 471.08 0.9999
2g/Pyrn TFSI 80:20 161 178.19 390.74 0.9999
2g/Pyr1aTFSI 20:80 167 623.28 732.54 0.9999
2g/Pyr;,TFSI 50:50 157 206.16 452.79 0.9999
2g/Pyri, TFSI 80:20 157 158.74 402.72 0.9999

TABLE III. Calculated VTF parameters of the viscosity measurements of the different electrolytes.

Electrolyte To [K] 1o [mPa*s] B, [K] R?

PyruaTFSI 239 2.32 212.48 0,9987
2g/Pyru, TFSI 20:80 227 1.60 246.98 0.9993
2g/PyruaTFSI 50:50 232 2.53 136.13 0.9981
2g/Pyru, TFSI 80:20 276 3.08 12.11 0.8372
2g/Pyr.,TFSI 20:80 181 0.52 536.32 0.9998
2g/PyriTFSI 50:50 181 0.56 305.38 0.9999
2g/Pyr,,TFSI 80:20 182 0.57 262.88 0.9995

Publication 6

Enabling safe and stable Li metal batteries with protic ionic liquid electrolytes and high voltage cathodes

Gabriele Lingua?, Marisa Falco?, Timo Stettner®, Claudio Gerbaldi®*, Andrea Balduccit*

aGAME Lab, Department of Applied Science and Technology (DISAT), Politecnico di Torino, C.so Duca degli Abruzzi 24, 10129,
Torino, Italy.

b Friedrich-Schiller-University Jena, Institute for Technical Chemistry and Environmental Chemistry, Center for Energy and
Environmental Chemistry Jena (CEEC Jena), Philosophenweg 7a, 07743, Jena, Germany

* Corresponding Authors: claudio.gerbaldi@polito.it; andrea.balducci@uni-jena.de;
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Figure S1. Influence of the temperature on the density of the VC-added PIL-based electrolytes under study.
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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 (HsFSI-VC) electrolyte; in the insert the magnification of signal

between 1.5-2V during the first reduction process.
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Figure S4. Stripping-plating experiment of lithium electrodes using PyruaTFSI 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.
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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™.
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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.
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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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PYRW4TFSI. The tests have been carried out at room temperature.
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Silica based ionogels: interfaces effects with aprotic and protic ionic liquids with lithium
A Marie, B Said, A Galarneau, T Stettner, A Balducci, M Bayle, B Humbert and J. Le Bideau
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Fig. S1 SEM image of silica monolith

Table S1 Mass fraction and volume of ILs in impregnhated silica

Pyr14TFSl-based ionogels Pyr14-LiTFSl-based ionogels PyrH4TFSI-based ionogels PyrH4-LiTFSI-based ionogels
Viotal (14) Veotal (14-4i) Vieotal (He) Vot (Ha-Li)
%wt IL %wt IL %wt IL %wt IL
B meso ) {nm) W {cm?/g of silica) Y {cm?/g of silica) W {cm?/g of silica) W {cm?/g of silica)
8.1 82.5£0.2 3.40 £0.05 826+03 3.32£0.06 81.9£0.1 3.15£0.01 82.36 £0.02 3.24£0.00
85 81.9:£0.1 3.26 £0.01 82.0£04 3.19 £0.08 821+£0.7 3201 824+£06 3301
9.8 83.0£0.5 35£01 84.0:04 37+01 841 3603 829+£0.7 3401
11.2 82.8:0.1 3.47 £0.02 83.1£0.2 3.44 £0.05 83.7£08 3.6x0.2 83.75£1 36x0.2
12.6 83.4:x0.1 3.62£0.04 83.3£03 3.49 £0.07 83.02 £0.05 3.41+£0.01 83.2£0.1 3.43£0.02
16.2 84.3£0.1 3.87£0.02 845102 3.80£0.05 84.38 £0.01 3.770£0.002 84.44 £0.00 3.77£0.00

Density at 30°C: Pyr14TFSI 1.3906 ; Pyr14TFS| + 0.5M LiTFSI 1.4319 ; PyrH4TFSI 1.4326 ; PyrH4TFSI+0.5M LiTFSI 1.4397
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Fig. S2: DSC thermogram of ionic liquids, in bulk state and for a confinement in 11.2 nm meso-porous silica. From top to bottom:
Pyr14TFSI, Pyr14-LiTFSI, PyrHATFSI and PyrH4-LiTFSI. Inset: glass transition of PyrH4-LiTFSI.
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Fig. S3: Conductivity of Pyr14TFSI, PyrHATFSI and PyrH4-Li-TFSI bulk ionic liquids and ionogels.
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Fig. S4:-BPSS. Examples of BPSS algorithm application, for Pyr14TFSI bulk and confined {A) without Li* and (B) with 0.5 M of
Li*. The weight of each source is noted in column, in front of mesopore sizes.
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Table S2: Fitting parameters obtained for non-confined and confined Pyr14-LiTFSI {(named by meso-pore size). *fixed parameters

Fitted Pyri4- 8.1 8.5 9.8 11.2 126 16.2
Parameter
component LiTFSI nm nm nm nm nm nm
y0 0.016 0.009 0.005 0.008 0.008 0.005 0.007
xc* 741.8 741.7 741.7 741.7 741.7 741.7 741.7
A 2.24 0.63 0.53 0.55 0.80 057 0.66
Cc1
6<w<8 6.56 6.67 6.67 6.33 7.69 6.66 6.39
n* 0.68 0.68 0.68 0.68 0.68 0.68 0.68
xc* 743 743 743 743 743.01 743 743
A 1.44 1.23 1.06 12 1.2 067 1.41
Cc2
6<w<9 7.50 7.77 7.77 7.73 7.78 7.77 8.00
n* 0.74 0.74 0.74 0.74 0.74 074 0.74
xc* 748.3 748.3 748.3 748.3 748.3 748.3 748.3
A 1.28 0.45 0.39 0.36 0.51 037 0.50
Cc3
6<w<7.2 7.14 7 7 6.2 7.2 7 7
n* 0 0 0 0 0 0 0
2 @ V4 in2 4 in2
= + A X -— + (1 —p)— e (— X — X 2)
y =17, I Y e a-m P (x—x¢)

With y, : offset, x. : peak centre, A : peak area, p : profil shape factor (% of Lorentzian) and w : FWHM.
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Table S3: Fitting parameters obtained for non-confined and confined PyrH4-LiTFSI (named by meso-pore size). *fixed parameters

Fitted PyrH4- 8.1 8.5 9.8 11.2 126 16.2
component Parameter LiTFSI nm nm nm nm nm nm
yo 0.007 0.004 0.004 0.004 0.005 0.0034 0.004
xc* 743.06 743.06 743.06 743.06 743.06 743.06 743.06
a A 1.98 0.44 0.76 0.95 0.86 0.41 1.11
w<8 7.75 7.75 7.75 7.75 7.75 7.75 7.75
w* 0.68 0.68 0.68 0.68 0.68 0.68 0.68
xc* 745 745 745 745 745 745 745
o A 1.72 0.33 0.47 0.57 0.41 0.59 0.57
w<7 7 A 7 1 A 7 2
w* 0.74 0.74 0.74 0.74 0.74 0.74 0.74
xc* 748.72 748.72 748.72 748.72 748.72 748.72 748.72
. A 0.60 0.03 0.19 03 0.25 0.16 0.34
w<6.2 & & & 8 3 6 8
w* 0 0 0 0 0 0 0

6 | PCCP 2020, 00, 1-3
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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).
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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.
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Figure S6. ESW of A) pure PyrusTFSI (40 °C, 0.1 mV s') and B) the liquid electrolyte HPyr (40 °C, 0.1 mV s™'), measured via linear sweep
voltammetry with a platinum working electrode, silver reference electrode and an oversized carbon counter electrode.

XX



Appendix

1500

After IniSid Cycing
+  Afer Cyding (1200 Cydes)
A  Afier Floeing = 2.0 V(520 hours)

1000 4

n{ZOrn

500 4

0 500 1000 1500 2000 2500 3000
Re(Z)}Ohm

Figure S7. Nyquist plot of the EDLC using PEO_HPyr as electrolyte.
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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 Clrate Temp. [°C] Specific discharge  No. of cycles LFP loading  Ref.
(molar fraction) capacity [mAh g'] [mg cm?]
P(EO)10LiTFSI- C/20 40 161 100 =4 a)
(Pyr14TFSI)2
P(EO)20LiTFSI- C/20 25 120 35 =2 b)
(Pyp1.101 TFSI)
P(EO)20LiTFSI- C/10 25 =115 20 n.d. [9)
(Pyr13TFSl)1.27
P(EOQ)1oLiTFSI- C/20 30 115 209 =4
PyriTFSI d)
C/20 30 170 40 =4
P(EQ)20LiTFSI 20 5 1 =4
C/20 d)
30 10 1 =4
P(EO)167LiTFSI-  C/20 20 >150 stabled
PyrusTFSI . f) 30 =1 This work
(PyrmeTFSh1s™ 510 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™ 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™'.
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