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English abstract

High-energy, light lithium-ion batteries are nowadays the power source of choice for several classes of
portable electronic devices and the most appealing candidates for application in electric vehicles (EVs).
However, commercial lithium-ion batteries, employing graphitic carbon anodes, carbonate-based organic
electrolytes, and lithiated transition metal oxide cathodes, require optimization to meet the market demands
in terms of enhanced energy and safety. In this thesis work new, safer lithium and lithium-ion configurations
are proposed. The first approach is to replace the conventional graphite anode with a nanostructured
composite Sn-C alloy anode. The organic-based electrolyte components are replaced with safer ionic liquid-
based electrolytes. The materials are tested in lithium-ion cell configurations with an olivine-structured,
LiFePOy cathode material, which ensures added safety, and layered LiNii3Co1/3Mni302, to demonstrate
that ionic liquid-based electrolytes can be successfully employed also for higher energy systems. The second
approach is to propose alternative cathode chemistries for higher energy, beyond conventional lithium-ion
batteries, namely lithium oxygen and lithium sulfur. For Li-O», the use of a safe ionic liquid-based electrolyte
improves the reversibility of the lithium-oxygen conversion reaction. The system is further optimized by
coupling it with the Sn-C alloy anode or the carbon-coated ZnooFeo 1O alloy-conversion anode and
optimized cathode configurations to realize high performance, safe, lithium-oxygen and lithium-ion-oxygen
cells. The use of safe, all-solid-state electrolytes is studied for application in Li-S batteries, showing a positive
effect on the reversibility of the electrochemical process. Novel cathode architectures are investigated,
employing low cost, environmentally friendly materials, such as FeS, and elemental sulfur. The results show
that all the cell chemistries using conventional cathode materials are well suited for application in the new
generations of electric and electronic devices. Alternative electrolyte formulations can also efficiently
mitigate the issues of beyond lithium-ion technologies, improving the performance and the safety content of

the cenergy storage systems.






Zusammenfassung

Leichte und hochenergetische Lithium-Ionen-Batterien sind heutzutage die Energiequelle der Wahl fir
tragbare elektronische Gerite und die attraktivsten Kandidaten fiir die Anwendung in Elektrofahrzeugen. In
kommerziellen Lithium-Ionen-Batterien werden Graphitanoden, organische Carbonat-basierte Elektrolyte
und lithiumhaltige Ubergangsmetalloxidkathoden eingesetzt. Dieser Zellaufbau bedarf jedoch einer
Optimierung, um den Anforderungen des Marktes in Bezug auf hohere Energiedichten und Sicherheit
gerecht zu werden. In dieser Arbeit werden neue, sicherere Lithium-Metall und Lithium-Ionen
Konfigurationen untersucht.

Der erste Ansatz besteht darin, die herkommliche Graphitanode durch eine nanostrukturierte Sn-C
Komposit-Legierungsanode zu ersetzen. Zudem wird der konventionelle organische Elektrolyt durch
sicherere Elektrolyte, basierend auf ionischen Flussigkeiten, ersetzt. Diese Materialien werden in Lithium-
Ionen-Zellen in Kombination mit LiFePO, als Kathodenmaterial, welches zusitzliche Sicherheit
gewihrleistet, untersucht. Zudem wird das Schichtoxid LiNii3Co1/3Mni/30: untersucht, um nachzuweisen,
dass die ionischen Fliissigkeiten als Elektrolyte auch fiir Systeme mit hoheren Energiedichten erfolgreich
eingesetzt werden kénnen.

Der zweite Ansatz besteht darin, alternative Kathodenmaterialien fiir Systeme wie Lithium-Sauerstoff und
Lithium-Schwefel zu untersuchen, da diese Systeme hohere Energiedichten als die herkémmlichen Lithium-
Ionen-Batterien ermdglichen. Die Verwendung von ionische Flissigkeiten in Elektrolyten verbessert die
Reversibilitit der Lithium-Sauerstoff-Umwandlungsreaktion in Li-O; Zellen. Das System kann durch den
Einsatz einer Sn-C Komposit-Legierungsanode oder einer mit Kohlenstoff beschichteten ZnooFenO
Konversions-Legierungsanode, kombiniert mit einer optimierten Kathodenkonfiguration, weiter verbessert
werden und ermdglicht sichere und leistungsstarke Lithium-Sauerstoff- und Lithium-Ionen-Sauerstoffzellen.
Die Verwendung sicherer Festkorperelektrolyte fiir den FEinsatz in Li-S-Batterien zeigt positive
Auswirkungen auf die Reversibilitit des elektrochemischen Prozesses. Unter Verwendung von
kostengtinstigen, umweltfreundlichen Materialien wie FeS, und elementarem Schwefel werden neuartige
Kathodenarchitekturen untersucht.

Die Ergebnisse zeigen, dass alle Zellkonfigurationen, die herkémmliche Kathodenmaterialien verwenden,
gut fir den Einsatz in zukinftigen elektrischen und elektronischen Geriten geeignet sind. Alternative
Elektrolytzusammensetzungen koénnen zudem die Probleme der Lithium-Ionen-Technologie wirksam

entschirfen und die Leistung und das Sicherheitsniveau der Energiespeichersysteme verbessern.
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Chapter 1: Introduction

Since the industrial revolution, world population has grown by one order of magnitude [1]. One of
the direct consequences is a dramatic increase of greenhouse gases (GHGs) emission and other
pollutants [2], which pose serious risks for our planet. Our climate is changing, as demonstrated by
unexpected heavy rainfalls, floods, and encroaching seas. These, however, are just some of the early
consequences of this process [2], and future risks are still difficult to foresee. By using the
precautionary principle, great efforts are being made to reduce pollutant emissions and reduce the
adverse effects of population growth on our planet [2]. It is believed that to achieve this goal, we, as
humanity, will need a new industrial revolution that mostly uses affordable, sustainable and
accessible energy sources, such as solar and wind energies [1,3]. These renewable energy sources,
however, are intermittent by nature and need to be integrated into a smart electricity distribution
grid, coupled with safe, cheap, and reliable stationary energy storage systems (ESS, figure 1.1), such

as batteries [3].

Industrial Commercial

Efficient ( )
Building Systems =

e (PROS
v

<

3 / Control

) h Stationary
. Interface Plug-in
Transformer /|' Hybrids Storage
Grid 4 '

Figure 1.1 Energy storage system integrated into a smart grid with intermittent renewable energy sources [3].
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Among the several stationary ESS proposed (Figure 1.2), lithium-ion batteries (LIBs) hold much
promise being charactetized by high energy/power densities and high coulombic efficiency [3]. The
current generation of LIBs, however, is not considered cost-effective for stationary energy storage.
A new generation of cheaper and reliable batteries, including new LIBs, could, therefore, be a

breakthrough for a smart and green grid [3].
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Figure 1.2 Power rating and discharge time (energy rating) of several technologies proposed for stationary energy

storage [3]

Storage systems would also play an essential role in distributing renewable energy to electric vehicles
(EVs), which will need to be integrated into the smart grid to reduce GHG emission. Nowadays,
energy sources for transportation mostly consist of petroleum-derived liquid fuels, a severe threat in
terms of GHG emission [4]. EVs, which are considered zero-emission systems [4], represent a viable
solution [5] to mitigate this issue. The current generation of EVs is mainly powered by LIBs [4,5].
EVs, however, are not yet widespread mainly due to limited miles range [5]. This limitation is
determined by the present generation of batteries, including LIBs, which require additional
development to fully meet the market demands in terms of safety, cost, energy, and power densities
[5-7]. For all these reasons, during the last decades, there has been a growing interest in developing
this technology, which plays a crucial role in the achievement of a sustainable energy system for a

greener tomorrow.
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1.1 Lithium-ion batteries - Fundamentals

By definition, an electrochemical cell consists of two electrodes separated by the electrolyte [8]. The
difference in potential between these two electrodes is the cell potential, measured in volt (V), which
is directly correlated to the electrical energy that can be delivered to an external circuit [8,9]. The cell
is characterized by two independent half-reactions, one for each electrode [8]. In basic
electrochemistry, one commonly refers to only one of the two half-reactions occurring at one
electrode, usually called working electrode. The other electrode is conventionally called counter
electrode [8]. To measure the potential associated with only one half-reaction, a third electrode,
composed by phases having a constant composition (thus a constant potential), can be introduced in
the system. This is conventionally called reference electrode [8]. Historically, half-reaction potentials
are given with respect to the Standard Hydrogen Electrode (SHE), which is used as reference for

zero potential at a(H") = 1, a(H) = 1, and T = 25°C. The half-reaction occurring at this electrode is:

2H"+2e" = H,. When studying systems involving lithium, it is common to use as reference the

lithium redox couple: Li"+e” = Li, which is characterized by a potential of -3.04 V vs. SHE. Such
an electrode can only be considered as a “quasi-reference” electrode [8]. The activity of the Li" ions
in solution strongly depends on the electrolyte solvent(s) used and the activity of the lithium metal
may be affected by the reaction products of the metal electrode and the electrolyte. Nonetheless, and
unless specified, all potential values in this thesis work refer to the lithium redox couple, i.c., Li/Li".
A lithium-ion battery is a galvanic secondary cell, meaning that the electrodes reactions occur
spontaneously when the two electrodes are connected by an electron conductor. It means that
chemical energy is converted into electric energy [9,10]. Galvanic cells can be either primary (non-
rechargeable) or secondary (rechargeable) [8]. Although the IUPAC nomenclature for
electrochemistry does not define the term “battery” [11], it is integrated in other IUPAC guidelines
[12] and is conventionally used, even in this thesis work, to define the final device assembled from
galvanic cells (including a single cell) [13]. It should be noted, however, that by strict definition, a
battery is usually the overall assembly of one or more strings. A string (a term which is rarely used in
electrochemistry) is defined as a grouping of interconnected galvanic cells with the same nominal

voltage as the direct current system (physically, two or more cells connected in series) [14]. To
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charge a galvanic secondary cell, energy must be supplied to the system, as the reactions implied in
the charge process are not spontaneous. Electric energy is converted in chemical energy, and this is
usually done by applying a potential greater than the cell open circuit potential [13,15]. In
electrochemistry the anode is defined as the electrode where oxidation takes place, while the cathode
is the electrode were reduction takes place, i.e., the cathode is the positive electrode during discharge
and the negative electrode during charge [13]. In this thesis, the term cathode is always used to
indicate the positive electrode like in most works on lithium-ion batteries. This means that when
talking about negative electrode, it will be referred to the anode and, generally, to anode materials for
Li-ion batteries. When describing positive electrodes, it will be referred to the cathode and, generally,
to cathode materials for Li-ion batteries. The nomenclature will always be referred to a Li-ion battery
during discharge. While the evolution of Li-ion batteries will be described more in detail in the next
few chapters (chapters 1.2.1, 1.3.1, 1.4.1), some key concepts regarding this system will be discussed
here. A lithium-ion cell is composed of two electrodes, negative and positive, and the electrolyte.
Each electrode in modern lithium-ion batteries consist of a (thin) layer casted on a metal current
collector (Cu, Al, ...). Such a layer is usually casted from slurries including the active material (either
the cathodic or anodic material), at least one polymeric binder (used to maintain the electrode
integrity), and a conductive agent (generally a carbon) to ensure e conduction. The anodic material
composing the negative electrode is typically graphitic carbon, which is characterized by an
electrochemical activity with lithium at relatively low potential, i.e., close to that of metallic lithium.
The cathodic material composing the positive electrode can be a transition metal oxide,
characterized by a reaction with lithium at rather high potentials. The electrolyte is conventionally
composed by at least one organic solvent with a high dielectric constant [16], in which a lithium salt
is dissolved granting the ionic charge (Li") shuttle mechanism between the anode and the cathode
[17]. Conventionally, the electrolyte is soaked in a polymeric separator to prevent the contact of the
electrodes [18]. Alternatively, the electrolyte can be embedded in a gel matrix [8,9,13]. In this kind of
cells, Li" ions ate the species shuttling between the anode and the cathode, hence the name “Li-ion
battery” or, as first introduced by Armand [19] and realized by Scrosati et al. [20], “rocking-chair
battery” (Figure 1.1.1)

4| Pag.



O m=p
© <=

Anode Cathode

z Yy @ Electrolyte @

@99

el O O O \ ’ - \’

0 /o\. ,\ N\ \o o
e .0 -o-,
o\ Ty “,01
\,\ I
" ' a"Pe oo
Sos| i/~ ‘°"\ -]

—

Cu Al
current current
collector (%] = o] collector

Q009

Graphene Li*  Solvent LiMO, layer
structure molecule structure

Figure 1.1.1 Schematic of a first-generation lithium-ion cell, discharge operation [21]

Specifically, during charge and discharge the following reactions occur when considering, e.g.,

LiCoO:3 as positive electrode material and graphitic carbon as the negative:

Li-ion charge R
Cy+XLi" +e
Li-ion discharge

Li C, (negative electrode)

LiC00, =% ] j*xe +Li,,C00, (positive electrode)

Li-ion discharge

It is important to notice that such a cell is assembled in the fully discharged state, requiring to be
chatrged in the first step. Upon the application of an external current, Li" ions are shuttled from the
cathode to the anode resulting in the charging of the cell. When a charged cell is connected to a
circuit, current will start to flow, and the potential will change upon time, toward the equilibrium,
according to Gibbs free energy. In the fully charged state, the graphite negative electrode is
characterized by an average voltage of about 0.1 V, while LiCoO: is characterized by an average
voltage of about 4.1 V [9] resulting in the lithium-ion battery open circuit voltage of about 4.0 V.
Each active material is characterized by a certain quantity of charge storage capability. This is called
capacity [9] and it is usually expressed in Ah (1 Ah = 3600 C) and can be normalized by weight,
volume or mol. The theoretical specific (normalized) capacity for a material can be calculated from

Faraday’s Law:
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where F is the Faraday constant (96495 C mol'), and M, and n are, respectively, the molecular
weight and the number of electrons exchanged per mole of active material. It can be easily calculated
for both graphite and lithium cobalt oxide for x = 1 (C = 372 mAh g, LiCoO, = 272 mAh g).
Practical specific capacity for a given material is usually different and is depending on several factors.
While for graphite the thermodynamic limit can be approached (Cy, = 370 mAh g"), for LiCoO this
is limited by the number of lithium equivalents that can be reversibly exchanged, about 0.4,
translating in a practical specific capacity of about 140 mAh g Another important parameter to
mention is the current (dis-)/charge rate (C), that is the current to be applied to fully charge or
discharge a given active material in a fixed amount of time, usually expressed in hours. A current rate
of 1C corresponds to the current necessary to fully discharge the material in one hour. Thus, the C
rate is equivalent to the active material specific capacity (e.g., mAh/g) multiplied by the weight of the

active material (g) and divided by the time in hours (h).

From the discharge and charge capacity, it is possible to calculate the coulombic efficiency, that is:

— Qsp discharge

Qsp charge

To calculate the energy stored in a battery, one can consider the following equation:

energy = [ IV(tdt = [ Pt = | V(a)dg

With I, current (A), V, voltage (V) t, time (h), P, power (W). The total exchanged capacity Q, can be

calculated as follows:

0= = [

Energy and power can be normalized by weight (gravimetric, Wh or W kg') or by volume
(volumetric, Wh or W L"). The big advantage of lithium-ion batteries with respect to other systems

lies in their outstanding energy and power densities (figure 1.1.2), coupled with long cycle life (that
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is, the number of times the battery can be reversibly charged and discharged without a significant

loss in capacity, namely above 80%) [8,13,15,22].
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Figure 1.1.2 Ragone plot of several energy storage systems. Li-ion devices hold much promise, in particular, if coupled

with capacitors, to reach the goal for electric mobility [22]

This few nomenclature and definition notions are by no means complete or exhaustive and are
exclusively meant as a general reminder of a few key concepts important for understanding data here
presented and comparing cell chemistries/configurations. For more detailed definitions and
descriptions, few books are recommended, namely the electrochemical dictionary [13] and the
Linden’s Handbook of batteries, among others, in particular for the description of techniques using

potentiostatic regimes and/or alternating current [9].

1.1.1 Safe operation of lithium-ion batteries

It was in the 1950s that lithium was found to be stable in organic, aprotic solvents [23]. About 20
years later it was first employed for the realization of primary lithium (metal) batteries [24]. Lithium,
like other alkali metals, forms a passivation layer on its surface as soon as it is immersed in the
electrolyte solution. This passivation layer is conventionally called solid electrolyte interphase (SEIL,

figure 1.1.1.1) [25].
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Figure 1.1.1.1 SEI mosaic model on lithium metal [20]

The SEI acts as an interphase between the electrode and the solution, effectively acting as a solid
electrolyte (e insulating, ion conductive) and it is fundamental for safe battery operation, as first
stated by Peled in 1979 [25,26]. Without a passivation layer, the metallic anode would quickly
dissolve or be corroded, thus rendering battery operation impossible [26]. The physicochemical
characteristics of the SEI are dependent on its structure/morphology and chemical composition,
which are rather complex and dependent on the anode material, as well as on the electrolyte
composition [27]. When a battery employing lithium metal is charged, however, the formation and
growth of needle-like lithium crystals (dendrites, whiskers) [28] on the anode surface usually occur
because the SEI is not mechanically stable. If dendrites grow through the electrolyte to the cathode
surface, the negative and positive electrodes are in direct contact with negligible resistance, i.e.,

short-circuited (figure 1.1.1.2).
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Figure 1.1.1.2 Lithium dendrite growth to the positive electrode, resulting in an internal short-circuit

The cell will consequently start to (over-)discharge at the maximum current allowed by the system
(known as short-circuit current), generating heat, while several exothermic unwanted side reactions
will start to take place (such as uncontrolled electrolyte decomposition). If the system cannot
dissipate the generated heat, the temperature will increase, leading to the so-called “thermal

runaway,” which can effectively cause fire and/or the explosion of the battery pack (figure 1.1.1.3).

[Thermal runaway

Cathode/anode reaction

Thermal decomposition of a@

Cathode/electrolyte reaction

|No thermal runaway

Thermal decomposition of electrolytes

Cell temperature

Anode/electrolyte reaction

Trigger for temperature increase

Time

Figure 1.1.1.3 Conceptual scheme of lithium-ion battery thermal runaway [29]

Lithium metal rechargeable batteries were plagued with safety problems that even caused injury to
users, and consequent product recalls, thus limiting their commercialization [30]. Replacing the metal
anode with carbon (lithium-ion concept) allowed to realize safer, but still high energy, batteries that
are now a commercial success [31]. The use of an intercalation anode, however, does not prevent
system failures. The thermal runaway can be triggered by any event that causes the overheating of
the Li-ion battery, which includes internal short circuits (such as between current collectors, between
positive and negative materials or between the current collectors and the electrode materials) [32],
mechanical abuse (for example, after a car crash of induced by vibrations) [32], thermal abuse and
overcharge [32]. Safety is essential for a battery, with the idea that, even if the battery fails, the user
of the electric device is not harmed [29]. To determine the safety of a battery pack abuse tests are
employed, simulating all the events causing overheating. The results are used to evaluate the safety

of the energy storage system. One way is to determine the hazard level of a battery, based on
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guidelines, such as those suggested by the European Council for Automotive Research and
Development (EUCAR) [32,33]. Following these guidelines, a battery can be considered safe if, in
case of electrolyte leakage (loss of at least 50% of electrolyte weight), there is no fire or flame [32].
Just by considering the high flammability of conventional organic electrolytes (practically
considerable as fuel) [34,35], and that upon degradation most cathode materials tend to release
oxygen (oxidizer) [29], this is not trivial, considering that all the reagents necessary for a combustion
[36] are inside the battery pack. Since before the first lithium-ion battery was fabricated, researchers
have proposed solutions to the severe safety issues that characterize this system. The
underestimation of the risks, which caused accidents in the past, always backfired, resulting in the

withdrawal of products, market losses and even ban on lithium-ion batteries [34].
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1.2 Anode materials — Post-graphite

In this chapter, a general overview of materials for negative electrodes in lithium and lithium-ion
batteries is given. The evolution that led to the realization of the first lithium-ion battery will be
described, together with the fundamentals of carbon electrodes, with attention at the reaction
mechanisms that allow this material to be still the negative electrode of choice for commercial
devices. In the following sub-chapters, a general overview of few post-graphite, negative electrodes
is also given, specifically alloy, conversion, and conversion/alloy materials. Key advantages and
unresolved issues of these different materials will be discussed, while also explaining the

fundamentals allowing the formulation of new material chemistries.

1.2.1 From lithium metal to graphite

The use of lithium metal as anode material generated a new class of electrochemical energy storage
devices possessing unparalleled characteristic in terms of gravimetric and volumetric energy densities
[37]. The electrochemical potential of the Li/Li" couple is -3.04 V vs SHE. By considering the

dissociation reaction,
Li—>Li"+e

it is possible to calculate the specific capacity of lithium metal, equal to 3860 mAh g, given its mass
weight of 6.941 g mol". The first studies on lithium batteries date back to 1912, by G.N. Lewis. It
was not until 1958, however, that lithium metal would be found to passivate and therefore could be
successfully electroplated in aprotic solvents [38]. The first lithium primary batteries became a
commercial reality in the late 60s. All these batteries included lithium metal as the anode. Building
rechargeable systems, however, proved to be more challenging. It was soon found out that, when
lithium metal is used as the anode in a secondary cell, dendrites could grow at the metal surface

upon plating (i.e., cell charge) (figure 1.2.1.1), resulting in serious safety issues [39].

M| Pag.



b
lithium
___ electrolyte

LA .
+ + deposition
copper

fresh lithium foil charge reaction

dentrites g
isolated
()]
5 lithium &
Y grains o
(@]
: 2
formation process dendrites’ growth =
ramified 3‘
: ___ lithium
A :f = dissolution \

grown
dentrites 4

dendrites upon cycling

discharge reaction

Figure 1.2.1.1 Lithium metal deposition mechanism (a) first cycle, formation of passivation layer (SEI) (b) dendrite
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The use of intercalation compounds as negative and positive electrode materials was first proposed
by Armand in the 70s [19,30]. In the beginning, insertion oxides, such as WO,, were studied as
negative electrodes. However, it soon became clear that this class of materials was characterized by
an average (dis-)/charge potential too high for real application, as the energy content of the resulting
cell would be too low [30,31]. Carbonaceous materials were also investigated. Graphite did not seem
feasible as electrode material in the beginning, mainly because the electrolytes employed at the time
would result in solvent co-intercalation between the graphene layers, resulting in the irreversible
degradation of the graphitic structure. Instead, polyacetylene was the first successful anode to be
used as negative electrode for reversible lithium intercalation in a prototype commercial Li-ion cell,
followed by hard carbons and eventually graphitized soft carbons, like vapor grown carbon fiber
[40,41]. Hard carbons are a class of carbonaceous materials characterized by a sloped voltage profile,
a high specific capacity of about 700 mAh g but a relatively high average (dis-)/charge potential
when compared to other carbonaceous materials [42]. The reaction mechanism involving lithium is
still unclear and debated. Several models have been proposed [43], like the “house of cards” model
[44], in figure 1.2.1.2, that involves the reversible adsorption of Li" on both faces of the graphene

sheets.
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Li adsorbed on
carbon layer surfaces

Figure 1.2.1.2 “House of cards” model for lithium-hard carbons reactivity [42]

A major improvement was allowed by the development of new electrolyte formulations. The
reversible lithium intercalation inside graphitic carbons was found to be favored by the formation of
a stable SEI on the carbon surface, avoiding electrolyte degradation and solvent co-intercalation.
This allowed the use of other C-based anode materials, such as mesocarbon microbeads (MCMB),
microcarbon fibers (MCF) and natural and synthetic graphites [45]. Lithium intercalation inside
graphitic carbon is characterized by a step-wise, relatively flat voltage profile centered between 0.1
and 0.2 V, and is associated with a theoretical specific capacity of 372 mAh g that can be calculated

based on the following reaction:

. R h .
C,+Li"+e ———=——LiC
6 discharge 6

Each voltage step in the graphite voltage profile is associated with a different stage, corresponding
to a different arrangement of lithium inside the graphite structure. The mechanism is schematically

presented in figure 1.2.1.3.
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Figure 1.2.1.3 Staging mechanism for graphitic carbonaceous anodes. Left, schematic galvanostatic profile. Right,

schematic voltammetric profile [46]

For many years graphite has been the material of choice to be employed as negative electrode for
lithium-ion batteries, and still mostly is. Exceptions include new classes of material that have been
successfully developed. Oxides, such as the LiyTisOi; spinel (LTO), have been employed in
commercial cells, thanks to their exceptional rate capabilities and safety of operation, this latter due
to a relatively high average discharge potential, far from that of lithium which could result in lithium
plating [31,45]. Lithium alloys also saw commercial application. Li-Al alloys were employed in high
temperature, thermally activated lithium-FeS, batteries [47]. Similarly, the Sn-Co-C composite
material, using the lithium-tin alloying process, was used as negative electrode for a cell
commercialized by Sony in 2005 [37]. Also, the lithium-silicon alloy has recently received much
attention, and it will probably be added to graphitic negative electrodes in the next generation of
lithium batteries by Panasonic [30]. More recently, lithium metal was again proposed for possible

application as negative electrode in lithium batteries. This is due to a better understanding of the
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lithium/electrolyte interface, that can allow to dramatically reduce dendrite growth or to engineer
materials which can effectively prevent dendrite penetration and short-circuit [48-50]. Other classes
of materials include, for example, those that involve the lithium-conversion reaction with transition
metal oxides. A general overview of the mechanisms of alloying and conversion anodes will be given

in the next two chapters.

1.2.2 Alloys: Sn-C

Lithium alloys, for application in lithium batteries, were first investigated for thermally activated
batteries, mainly because the high temperatures required to melt the electrolyte would also melt
lithium. Li, alloyed with a metal, is much more thermally stable. For this reason, most of the early
thermodynamics studies for these compounds were for high-temperature application [45]. For a full
understanding of the compounds that can be formed, as well as of the potentials associated with the
reactions, one should first take into consideration the phase diagrams of lithium-alloys and consider
the (near-)/equilibrium states [45]. While a full description will not be given here as it is considered
out of the scope of this thesis work, the reader should keep in mind that the electrochemistry of
alloys is affected by the phases which can be formed at the (near-)/equilibrium. Potentials and
reactions can vary greatly, depending on the temperature and the elements composing the alloy. For
example, a binary system (such as Li-Al) can have very different characteristics from a ternary system
(such as Li-Al-Sn) [45]. The reader should, therefore, consider that in this chapter mainly room
temperature binary systems will be examined, with attention to two alloys, namely lithium-tin and
lithium-silicon. An overview of the elements forming binary alloys with lithium is given in figure

1.2.2.1.

L | 6]
Na

K Sc | Ti Vv Cr

Rb Y Zr | Nb [ Mo

Cs | Ba [La #]| Lu Hf | Ta w

Fr | Ra |Ac +| Lr Rf | Db | Sg Hs | Mt

Figure 1.2.2.1 Overview of elements which can form an alloy with lithium, marked in green (figure adapted from [51])
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The lithiation of one of this elements is generally associated with high specific capacities (such as
3579 mAh g for silicon), relatively low average (dis-)/charge voltages (V) (however, high enough
to avoid unwanted lithium electrodeposition, but low enough to ensure a high energy of the final
lithium-ion cell, such as V., = 0.4 V for silicon), high 1% cycle irreversible capacity) which can be
however mitigated with appropriate pre-lithiation strategies [52]), and a relatively huge volumetric
expansions, up to 280% for silicon [51]. The latter is a serious drawback, that renders the use of
alloys problematic, and is the key to understand why graphite is still the material of choice for
negative electrodes, even though lithium alloys were employed and studied for many years before
the discovery of reversible lithium intercalation in graphite. The first effect of the volume expansion
is material degradation. Cycles of volume expansion/contraction induce mechanical stress in the

particles, which can result in material disintegration and fast capacity fading (figure 1.2.2.2).

[Li]

Figure 1.2.2.2 Effect of material expansion on a particle. Cracks and material loss can be observed. This is also the
result of interaction between adjacent particles, which start to exercise a force on each other and can result in loss of

electrical contact and electrode cracking/degradation [51,53].

This effect can be effectively minimized by preparing composite materials, such as carbon-coated
materials, which can effectively buffer the volume expansion, thus preventing material degradation,
and improve e conduction, as some materials are relatively poor electron conductors. Other
strategies involve the use of additives/co-solvents, such as fluoroethylene carbonate (FEC) or
vinylene carbonate (VC), which can create an elastic polymeric protective film and effectively buffer
the volume changes. Other strategies involve the use of elastic binders, which can effectively reduce
the stress accumulated in an electrode and eventually avoid material disintegration/loss of contact
[45,51,53,54]. All these strategies, particularly when employed together in synergy, have shown

exceptional improvements and allowed to reversibly (dis-)/chatrge silicon [55] and tin anodes for
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thousands of cycles, with minimal capacity loss. The second effect of volume
expansion/contraction, generally less taken into consideration, is the dramatic reduction of the
volumetric capacity and volumetric energy density of this class of materials when lithiated. For a

better understanding of this issue, figure 1.2.2.3 is presented.
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Figure 1.2.2.3 (a) Volumetric capacity at the lithiated state and (b) gravimetric capacity of selected alloy materials, with

graphite as a comparison [51].

One should therefore always take into consideration these parameters for composite materials, and
calculate specific capacity and energy values accordingly, to avoid overestimating advantages of a
certain compound. One last fundamental point to understand is that upon (de-)/lithiation, both
reversible and irreversible structural changes can be observed. The conventional redox reaction of
lithium-silicon alloying, which is associated with a gravimetric specific capacity of 3579 mAh g, is

the following [51]:

1% lithiation:

x-Si—Y>a-Li Si—"—>a-Li Si— > x-Li,Si,

1* delithiation and subsequent cycling:

. . -Li . A -Li -
X-LiSi, +<:>L'ia-L|ZS| +<:>L'ia-8|

(13

Where “x-“ defines a crystalline phase and “a-“ an amorphous phase. Some of these crystalline
structures can co-exist during (de-)/lithiation, due to bi-phasic reaction mechanisms, and can
contribute to internal mechanical stress in the material. Silicon as negative electrode, in any case, is
still a viable option, in particular by considering that it is relatively low cost, environmentally

friendly, non-toxic and its production and purification is very well developed, due to its use in the
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semiconductor industry [56]. As previously mentioned, also tin had its share of commercial success,
used as active alloy material in the Sn-Co-C composite. Tin, like silicon, can be considered non-toxic
and environmentally friendly [54,57], peculiarities that suggest its application in green energy storage
systems [58]. It can exchange up to 4.4 equivalents of lithium, up to a theoretical capacity of 990

mAh g, and the alloying reaction consists of the following steps:

-Li . -Li . -Li . -Li
pa ) pa >
Sn —><T Li,Sn, ——=LiSn¢ " Li,Sn, —><T

+Li

'Li - * 'Li - * 'LI - * 'Li - *
+(:Li>LISSn2 +<:)|_i|—'138n5 +<:Li>LI7Sn2 +(:Li>Lll7Sn4

In which * denotes a disordered phase [51]. A peculiarity of tin is that the spontaneously growing
passivation layer (SnO;) can be easily reduced upon lithiation, according to the following reaction,
ie., the conversion reaction of SnO, (another example of the phase changes that this class of

materials can undergo):
SnO, +4Li" +4e ——Sn+2Li,0

If the material is properly engineered, the resulting metallic tin can be reversibly cycled. More details
on the fundamentals of conversion reaction will be given in the next chapter. In this work, a Sn-C
nanocomposite material was employed as negative electrode material for a few applications. This

material is synthesized using a conventional resorcinol formaldehyde synthesis procedure [59].

1.2.3 Conversion-alloys: ZnogFeo102-C

Even though research on conversion materials dates back to the 80s [60,61], it was first believed that
these reactions were only mildly reversible and would be detrimental to cell operation [62].
However, in 1997, the discovery by Idota et al. from Fujifilm of reversible tin oxide reactivity
attracted great attention [63,64]. It was found that this reaction is highly reversible for nanoparticles
and, soon after, conversion-based materials began being studied as negative electrodes for room
temperature lithium-ion batteries [65]. The conversion-displacement reaction for transition metal

oxides is the following:
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MO+2Li"+2e” = M+Li,0

With M being a 3d-metal, such as Mn, Fe, Co, Ni, Cu. During the first discharge, the crystalline
structure of the material is lost, resulting in lattice amorphization. The product of this reaction can
be described as a framework of metal nanoparticles dispersed in a Li»O matrix [66]. The following

charge results in lithium oxide decomposition and reversible formation of the transition metal oxide

(tigure 1.2.3.1).
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Figure 1.2.3.1 Conversion reaction (dis-)/charge mechanism [67]

The voltage profile is, usually, characterized by a plateau corresponding to the bi-phasic conversion
reaction. The average voltage of this plateau depends on the transition metal(s) that are used (and,
possibly, also on the anionic species. Conversion is not limited to oxide-based materials, as will be
discussed in a following chapter [62]). Following this plateau, a sloping voltage region appears (at
lower voltage values). This region often accounts for extra capacity with respect to the theoretical
one and is mostly ascribed to either reversible electrolyte decomposition [68] or interfacial lithium
storage in a capacitive-like behavior [69]. The conversion of metal oxides is associated with high
capacities, typically of 1Ah g, nearly three times that of graphite, but relatively higher average
discharge potentials and larger voltage hysteresis between charge and discharge, leading to low
energy efficiencies. Moreover, similarly to alloy materials, the reaction is associated with high volume

changes and structural re-organizations that result in high inefficiencies during the first few cycles,
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although the amorphous LiO formed can help releasing part of the mechanical stress [62]. During
the years, several strategies have been proposed to solve these issues. One example is the synthesis
of nanostructured materials which can buffer volume changes, such as hollows structured [70] or
carbon coated materials, that also benefit from improved e conductivity and inter-particle contact
[62]. The mitigation of the irreversible capacity is still an open topic, but several solutions have been
proposed [52]. To reduce the average working potential, one strategy is to modify the M-O bond, by
changing the species composing the active material. Another interesting strategy, which still holds
much promise, is the use of an alloying-active material as the transition metal, such as Sn, Zn, Ru
[71]. As discussed in the previous chapter, alloy-based materials are usually characterized by low (dis-
)/charge potentials and high capacities, which would result in an additional electroactive element at
the end of the conversion reaction, upon discharge. The alloy-active metal could benefit from the
presence of the Li;O matrix, which in principle can buffer the volume changes of the lithium alloy
upon (de-)/lithiation [71]. Nevertheless, the use of this class of materials in commercial Li-ion
batteries is still debated, due to low volumetric and gravimetric energy densities when compared to
cells employing graphite anodes [72,73]. Nanostructured materials do successfully enable a few
chemistries but also have severe drawbacks, like an increased catalytic decomposition of the
electrolyte component [73]. Quoting Palacin et al,, “nano does not always mean better” for
electrochemical energy storage [73]. In this thesis, an alloying-conversion carbon coated anode is
employed as an alternative negative electrode, namely ZnooFeo1O.-C [74] (TMO-C). This anode
composition benefits from an improved theoretical specific capacity of 990 mAh g”'. Moreover, the
synthesis involves the use of environmentally benign and low-cost materials, making TMO-C a

promising green and sustainable material for the green grid.
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1.3 Electrolytes - Safer alternatives

In this chapter the evolution of electrolytes is covered, starting from lithium primary batteries to the
realization of the first lithium-ion commercial cells. A general overview will be given on the logic
behind the choice of proper electrolyte components, as well as some of the limits for the various
chemistries. The chemistry of electrolytes is very complex, in particular, that of the most modern
ones employed in commercial cells, which include several, often undisclosed additives [45,75]. This
aspect is out of the scope of this thesis and will not be discussed. Instead, an overview of two novel
families of electrolytes, characterized by increased safety, namely ionic liquids and solid-state

electrolytes, will be discussed more in-depth.

1.3.1 Conventional organic-based electrolytes

As previously mentioned, the role of the electrolyte in an electrochemical cell is to transport ions
between the cathode and the anode and vice versa. Ideally, the electrolyte should be an inert
component of the battery and only influence how fast the ions can diffuse between the electrodes
[23]. Prior to discussion, it is imperative to understand the properties of an ideal electrolyte for a
lithium battery. It should be a good ionic (Li") conductor, thus ensuring fast movement of ions, and
an electronic insulator, avoiding self-discharge. It should be stable in a wide voltage range, i.e., have
a wide electrochemical stability window including the redox reactions at the positive and negative
electrodes (degradation and side reactions at the anode and the cathode are avoided). It should be
inert to all cell components, including metal contacts, electrode materials and electrode additives,
etc. It should be stable under abuse, so that it does not degrade under electrical, thermal and
mechanical abuses, to ensure safety of the electrochemical device. It should be cheap, non-toxic and
generally environmentally friendly [8,9,23]. Lithium, however, is extremely electropositive, with a
potential of -3.04 V vs SHE, and it was not until the 50s that it could be studied as negative
electrode for primary batteries, when it was found to be stable in aprotic solvents due to the

formation of a stable film at the lithium/electrolyte interface [23]. Eatly commercial primary
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batteries included a lithium metal anode and an electrolyte composed by an aprotic solvent, such as
propylene carbonate (PC), dimethoxyethane (DME), tetrahydrofuran (THF), in which a lithium salt
was dissolved, such as LiClO,, LiAsFs, LiBF, [24,76]. As previously mentioned, the transition to
secondary batteries was very complex as it was soon found out that, upon battery charge, lithium
electrodeposition results in the growth of dendrites. Dendrites can either become electrically isolated
from the anode upon discharge (but still be present and extremely reactive, due to their high surface
area) or penetrate the separator, grow and reach the cathode surface, generating an internal short-
circuit causing unfortunate events, such as fire and eventually explosions [77]. It was therefore clear
that the use of lithium metal poses a serious safety hazard and should have been replaced by
different materials that could act as lithium ion hosts [10]. It was therefore necessary to find suitable
electrolytes that would allow reversible reactions with a new generation of negative and positive
electrodes. This required the formulation of new compositions, which would include appropriate
aprotic solvents, a lithium salt and eventually additives. An appropriate solvent must meet a few
criteria, namely, it should have a high dielectric constant to ensure high salt dissociation, and low
viscosity to facilitate ion diffusion. It should be stable in contact with cell components, including the
positive and the negative active materials, cell casing, contacts, etc., to avoid side reactions. It should
be liquid in a wide temperature range, safe, non-toxic and cheap [23]. Similatly, also the choice of an
appropriate lithium salt can be helped by the formulation of a few criteria. The salt should be
completely dissolved in the solvent and the ions (Li" in particular) should have high mobility in the
solution. The salt should also be stable against cell components, to avoid corrosion and other side
reactions. The anion should be stable against oxidation, inert against the electrolyte solvent,
thermally stable, non-toxic and cheap [23]. Historically, the first electrolyte employed for lithium
electrodeposition was a solution of LiClO, in PC. PC, however, is characterized by a rather limited
stability against lithium metal and cannot form a stable SEI on graphite [78], while LiClO, is
unstable, both thermally and in contact with lithium metal and aluminum [79]. THF seemed also a
promising candidate, but it was soon found to oxidize at 4.0 V on a platinum working electrode and,
in contact with layered oxide cathode materials, the electrochemical stability window was even
narrower, due to catalytic decomposition [23]. A major breakthrough was the finding, by Pistoia and
Scrosati, that adding small amounts of PC (at least 9%) to ethylene carbonate (EC), solid at room
temperature, would result in the formation of a melt [80]. EC was found to enhance the
physicochemical properties of electrolyte solutions, such as a higher stability and conductivity, and

to form a stable SEI on carbon anodes, differently from PC. Thanks to these properties, a mixture
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of EC/PC was selected as the solvent used for the first generation of commercial lithium-ion
batteries, which employed a coke-derived anode. Finally, in 1994, Tarascon and Guyomard
described the use of dimethyl carbonate (DMC) as EC co-solvent [81,82], which is the basis of the
current state-of-the-art electrolytes. The use of linear carbonates (such as DMC), mixed with EC,
widens the electrochemical stability window of the electrolytes, bringing it up to 5 V, as they benefit
from a synergic effect, while forming a stable SEI on the anode surface (see figure 1.3.1 and figure

1.3.2) [23].
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Figure 1.3.1 Top, co-intercalation of a solvent molecule, such as PC, and resulting graphite exfoliation, that destroys the
pre-formed SEI Bottom, consolidation of the SEI, resulting from more stable electrode/electrolyte interphase, without

exfoliation [83].
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Figure 1.3.2 Top, EC effect on stabilizing the SEI. Bottom, PC-mediated graphite exfoliation [84]

The choice of a proper lithium salt was restricted to fewer compounds. As previously mentioned,
LiClO; is generally considered not stable. LiAsFs, even though being characterized by extremely
good characteristics, such as high solubility, good SEI film forming abilities, high anodic and
cathodic stability, is highly toxic. LiBFs results in a rather limited conductivity, due to its low
dissociation constant. New compounds were proposed, such as lithium trifluoromethanesulfonate
(LiTf) and lithium bis(trifluoromethanesulfonyl)imide (LiTESI), but, at the time, their use was
limited by the anodic dissolution of aluminum, which is commonly used as cathode current
collector. The origin of aluminum corrosion is still debated today, as recent reports show that, for an
electrolyte using an imide-based salt, it is due to halide impurities, rather than to the salt itself [85].
Also, in case of ionic liquid based electrolytes, aluminum corrosion is not observed when employing
LiTFSI [80]. In the end, LiPFs was the salt selected for the first lithium-ion battery. Even though it
does not excel in any of the characteristic possessed by the other candidates, it was the best
compromise not being affected by any of their drawbacks [23]. The current generation of lithium-
ion batteries still mostly employ LiPFs dissolved in mixtures of EC and linear carbonates. New
electrolyte formulations are, however, actively searched. This is mainly due to the lower temperature
limit of EC, which crystallizes at -20 °C even in a mixture and to the high temperature and safety

limitations of LiPF,, which can degrade at 50 °C to release PFs and/or HF in contact with water.
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Moreover, as new cathode and anode materials are developed, new electrolyte compositions are
required to achieve reversible cycling. It is the case of high voltage conventional cathode materials,
for example, which require a wider electrochemical stability window. Also, beyond lithium-ion
technologies, like lithium-air and lithium-sulfur, involve different reaction mechanisms and, thus,
issues concerning those of conventional lithium-ion technologies. Similarly, the formulation of new
high energy anode materials, such as the alloy-based, require the development of alternative
formulation due to the different chemistry of the SEI and issues concerning graphitic carbons
[86,87]. While some of these issues can be mitigated by using additives [88] in the electrolyte
solution, which can improve the stability and safety of the battery, some of the limits of the solvents
and the salts cannot be overcome. For this reason, alternative formulations, new compounds and
new families of electrolytes are being actively developed and explored. This also includes polymer,

liquid-gel, solid-state and ionic-liquid-based electrolytes [86,89-91].

1.3.2 lonic liquids

During the last 20 years, ionic liquids [92]received much attention, reflected in an increasing amount
of publications per year [93]. Many different molecules with very different properties belong to this
category of materials [93]. They have been successfully applied as rocket propellants [94], flame
retardants [95], lubricants [96], solvents [97], catalytic medias [98], just to name a few. Also, possible
application in very diverse fields, from analytical chemistry to biology, medicine, and
electrochemistry [99] have been already demonstrated. Room temperature ionic liquids (RTILs, i.e.,
molten salts at room temperature) are an appealing alternative to conventional electrolytes [100,101]
for many diverse applications. It is important to note that in case of ionic-liquid-based electrolytes
there is no solvent, as they are effectively mixtures of molten salts, resulting from the thermal
disintegration of the salt lattice [23]. RTILs can be engineered by tuning their structure, e.g.,
changing either one or both the anion and cation [102], thus tailoring their properties to
contemporarily meet various important needs such as high ionic conductivity, interfacial and
electrochemical stabilities as well as thermal stability and low-flammability [91,103]. These features
allow the realization of safer electrochemical storage devices such as super-capacitors [104-100],

batteries [107-115] and solar cells [116]. Among the several RTILs developed for lithium-ion
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batteries, imidazolium-based [117-120], piperidinium-based [121-124] and pyrrolidinium-based
[125-130] electrolytes have demonstrated the best performance. Indeed, RTILs may be considered
the solvents of choice for next-generation electrolytes for application in safe and more sustainable
Li-ion batteries, although the widespread use in commercial application is still limited due to their
relatively high cost [99]. This thesis work has been focused mainly on four mixtures of RTILs
(namely, N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (Pyri,TEFSI), N-butyl-
N-methyl-pyrrolidinium bis(fluorosulfonyl)imide (Pyr14FSI), N-methoxy-ethyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (Pyri201TFSI) or N-N-diethyl-N-methyl-N-
(2-methoxyethyl)Jammonium bis(trifluoromethanesulfonyl)imide (DEMETFESI) [126-128,130]) with
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), which have been comparatively evaluated for
application as electrolytes in Li-ion batteries (see structural details in Fig. 1.3.2.1). The PyrsTFSI-
based electrolyte is characterized by remarkable electrochemical stability in lithium cell and by
suitable ionic conductivity [113,131,132]. However, the main issue of this excellent electrolyte is
represented by its high viscosity, which limits the electrochemical performance at high currents and
low to ambient temperatures. Pyr,FSI, differing from Pyri,TEFSI by the anion structure (compare
Fig. 1.3.2.1d and a), is indeed characterized by a lower viscosity, but at the expense of a higher,
sometimes beneficial, chemical reactivity. Hence, electrolytes based on Pyr4FFSI show higher ionic
conductivity and enhanced SEI film forming ability with respect to Pyris/TFSI [126,133]. A recent
study has shown that Li/LiCoO, battery employing FSI-based electrolyte is characterized by a
greatly improved rate capability compared to TFSI-based one [134]. Besides the change of the anion
in the electrolyte formulation, also the cation can be modified to obtain enhanced characteristics.
The substitution in the alkyl side chain of Pyri4 of one carbon by oxygen leads to Pyrizo1 bearing an
ether group granting higher bond flexibility bond of the side chain (Fig. 1.3.2.1b). In fact, the
Pyri201 TFSI-based electrolyte has a lower viscosity and higher conductivity than the Pyt TFSI-based
one [135]. Recent studies suggested suitable electrochemical performances in lithium battery of ILs
formed by aliphatic quaternary ammonium cations, such as DEME (Fig. 1.3.2.1¢) [136,137], even
comparable to pyrrolidinium-based ILs [138].
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Figure 1.3.2.1 Graphical representation of the structures of the studied ionic liquids. a) N-butyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (Pyri4TFSI), b) N-methoxy-ethyl-N-methylpyrrolidinium bis(trifluoromethane-
sulfonyl)imide (Pyri201TFSI) , ¢) N-N-diethyl-N-methyl-N-(2-methoxyethyl)Jammonium
bis(trifluoromethanesulfonyl)imide (DEMETTFSI), d) N-butyl-IN-methyl-pyrrolidinium bis(fluoro-sulfonyl)imide
(PyrisFSD)

1.3.3 Solid state electrolytes

The replacement of the liquid-organic electrolyte with polymeric membranes [139—142] or inorganic

solid-state lithium-ion conducting materials, such as those based on oxides [143] and sulfides [144—
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148], may enhance the safety content of lithium batteries and further promote their large-scale
diffusion. Inorganic solid-state electrolytes have attractive features for practical applications such as
non-flammability, a rather wide electrochemical stability window, high ionic conductivity,
comparable to that of liquid electrolyte (figure 1.3.3.1), as well as lithium transference number (t;+,
that is the contribution of Li" to the overall ionic conductivity of the electrolyte solution)

approaching the unity [23,149-151].
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Figure 1.3.3.1 Conductivity Arrhenius plot of all-solid-state, polymer and gel electrolytes [152]

To understand the benefit originating from this last property (tii+ = 1), one should consider the
different ion conduction mechanisms. In conventional organic-based liquid electrolytes, cations
(including solvated Li" ions) and anions both move in the solvent (Figure 1.3.3.2a). This results in
several charged species moving at the same time, which translates into a lower amount of effective
Li" charge transferred, i.e., the lithium transference number ranges between 0.2 and 0.5 [151]. In
solid-state electrolytes (Figure 1.3.3.2b), Li" must migrate between stable sites through a higher
energy environment. In good approximation, it can be considered as the only charged species able to

move, meaning that the lithium transference number approaches the unit [151,153].
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Figure 1.3.3.2 (a) Li* ion, in red, moving with solvating molecules in blue. Anions and negatively charged ion-triplets
may, however, move in the other direction thus reducing the effective Li* cations transfer between the two electrodes.
The potential energy of mobile lithium ions can be assumed as constant, considering a fast exchange between
solvating/solvated species and a homogenous distribution of the species. (b) Li* ion, in red, moving between stable
crystallographic sites. Lithium-ion has to overcome an energy barrier to move between energy minima, typically located

at stable crystallographic sites [151].

Oxide-based solid-state electrolytes have been applied successfully with remarkable performance to
conventional lithium-ion [154], lithium-air [155] and lithium-sulfur [156]. Oxide-based electrolytes
with high Li" conduction are usually characterized by a high chemical reactivity with lithium metal,
often requiring the use of a liquid organic electrolyte interlayer. The use of this class of electrolytes,
moreover, requires a sintering procedure at high temperature to obtain a non-porous, mechanically
stable membrane [89]. Sulfide-based glass-type electrolytes, such as LiS-P»Ss, LiS-SiS, or
LiioGeP:Si» [152,157,158] and more recently oxysulfide-based electrolytes [159] have the additional
advantages of being chemically stable in contact with lithium metal [145,160], chemically resistant to
dry air, such as Lil-Li,SnS4 [161], and easily formed and pelletized by pressing [162] without
additional sintering procedures at high temperature [89]. Finally, synthesis is relatively simple, and
the highly ionic conductive phase can be stabilized by addition of inorganic compounds, e.g., Li:SOs,
LiI [163]. Addition of lithium halogens is particularly beneficial in improving the ionic conductivity
of sulfide-based inorganic conductors. The halide anions favor the formation of face-sharing

tetrahedral sites. Tetrahedral sites are found to be the most energetically stable sites for Li. By having
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a shared face, Li" cation movement is greatly favored, since the energy bartier to overcome is greatly
lowered [153]. Lil-Li;PS4 (LPSI) [164] is a good example, with an ionic conductivity of about 10° S
cm’ at room temperature. Moreover, this class of solid electrolytes is often associated with the
formation of a stable lithium-electrolyte interface, one of the main drawbacks of many inorganic

lithium-ion conductors [165].

30| Pag.



1.4 Cathode materials

In the next section, a general overview of the history of cathode materials, as well as current state of
the art and beyond lithium-ion cathodes, is given. Most attention is dedicated to the materials that
were part of this thesis work, namely, LiFePOs (LFP) and LiCoi/3Nii;sMnis0. (NMC) for

conventional lithium-ion cells, and oxygen and sulfur/metal sulfides for beyond lithium-ion cells.

1.4.1 History and state of the art cathode materials

Even though the first commercial lithium-ion battery was first placed on the market in 1991 by Sony
(thanks to the great efforts of Yoshino et al. from Asahi Kasei [40]) using LiCoO; as cathode
material, many before that were proposed [30]. The first working prototype of a lithium-ion cell is
attributed to Scrosati and Lazzari [20], for which TiS, was used as cathode material. This material
was seen, in the early age of lithium batteries technology development, i.e., in the 70s, as the best
candidate for positive electrodes together with several other metal sulfides [31]. To fully understand
why these sulfide-based cathode materials were so promising, one should first understand the
properties of an ideal cathode in a rechargeable lithium battery, which were very well summarized in
2004 by M.S. Whittingham [166]. Briefly, the material should contain a readily reducible/oxidable

ion, such as a transition metal. The reaction must be reversible. The reaction with lithium should be
fully reversible and associated with fast kinetics and a highly negative energy (AG << 0). The
material should be a good electronic conductor, stable and not degrade in non-ideal conditions, such
as upon over(-charge)/-discharge. Finally, the ideal cathode material should be low cost and
environmentally benign [166]. Theoretically, TiS, can reversibly intercalate up to 1 equivalent of
lithtum:

. . disch . .
xLi+TiS, ﬁ’ Li TiS,
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This reaction is associated with a theoretical voltage of ca. 2.5 V [31], high reversibility and a single-
phase transition, in which the lithium ions reversibly insert, or more specifically intercalate, between

the TiS, layers, as shown in figure 1.4.1.1.

MX,

Figure 1.4.1.1 Intercalation mechanism in layered structured metal oxides/sulfides [67]

Moreover, TiS; has a relatively high e conductivity, and it is rather environmentally benign. Indeed,
during the late 70s, Exxon first proposed Li/TiS; cells and later commercialized LiAl/TiS; [167]
batteries [31]. These configurations, however, had several limitations. Battery operation, for example,
required the use of a perchlorate-based electrolyte and, for the Li/TiS,, included lithium metal as the

anode, thus posing severe safety issues.

Later, a breakthrough came from Goodenough by using lithium transition metal oxides (such as
LiCoO: )as the positive material [168]. The layer stacking of this material is similar to that of other

dichalcogenides, such as TiS,, and lithium intercalates between the CoO:layers.

xLi+Li, ,C00, ==22% | jC00,, (x< 0.4)

charge

Upon extensive de-lithiation, however, Li,CoO, undergoes structural changes leading to CoO>
which is electrochemically inactive as cathode material. This implies that only a certain amount of
lithium can be removed from the structure before the material becomes electrochemically inactive,

Le., the full reversibility can be attained only for values in the range of 0 < x < 0.4. Within this limit,
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however, the lithium insertion in this material is very reversible and characterized by a capacity of
about 140 mAh g' and an average (dis-)/charge voltage of about 4.1 V [9], resulting in an energy
content much higher than that of dichalcogenides [166,169]. Moreover, this material is much more
stable against water and oxygen, particularly because it is synthesized in the discharged (lithiated)
state. An additional benefit of the presence of lithium in the as-synthesized materials is that metallic
lithium is not required at the negative electrode [31]. These advantages made it the perfect candidate
to be employed as the positive material for LIBs. During the years, many other lithium-containing
layered oxide materials were studied, trying to reduce or avoid the use of cobalt, which is expensive
and toxic. Much effort was made to find more environmentally friendly alternative materials with
higher energy content. LiNiO» a LiCoOz isostructural, was a promising alternative [170]. Whereas by
tuning the synthesis condition it was possible to solve some of the limitations of this material (ILi-Ni
cationic disorder, formation of defective phase clusters, such as NiO) and achieve capacities as high
as 200 mAh g [171], this material is characterized by a very limited thermal stability (only up to 200
°C) [77,172]. Moreover, in the delithiated state, Lii<NiO; is thermodynamically unstable and can
release oxygen, which poses a serious safety risk. Another promising isostructural of LiCoO; was
LiMnO:. Even though manganese is non-toxic and cost-effective, the layered phase is not stable.
Indeed, at temperatures higher than 400 °C the spinel phase LiMn,Oy4 and the monoclinic phase
Lix-MnOs are favored. The spinel phase is another promising alternative [173], but its application is
still mostly limited by irreversible phase transitions due to manganese dissolution in the electrolyte.
On the other hand, the monoclinic phase, if used as is, has a very limited electrochemical activity
[174]. The main issue of the layered lithium manganese oxide lies in its structural instability. Upon
prolonged cycling, LiMnO; undergoes a phase transition into the thermodynamically more stable
spinel phase. This implies a changing working potential, as well as a progressive capacity fading and
reduced electrochemical activity due to manganese dissolution from the spinel phase into the
electrolyte [173,174]. One of the proposed solutions to the issues of these layered analogs is the
synthesis of layered mixed metal oxides as positive materials [175]. Of special interest is the ternary
system including nickel, manganese, and cobalt. A triangular phase diagram is proposed in figure

1.4.1.2 as an aid in the description of this rather big family of compounds.
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LiNi%*O, LiNA*, .Mn** .0, LiMn*'0,

Fig.1.4.1.2 Triangular phase diagram, LiNiO-LiMnO»-LiCoO3 [176]

As evidenced by the phase diagram, LiCoO, e LiMnO; are immiscible, ie., do not form a
homogeneous phase that could help stabilize the final mixed material. LiCoO, and LiNiO; give a
solid solution, which can reversibly cycle up to 4.3 V with a reversible capacity up to 175 mAh/g.
The further development of this binary system eventually led to the addition of aluminum, which
was found to substantially improve the safety of the material plagued by a very limited thermal and
structural stability in the charged state. The resulting ternary system rich in nickel, that is
LiNiogCo0.15Al0.0sO2 (NCA), is currently used in commercial cells by SAFT and Panasonic for high
energy and high power systems, such as EVs [30]. LiMnO, and LiNiO; [177] form a stable
compound if the ratio between the two transition metals is 1:1. This is not a solid solution, but
rather a whole new compound in which Ni has an oxidation state of +2 and Mn is characterized by
an oxidation state of +4 [178,179]. The material is characterized by a high practical specific capacity
of about 180-200 mAh g™'. The limitation of this material is the need of the Mn:Ni ratio to be strictly
1:1, otherwise defective phases rich in electrochemically inactive Li-MnOs domains form. See figure

1.4.1.3 for a better understanding of the crystalline structure [180].
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Fig.1.4.1.3 From left to right, transition metal layer of LixMnO3, LiNii/2Mnj,202, Lij+x(Nil/2Mn1/2)1.4Oz defective phase
[180]

Research on this system eventually led to the formulation by T. Ohzuku and Y. Nakimura in 2001 of
a ternary system including cobalt, which was believed to be able to stabilize the structure [181].
LiCoi/3NiisMni 30, (NMC) was another breakthrough and was soon integrated into commercial
batteries, in particular for consumer electronics and EVs [30,31]. Cobalt reduces the amount of
defective nickel in the lithium layer (Li-Ni cationic disorder) while manganese ensures higher

structural stability, even if defects are present (see figure 1.4.1.4).

LiMng, M,

Fig.1.4.1.3 From left to right, transition metal layer of LiNij/3Co1/3Mn1/302, Lij+x®Nii/3C01/3Mn1/3)1<O2 defective phase.

Li;MnOj3 formation is not observed [180]

In this material, Ni has an oxidation state of +2, Co of +3 and Mn of +4, while the crystal structure

is analog to that of LiCoQs.. The reversible redox reaction is the following:
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xLi+Li,,,Niy,Coy;Mn,,0, == | iNii ,,Co,,Mn,,,0,, (x < 0.6-0.7)

charge

With nickel oxidizing, upon charge, from Ni** to Ni*", for 0 < x < 0.67 (lower potentials) and cobalt
oxidizing from Co>* to Co*, for 0.67 < x < 1 (higher potentials) [182,183]. This material is
characterized by a sloped voltage profile, with an average discharge potential of about 4.0 V, a
practical specific capacity of about 160 mAh g' and high thermal stability, over 350 °C, among
several other advantages [166]. Research on this promising ternary system is far from being
concluded. New frontiers include Li-rich, (Li/Mn)-rich and Ni-rich NMCs, which are proposed for
the next generation of lithium batteries for EVs [5,169]. Another successful family of cathode
materials is represented by olivine-structured materials, in particular, LiFePO, (LFP) [184]. This
material is characterized by an average discharge potential of about 3.5 V and practical specific
capacity of about 170 mAh g'. It can (dis-)/charge at high currents if properly synthesized and is
relatively cheap and environmentally benign if compared to LiCoO, and analog materials. The
crystalline structure, reported in figure 1.4.1.4, as well as the reaction mechanism of lithium (de-

)/insertion, differs much from that of the layered structured materials [185].

\-TeA-2-2-%

A L-A-1-A-2

Fig.1.4.1.3 LiFePOy olivine structure. Iron octahedra in blue, phosphate tetrahedral in yellow, lithium ions in green.

[185]

Upon charge, the material undergoes a bi-phasic change, characterized by a very flat discharge
potential. The second phase is orthorhombic FePOy, which is characterized by the same space group
as LiFePO,. This phase change begins at the surface of the material particle and soon becomes

limited by lithium diffusion inside the particle. Moreover, depending on the material crystal size, a
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sloped voltage profile can be observed at the beginning and the end of the lithiation process. This
corresponds to a solid solution insertion mechanism related to the single phases of Li;FePO,4 and
Li,FePOy for values of x = 0 and is most evident in nanometric materials. [185,186] Some of the
drawbacks of this material include a limited e conductivity, that is addressed by preparing composite
materials, such as carbon-coated LFP, and a lithium (de-)/insertion controlled by Li" diffusivity,
dominated by one-dimensional movement of Li" ions along the [010] channels, requiring the
synthesis of materials with a preferential (010) face orientation. LFP is also characterized by a
relatively low energy content when compared to other positive materials and, to improve this aspect,
much research is directed toward the partial substitution of iron with other transition metals, such as
cobalt or manganese [166,169,185-187]. LFP, in any case, is successfully employed in commercial
cells, in particular for high power applications such as power tools [30]. The last important family of
cathode materials is that of spinels, such as the previously mentioned LiMn,O4 (LMO), which also
saw real application for high power application [174]. Many other class of materials, of course, have
been proposed during the years, such as vanadium oxides, iron phosphorous sulfides, etc. Among
the several alternatives for next generation lithium-ion batteries, those based on conversion reactions

hold much promise.

1.4.2 Conversion reactions

The current generation of commercial batteries involves the use of insertion cathode materials, as
previously discussed. Thanks to joint research efforts from academia and industry, LIBs are on a
good path to utilize the theoretical gravimetric energy densities of current generation insertion
cathodes, of about 650-750 Wh kg™ [5]. This is considered by car makers, however, as the minimum
critical target to be reached for cathode materials [5], to ensure widespread distribution of zero-
emission [4] full electric vehicles [5—7]. For this purpose, alternative chemistries, in particular those
involving conversion reactions [4,5], are widely studied, since they hold much promise from the
theoretical point of view. It is in this category that we find cathode materials with substantially
improved energy densities [10]. An overview of two different, promising systems is given in the next
patragraphs, namely Li/ O, and Li/S. Both these chemistries ate characterized by safe, non-toxic and

cheap materials, offering theoretical gravimetric energy densities of 3458 Wh kg and 2510 Wh kg,
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for Li/O, and Li/S respectively, thus holding much promise for beyond lithium-ion battery

technologies [188].

1.4.2.1 Sulfur and metal sulfides

To improve the energy density of lithium-ion batteries [10] alternative chemistries are required.
Among possible choices, those that involve the sulfur conversion reaction at the positive electrode
are considered one of the most promising for the next generation of lithium-ion batteries [87].
Furthermore, sulfur is the 15" most abundant element in earth’s crust. Being also non-toxic and
environmentally benign, it is of a rather low-cost when compared with the present cathode materials
employing transition metal oxides based on nickel and cobalt [189-191]. In fact, the use of sulfur as
active material has already seen real application in stationary storage, being employed in high-

temperature, Na-S batteries [192]. The conversion reaction of sulfur with lithium, S+2Li = Li,S, is

associated with a theoretical specific capacity of 1672 mAh g and an average discharge voltage of
2.15V, translating in a gravimetric energy density up to 2510 Wh kg [87,193], This value is three to
five times higher than that of cathodes employed in the current generation of lithium-ion batteries
[5]. Unfortunately, its practical application is still hindered by a few issues that effectively limit both
the practical energy density and the cycle life of lithium-sulfur batteries [193]. Several of these
technical challenges relate to the conversion reaction mechanism of sulfur, pictured in figure
1.4.2.1.1a. 'The most stable allotrope of sulfur at 25 °C is orthorhombic, cyclic a-Ss. Upon
reduction, the octahedral ring will open, with the formation of several high- and low-order
polysulfides [193,194], finally leading to the formation of lithium disulfide. An ideal voltage profile
relative to this reaction using conventional ether-based electrolytes [86], presented in figure
1.4.2.1.1b, is generally characterized by two main plateaus (the exact discharge process is much more

complex and highly dependent on the electrolyte formulation [194,195]).
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Figure 1.4.2.1.1 (a) Electrochemical process of a lithium-sulfur cell, (b) associated voltage profile [87,193]

Polysulfides are highly soluble in conventional liquid electrolytes. They tend to shuttle between the

anode and the cathode upon cycling, resulting in high self-discharges and positive and negative

electrodes degradation, due to both the active material dissolution and the reactivity of the

intermediate polysulfides [193]. The issue is schematically pictured in figure 1.4.2.1.2a. The situation

is aggravated by a high volumettic expansion/contraction upon cycling (figure 1.4.2.1.2b) of about

80% [193], which facilitates polysulfide dissolution as well as causes major structural and

morphological changes, which can then result in loss of contact and fast battery performance

degradation.
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Figure 1.4.2.1.2 (a) Parasitic polysulfide shuttle effect in conventional liquid electrolytes. High order polysulfides diffuse
to the negative electrode, corroding the anode and reducing to low order polysulfides, which migrate to the positive
electrode and get oxidized back to high order polysulfides [196] (b) The breakdown-reconstruction of a passivation layer
on the cathode, caused by huge volume changes connected with the sulfur conversion reaction, accelerates the

dissolution of polysulfides in the liquid electrolyte [195]

Finally, sulfur, lithium disulfide and all reaction intermediates are characterized by a very low e
conductivity [193]. In the past years, several strategies have been developed to address the
abovementioned issues. Some involve the use of composite cathode materials, e.g., sulfur-carbon
[197] (with particular attention at functionalized carbon [198]), sulfur-transition metal oxides [199],
sulfur metal sulfides [200], sulfur-graphene [201], sulfur-polymer [202], etc. Composites benefit from
increased e conductivity, lower polysulfide dissolution due to trapping effects, volume
expansion/contraction buffering, and a more stable electrode/electrolyte interface, while the
additional compounds may participate in the redox reaction as active materials [193,203,204].
Electrolyte additives [205], polysulfide-saturated [200] or solvent-in-salt [207] solutions have also
shown promising results in reducing anode materials degradation and improving the reaction
kinetics while reducing the polysulfide dissolution. Polymeric [208] and gel electrolytes [209,210],
also in hybrid systems using ceramic interlayers [211,212], have been proposed to cope with the
abovementioned issues. However, all solid-state devices [213,214] employing sulfide-based
electrolytes, offer several advantages [164,215,216]. Apart from the typical benefits of sulfide-based
electrolytes, which are added safety and formation of a stable lithium/solid electrolyte interphase
[215], all-solid-state cells can effectively prevent polysulfide dissolution and, consequently, their

shuttling, thus ensuring high performance over hundreds of cycles [164,217,218]. It should be noted
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that the (dis-)/charge mechanism of all-solid-state lithium-sulfur batteries is radically different from
that observed in most of the conventional, liquid electrolyte-based ones. In fact, the voltage profiles
are generally characterized by a single pseudo-plateau, corresponding to the direct conversion of
sulfur to form lithium disulfide [219,220]. Still, given the generally low electron conductivity and the
large volume expansion associated with the conversion reaction, composite materials are required to
achieve good performance and long cycle life. Carbon matrixes [221], and more recently transition
metal sulfides [204] (which are known to have a positive effect on liquid electrolyte-based systems
[203]) seem to positively affect the conversion reaction taking place in all-solid-state cells [222].
These reactions can also involve the reversible oxidation/reduction of the solid electrolyte (as in the
case of sulfide glasses), which is added to the cathode composite to ensure adequate ionic
conductivity [154]. However, the sulfide glass becomes electrochemically active when intimately
mixed with carbon [164,223]. Transition metal sulfides are also electrochemically active in a similar
voltage range of sulfur [203,204]. The conventional redox reactions between transition metal sulfides
and lithium (MS; or MS, with M = Fe, Mo, Co, Tj, ...) usually involve insertion and/or conversion
reactions [204], depending on the transition metal and the sulfide crystalline structure. Their use in
the battery field is by no mean a novelty [31,166]. However, thanks to recent advances in material
science and nano-engineering [204], as well as in the understanding of the issues associated with
sulfur/polysulfide conversion, these materials are nowadays being tevisited as viable alternative
cathodes. It is now known that in conventional liquid systems they can show an anchoring/trapping
effect on lithium polysulfides [203], thus effectively mediating sulfur conversion to lithium disulfide.
However, their effect on all-solid-state lithium-sulfur batteries is still not fully understood nor widely

studied and, therefore, prompts further investigation and research.

1.4.2.2 Oxygen

Non-aqueous lithium-oxygen batteries [224], involving the reversible electrochemical reaction of
lithium with oxygen to form lithium peroxide, are characterized by a high theoretical gravimetric
energy density [225], i.e., 3458 Wh kg, which largely exceeds the maximum value of 750 Wh kg
associated with the current generation commercial cathodes [5]. However, Li/O; batteries (Figure

1.4.2.2.1) are still far from practical application, due to issues limiting the reversibility of the
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electrochemical process and the practical energy density of the battery [225,226]. The most severe
issues are related to parasitic side reactions that occur during both the oxygen reduction reaction

(ORR, discharge) and the oxygen evolution reaction (OER, charge) [227].

Li metal
Electrolyte

Lit€>
2Li + 0, <> Li,0,+?

Figure 1.4.2.2.1 Schematic representation of a Li-Oz battery. Side reactions can form unwanted products, leading to

limited cycling life [225].

These undesired reactions are mainly ascribed to the degradation of the organic electrolyte and the
composite acting as the positive electrode, conventionally consisting of a high surface area carbon
and a polymeric binder [228-231]. Thus, besides the conventional, organic carbonate-based
electrolytes, which are known to undergo severe degradation upon ORR and subsequent OER
[230,232], several other electrolytes have been proposed with promising performance, such as
polymers [224,233], lithium superionic conductors (LISICONs) [234,235], ethers, glymes, nitriles,
amides, sulfones and dimethyl sulfoxide (DMSO)-based [86,225]. More recently, increasing attention
has been devoted to the use of ionic liquids (ILs) as electrolytes for application in lithium-oxygen
batteries [86,227,236,237]. As already mentioned in paragraph 1.3.2, the structure of ILs can be
endlessly modified to tune their physical-chemical properties, leading to favorable characteristics
such as low vapor pressure, thus, low-flammability and remarkable thermal stability, and high
electrochemical stability and ionic conductivity [91,103]. The use of IL electrolytes in Li/O, batteries
is favored by a low OER average potential [238,239], good stability against O," nucleophilic attack
[240], and enhanced ORR/OER reversibility [241-244]. Among these very promising matetials,
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imidazolium- [245,246] and pyrrolidinium-based [112,247-249] electrolytes have demonstrated
promising performance. In particular, PyrisTFSI has revealed to be suitable for lithium-air batteries
showing low OER polarization and remarkable electrochemical performance [238]. DEMETFSI,
characterized by a lower viscosity then the former, was also proposed for application as electrolyte
component for lithium-air batteries [250]. The choice of a proper composite electrode for
supporting the oxygen redox processes also plays a key role in determining the cell performance.
Indeed, important characteristics favoring the ORR/OER are high sutface area and porosity, to
favor the reaction and accommodate the reaction products, electron conductivity and stability in the
reactive environment of the Li-O, battery [251-253]. Carbon is one of the most suitable, low-cost
materials for use in the positive electrode of Li/O, batteries. Many different carbon morphologies
and structures, L.e., 1-D [254,255], 2-D [256,257] and 3-D [258,259] structured materials, have been
studied all showing promising performance and cycle life. The chemical nature of the polymeric
additive binding the Li/O; battety positive electrodes, as well as the traces of the solvent used for
slurry preparation, may also have a significant impact on the nature of the final discharge product
and the reversibility of the electrochemical process, as recently evidenced by research works [260—
262]. Therefore, the choice of suitable materials and proper electrode preparation represent relevant
topics presently explored for the improvement of Li/O; batteries. Attention has also been devoted
to the anode side of the cell, where several studies focused on alternative materials to lithium metal,
such as nanostructures based on lithiated tin and silicon materials dispersed in carbon matrixes that

have demonstrated relevant stability and satisfactory capacity in lithium and lithium-ion cells

[59,263-265].
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1.5 Aim of the work

The objective of this thesis work is to propose innovative, safer lithium and lithium-ion
configurations, by replacing the conventional graphite anode and organic based electrolyte
components, and/or proposing alternative cathode chemistries for higher energy, beyond lithium-
ion batteries. In chapter 2, the use of a nanostructured alloy-based material, Sn-C, coupled with safer
ionic liquid-based electrolytes, is explored. This chapter is mainly focused on the realization of high
performance, safe lithium-ion battery configurations. The use of an olivine-structured, LiFePOy
cathode material ensures an added safety value to the full cell configuration, while the use of a layer-
structured LiNij3Co1/3Mni/30; is proposed to demonstrate that ionic liquid-based electrolytes can
be successfully employed also for higher energy systems. Moreover, in this chapter, one of the key
properties of ionic liquids is evidenced. It is their flexibility in physicochemical properties, which can
be modified by properly engineering their molecular structure. The studies in this chapter mainly
employ electrochemical techniques, which are supported by morphological/structural analysis. A
similar approach is used in chapter 3, where the use of ionic liquid-based electrolytes is expanded to
beyond lithium-ion systems, namely Li-O,. The use of this class of safe electrolytes is evaluated with
the idea of realizing full lithium-ion-oxygen cells. To this end, a carbon-coated ZnooFeo 1O lithium-
alloy-conversion anode is used as negative electrode to realize an advanced configuration. The
electrolyte employed is not only thermally and electrochemically stable, but also effectively mediates
and allows reversible formation of Li,O,, which cannot be obtained by using conventional, organic-
based liquid electrolytes. The promising characteristic of the ionic liquid-based Li-O; cell is further
demonstrated by engineering advanced cathode configurations and evidenced by realizing a full
lithium-ion-oxygen battery employing alternative, Sn-C, anode material. Finally, the use of safe, all-
solid-state electrolytes for lithium-sulfur batteries is proposed, as an alternative strategy to avoid
polysulfide dissolution. Novel cathode architectures are investigated, employing low cost,
environmentally friendly materials, such as FeS; and elemental sulfur, and a facile mechanochemical
synthesis procedure. The experimental data show that the issues of beyond lithium-ion technologies
can be effectively mitigated thus improving both the performance and the safety content of the
energy storage system. This can be doneby adopting alternative strategies involving the use of novel

electrolyte formulations.
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Chapter 2: Lithium-ion systems

In this chapter, two different lithium-ion systems employing alternative, alloy-based anodes and safe,
ionic-liquid based electrolytes are explored. The first part deals with a general physicochemical and
electrochemical characterization of all the ionic liquid based electrolytes described in chapter one,
i.e., Pyr FSI-LITFSI, Pyri TESI-LITFSI, DEMETFSI-LITFSI, and Pyri201 TFSI-LITEFSI. Pyr,FSI-
LiTESI. Pyri FSI-LITESI, which shows outstanding characteristics, but is relatively limited by its
anodic stability, is studied in full lithium-ion cell employing LFP cathode. The obtained results
highlight the outstanding cycle life, with capacity retention close to 100% over 2000 cycles, rate
capability extending up to 500 mA g and energy content as high as 480 Wh kg™ (referred to the
cathode weight only). The stability of this system is further highlichted by electrochemical
impedance spectroscopy (EIS) and scanning electron microscopy (SEM) studies. In the following
paragraph, Pyri/TFSI-LiTFSI, which is characterized by a higher anodic stability, is coupled with a
layered NMC cathode. This allows the realization of a full cell which delivers a capacity of about 140
mAh g as referred to the NMC cathode weight for more than 400 cycles with a retention higher
than 99%. Also in this case, the favorable electrode-electrolyte interface is investigated by EIS, while
the prolonged structural stability of the electrode materials is revealed using scanning electron
microscopy. Both cells are expected to have a high safety level, thanks to the use of non-volatile and
non-flammable ionic liquid based electrolytes [266—268]. Moreover, one of the most interesting
characteristics of ionic liquids is evidenced, that is the possibility of changing their physicochemical
properties by tuning the structure of the molecules, thus meeting different needs required by

different systems.

Chapter 2 Experimental

The ionic liquid based electrolytes were prepared by mixing 0.2 mol of LiTFSI (3M, battery grade)
per kg of either Pyri /TFSI, Pyri,FSI, Pyrioo/TFSI or DEMETESI in an argon-filled glove box

(MBRAUN), with oxygen and water content lower than 1 ppm. The electrolytes were dried under
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vacuum for 24 hours at 120°C (Pyri / TFSI-LiTFSI), 60°C (Pyr,FSI-LiTFSI), 60°C (Pyri201TFSI-
LiTFSI) and 80°C (DEMETFSI-LiTFSI) until the water content was reduced to less than 5 ppm
(detection limit) as determined by Karl Fischer titration. The drying conditions have been chosen
considering the thermal stability of each IL-based electrolyte, to avoid possible decomposition
promoted by the presence of water traces during the initial stages of the drying process [269,270].
The lithium salt concentration in the ionic liquid-based electrolytes, i.e., 0.2 mol kg, has been
demonstrated as an optimal compromise allowing a high lithium ion conductivity and charge
transport and contemporary avoiding undesired viscosity increase, thus leading to satisfactory cell
performance in terms of delivered capacity, low polarization and high rate capability [269,270]. The
electrolyte conductivity Arrhenius plots were obtained by electrochemical impedance spectroscopy
(EIS, Mmates-Biologic) using sealed Pt-black/Pt-black cells (Mmates) with a K value of 1 cm’,
using a Peltier system for cooling/heating as temperature control. The reported conductivity plots
are performed upon heating, after eighteen hours of aging at -40 °C, using an increment of
5°C/hour. The cell constant was confirmed using the standard 0.1M KCI water solution (Fluka).
The viscosity of the electrolytes was evaluated at various temperatures in a dry room environment
using an Anton-Paar Physica MCR102 rheometer, applying constant shear rates, and using a Peltier
system for cooling/heating. The viscosity plots ate performed upon heating, after six hours of aging
at -40 °C, using an increment of 10°C/hout. The cycling stability of the lithium metal in the IL-
based electrolytes was evaluated by continuous stripping/deposition tests on symmetrical Li/Li cells
in coin cell cases, reversing the current (0.1 mA cm?) every 1 hour. The electrochemical anodic
stability of the electrolytes was evaluated by linear sweep voltammetry (scan rate of 0.1 mV s™) using
a composite carbon (Super C65, Imerys) coated on aluminum foil as the working electrode. The
current versus time plots for the anodic stability were obtained by applying increasing voltage steps
of 0.1 V (each lasting one hour). The cathodic stability was determined by cyclic voltammetry in the
0.01-2 V potential range at 0.1 mV s scan rate employing a composite carbon electrode (Super C65,
Imerys) coated on a copper foil as the working electrode. These experiments were performed on
Swagelok-type cells with lithium metal as reference electrode. All the electrochemical tests were
carried at 40°C temperature in thermostatic climatic chambers with a possible deviation of + 1°C.
Composite electrodes were prepared by doctor-blade technique, coating a slurry composed of C-
NERGY Super C65 (Imerys), Polyvinylidene fluoride (PVDF, 6020 Solef, Solvay) and the active
materials (LFP, NMC, or Sn-C) in a 1:1:8 weight ratio, dispersed in N-methyl-2-pyrrolidinone
(NMP, Aldrich 99.9 %) and casted either on aluminum (LFP, NMC) or copper (Sn-C) foils. After
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drying, the coated foils were punched in disk-shaped electrodes having a diameter of 14 mm (LFP)
or 16 mm (Sn-C), the residual solvent and water traces were removed under vacuum at 110 °C
overnight. The electrode mass loading was about 2-3 mg cm™ for Sn-C, 3-4 mg cm™ for NMC and
about 4-5 mg cm™ for LFP. Specific capacity and currents were evaluated taking into account a
maximum error of 5% mostly due to the uncertainty in the electrode loadings (0.1 mg). NMC was
acquired from BASF. The Sn—C nanocomposite (Sn/C weight ratio of approximately 40:60) was
prepared as previously described [59] while the LFP was reported in a previous work [271]. The
theoretical specific capacity of the nanocomposite material was calculated to be approximately 440
mAh g' at room temperature, assuming contributions of tin and carbon of 380 and 60 mAh g,

respectively.

The electrochemical characterization for lithium half cells was performed using stainless steel 2032
coin cells, with lithium metal as the counter electrode, a sheet of Whatman glass fiber GF/A soaked
by the electrolyte as separator and either NMC, LFP or pre-lithiated Li.Sn-C as the working
electrode. Prior to half and full cell assembling, the Sn—C anode was pre-lithiated by placing the
electrode in contact with a Li foil wetted by a LP30 solution to compensate for the irreversible
capacity shown by this material upon the 1% lithiation [263,264] and allow the formation of a stable
SEI layer at the anode surface, as reported in literature [264,272]. The same pre-lithiation procedure
was attempted by directly pressing the anode in the presence of the IL-based electrolyte instead of
the conventional one. However, this resulted in a mechanical degradation of the anode, avoiding the
proper pre-activation, and, SEI film formation. The cycling tests of Li/IL-based electrolyte/LFP
cells were carried out applying increasing specific cutrents (from 25 to 250 mA g') in the voltage
range 2.2-4 V, while those of Li/Pyri,FSI-LITFSI/Sn-C cells were performed applying increasing
specific currents from 25 mA g' to 200 mA g in the voltage range 0.01-2 V. The Sn-C/PyrsFSI-
LiTFSI/LFP cell was tested in the voltage range 2-3.8 V at specific cutrents increasing from 25 to
250 mA g, while a fingerprint test was performed employing a specific current of 500 mA g,
lowered to 25 mA g’ for three cycles every 45 cycles. The galvanostatic cycling tests of the
Li/Pyri, TESI-LITFSI/NMC cells were performed using a current of 25 mA g at 25°C and 40°C.
The Li/Pytis TFSI-LITFSI/Sn-C cells were tested at 25°C, 40°C and 60°C also using a current of 25
mA g and additionally characterized at 40°C using various current rates, i.e. 25, 50, 100 mA g
The galvanostatic test of the Sn-C/ PyrisTESI-LITFSI/NMC cell was performed using a current of

25 mA g within the 2.5-4 V cut-off voltage and 40°C. Before the measurements, all the cells were
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kept at the desired temperature for at least 24 hours to reach thermal equilibrium. All galvanostatic
cycling tests were catried out in thermostatic climatic chamber (with a possible deviation of = 1°C)
using a Maccor 4000 Battery Test System. The specific current and the specific capacity are referred
to the cathode (LFP, NMC) weight. The impedance measurements were performed within the
frequency range from 200 kHz to 10 mHz applying a 10 mV sinusoidal amplitude using a VMP3
Potentiostat/ Galvanostat/EIS ~ (Bio-Logic). The ex-situ morphological characterization was
performed using field emission scanning electron microscopy (SEM, Zeiss LEO1550VP Gemini).
Before the SEM analyses, the studied electrodes were rinsed using dimethyl carbonate (DMC) to

remove residual electrolyte components.
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2.1 Sn-C/Pyr14FSI-LiTFSI/LFP

The electrolytes’ conductivities and viscosities are reported in Figure 2.1.1. The Arrhenius plot
shown in Figure 2.1.1a evidence as Pyri,FSI-LiTFSI (black dots) is characterized by the highest ionic
conductivity, with values ranging from 15 mS cm™ at 60 °C to 0.3 mS cm™ at -30 °C. A progressively
decreasing conductivity values are shown by Pyrio/ TESI-LITFSI (blue dots, 10 mS cm™ at 60 °C
and 0.05 mS cm™ at -30 °C), Pyris TFSI-LiTFSI (green dots, 7 mS cm™ at 60 °C and 0.03 mS cm™' at -
30 °C) and DEMETFSI-L{TFSI (red dots, 7 mS cm™ at 60 °C and 0.02 mS cm™ at -30°C). Thus, all
the investigated samples reveal suitable conductivity for battery application only above room
temperature. Figure 2.1.1b reports the viscosity versus temperature plots and shows that PyrFSI-
LiTFSI electrolyte (black dots, 13 mP s at 80°C, 1573 mP s at -30°C) is characterized by the lowest
viscosity, followed by Pyri,0/TFSI-LiTESI (blue dots, 14 mP s at 80°C, 5730 mP s at -30°C).
Instead, PyrisTESI-LITFSI (green dots, 16 mP s at 80°C, 12250 mP s at -30°C) and DEMETFSI-
LiTFSI (red dots, 14 mP s at 80°C, 15565 mP s at -30°C) reveal the highest viscosity values.
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60 39 21 5 -10 23 -35
101 4 ) ‘ ) ) ! ‘ 10°
.-,«E —e— Pyr ,FSI 0.2 m LiTFSI
S 102 g 104 —e— Pyr,,., TFSI 0.2 m LiTFSI
" o —e— Pyr,,TFSI 0.2 m LiTFSI
> 10° S —e— DEMETFSI 0.2 m LiTFSI
= E ~
= > 10°4
5] =
3 1o+ © PYLFSI02mLTFSI 2
S ® Pyr,.,TFSI 0.2 m LiTFSI ® 5 10°
O ® Pyr,TFSI 0.2 m LiTFSI s
10°4 e DEMETFSI 0.2 m LiTFSI
T T T T T T T :I_O:l T T T T T T
3 32 34 36 38 4 4.2 40 20 O 20 40 60 80
-1 -1
1000 T7/K Temperature / °C

@) (b)

Figure 2.1.1 (a) Conductivity and (b) viscosity Arrhenius plot of Pyri4TFSI-LITFSI (green dot), Pyri4FSI-LiTFSI (black
dot), Pyr1201 TFSI-LiTFST (blue dot), DEMETTSI-LITFESI (red dot).
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The viscosity and the conductivity trends reported in Figure 2.1.1 deviate from the linear behavior
expected for the Arrhenius-type curve but can be properly described by the Vogel-Tammann-
Fulcher (VTF) model, in particular at low temperatures [102]. The model is mathematically
expressed by the VIT equation (2.1) for conductivity, and (2.2) for viscosity, with the introduction

of the Ty (K) correction parameter.

E
ag(T) =g, exp {— kB':;Ern:') (2.1)

N(T) = .. exp(— =22) 22)

This value, often referred as zero configurational entropy and correlated to the glass transition
temperature Tg (K) of each ionic liquid, is about 30 K lower than the Tg [102]. The other
parameters in the equations (2.1) and (2.2) are the ionic conductivity at infinite temperature cw (S cm’
", the maximum dynamic viscosity . (mP s), the activation energy for ion conduction E., (eV), the
dynamic viscosity activation energy E.y (€V) and the Boltzmann constant kg (8.62 10° eV K'). Table
1 and 2 report the results obtained by Non-Linear-Least-Square (NLLSQ) fit of conductivity and
viscosity VTF curves, respectively, for Pyri TESI-LiTESI, Pyri FSI-LiTESI, Pyrio/TFSI-LITFSI,
DEMETFSI-LITFSI electrolytes (See Appendix 2, Figure A2.1, for corresponding linearized VIF
plots, a, ¢, e and g for conductivity, b, d, f and h for viscosity) [273,274],

O [S cnr’] E, [elV] Ty [K]

PyriFST 0.2m 1iTFST 0.6 +0.1 59x102+ 0.1 x102 159+ 3
Pyri TEST 0.2m LiTFS1 0.7 £0.1 6.4x102+0.1x102 172+ 3
Pyri20,TEST 0.2m LiTFSIT 0.7 £0.1 6.1x102+0.1x102 170 + 3
DEMETFSI 0.2m 1iTEST 0.5+ 0.1 55x102+ 0.1 x102 186+ 3

Table 2.1.1 Value of the ionic conductivity at infinite temperature, of activation energy and T obtained by the VTT fit

of the conductivity plots.
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Ne (P 5] E. [eV] Ty (K]

PyrFST 0.2m 1iTFST 0.31 £ 0.05 6.84 x 102 + 0.1 x 102 154+ 3
Pyry TEST 0.2m LiTFST 0.14 £ 0.03 7.33x 102+ 0.1 x 102 168 + 3
Pyri20i TEST 0.2m LiTFSI 0.18 £ 0.04 6.84x 102+ 0.1 x 102 1673
DEMETFST 0.2m LiTFST 0.14 £ 0.03 7.15x102 % 0.1 x 102 172+3

Table 2.1.2 Value of the maximum dynamic viscosity, activation energy and Ty obtained by the VTF fit of the viscosity

plots.

The trends of Fig. 2.1.1b well agree with the Walden rule, thus suggesting an ionic conductivity
controlled by viscosity within the investigated temperature range and operating conditions [273].
Previous papers have shown possible liquid-solid phase transition for Pyri TFSI-LiTFSI and
Py FSI-LITFSI by quenching the samples with liquid nitrogen [268,275] that is, however, not
revealed in this experimental setup. To avoid possible drawbacks due to electrode and separator
wetting and considering the conductivity and viscosity trends above, 40°C was selected as the
preferred temperature for testing the IL-based electrolytes in half and full-cell configurations, [274].
The cyclic voltammetry (CV) scans of the cathodic region recorded with the investigated electrolytes
in contact with composite carbon working electrodes are reported in Figure 2.1.2a. The initial cycle
evidence, for all electrolytes, the irreversible peak associated with the SEI formation at the carbon-
based working electrode (Super C65). However, such a peak is seen to occur at rather different
potentials depending on the electrolyte composition, i.e., at about 1.3V vs Li/Li" for the Pyr;4FSI-
LiTFSI (black) [131] and 0.6V vs Li/Li" for Pyri TFSI-LiTFSI (green), Pyti201 TFSI-LITFSI (blue)
and DEMETFSI-LITEFSI (red) [276-278]. The higher SEI formation potential observed for the
former electrolyte may be ascribed to the FSI anion decomposition known to have enhanced film-
forming ability than TFSI [279]. The second cycle, reported in the lower panel, reveals the exclusive
presence of reversible peaks in the 0.0-0.2 V vs. Li/Li" region associated to the lithium uptake in the
carbon working electrode [280], thus suggesting the formation of a stable SEI with all investigated

electrolytes which prevents any further decomposition process during the following cycles.
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The anodic stability of the electrolytes is evaluated by measuring the current evolution during a
stepwise potential sweep, increasing by 0.1 V each one hour, (Fig. 2.1.2b). All the investigated
electrolytes reveal no current flow below 4.5 V vs. Li/Li". At higher potential values, i.e., 4.6 V vs.
Li/Li", DEMETFSI-LITFSI electrolyte (red line) shows negligible current flow, associated to side
reactions, that slightly increases at 4.7-4.8 V vs. Li/Li", to finally reaching about 10 pA cm™® at 4.9 V
vs Li/Li", most likely due to the electrolyte decomposition. Instead, Pyti20/ TFSI-LITFSI (blue line)
and Pyr,FSI-LITFSI (black line) show negligible current flow untl 4.9 V vs Li/Li", while at 5V vs
Li/Li" the cutrent flow of about 10 pA cm™ can be noticed. Overall, Pyri; TESI-LiTFSI (green line)
shows the best electrochemical stability, with only minor current flowing below 5.1 V vs. Li/Li".
The inset of Fig. 2.1.2b, reporting the linear scan voltammetry (LSV) tests of the investigated
electrolytes performed at the scan rate of 0.1 mV s, well confirms the data obtained by the stepwise
potential measurement. Indeed, the anodic stability of the investigated electrolytes may be
summarized as following: Pyri / TFSI-LITESI (5.1 V vs Li/Li"); Pyr4FSI-LITFSI (4.8-4.9 V vs
Li/Li"); Pyti20/TFSI-LiITFSI DEMETFSI-LITFSI (4.8-4.9 V vs Li/Li"); DEMETFSI-LITFSI (4.7 V
vs Li/Li"). Figure 2.1.2¢ repotts the polatization versus time signatures of the stripping/deposition
tests in symmetrical Li/electrolyte/Li, used to determine the compatibility of the electrolytes against
lithium metal under current flow. The cells employing DEMETFSI-LITFSI (red), Pyri201TFSI-
LiTFSI (blue) and Pyri4FSI-LITESI (black) electrolytes show a lithium stripping/deposition
polarization stably limited to about 55, 45, 15 mV, respectively, thus suggesting an optimized SEI
formation at the lithium surface. The various resistance values may be attributed to different
morphologies and compositions of the SEI formed at the lithium surface by changing the IL-
electrolyte media. Instead, the cell using Pyr/TFSI-LiTEFSI electrolyte shows a polarization
increasing up to 95 mV after 40 days (480 cycles, 960 h) most likely ascribed to the growth of the
SEI layer. Previous works indicated the replacement of the lithium metal anode by a Li-alloying
anode as a suitable pathway for solving this issue [132]. Remarkably, despite the mid-high
temperatute range (40°C) used for stripping/deposition measurements, the cell stability extends over
480 cycles, i.e., 40 days of continuous cell operation, thus suggesting enhanced characteristics of the

lithium/I1-electrolyte interface.
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Figure 2.1.2 (a) Cyclic voltammograms of Li/ IL /Super-C65 cells recorded at a scan rate of 0.1mV s! (first and second
cycle). (b) Curtent vs time profile of the Li/ IL /Super-C65 cells subject to a stepwise potential sweep (the inset shows
the cutrent vs potential plot upon linear sweep voltammetry on Li/ IL /Supet-C65 cells at a scan rate of 0.1mV s, ()

Voltage vs time plot recorded upon stripping/deposition measurement performed on asymmetrical Li/ IL /Li cells
using a current of 0.1 mA cm? and a deposition-stripping time of 1 hours. Pyriy TFSI-LITFSI (green), Pyri4FSI-LITFSI
(black), Pyt120/TFSI-LiTFSI (blue), DEMETFSI-LITFSI (red) electrolytes. All measurements at 40°C.

The suitability of the IL-based electrolytes was further evaluated by galvanostatic cycling in Li//LFP

cells. Figure 2.1.3a shows the voltage signature during a steady state cycle of the cells employing the
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four investigated electrolytes at a specific current of 25 mA g (corresponding to ca. C/7 rate) in the
2.2-4 V voltage range, performed at 40°C. The voltage signatures reflect the typical flat voltage
profile associated to the reversible insertion of lithium ions in LFP olivine structure
[166,184,281,282] with very low (dis-)charge polarization and only minor differences between the
electrolytes (magnified in the inset of Figure 2.1.3a). The highest reversible capacity (about 165 mAh
g, ie., 97 % of the theoretical value) is shown by the cells employing Pyri20/ TFSI-LiTFSI (blue line)
and PyrisFSI-LiTFSI (black line), while a capacity of 161 mAh g is shown by employing PyrisTFSI-
LiTFSI (green line) and DEMETESI-LITESI (red line). The detailed evaluation of the average cell
polarization reported in Figure A2.2a (Appendix 2) shows a value of about 70 mV for the cell using
Pyri,FSI-LITFSI, 100 mV for Pyriooi TESI-LITFSI, 110 mV for Pyr, TFSI-LITFSI and 120 mV for
DEMETFSI-LIiTFSI electrolyte. Increasing current leads to more marked differences in (dis-)charge
polarization, as evidenced in Figure 2.1.3b reporting the voltage signature of the 70" galvanostatic
cycle performed at 250 mA g’ (ca. 1.5 C). The best performance is achieved by employing the
Py FSI-LITEFSI electrolyte (Fig. 2.1.3b, black line) which retains 95% of the capacity upon the
tenfold increase of current, i.e. from 25 mA g (Fig. 2.1.32) to 250 mA g (Fig. 2.1.3b), with an
average polarization of 230 mV (Fig. A2.2b, Appendix 2). Instead, the cell employing the
Pyr120/ TFSI-LITFSI electrolyte (Fig. 2.1.3b, blue circles) can deliver at the higher current a capacity
of 100 mAh g' with an average polarization of 430 mV (Fig. A2.2b, Appendix 2), while the cells
employing the DEMETFSI-LITFSI (Fig. 2.1.3b, red line) and Pyr ,TFSI-LITFSI (Fig. 2.1.3b, green
line) electrolytes deliver a capacity of about 65 mAh g and 70 mAh g with an average polarization
of 450 mV and 480 mV, respectively (Fig. A2.2b, Appendix 2). The polarization of the cells
employing the various IL-based electrolytes appears in line with the conductivity and viscosity
trends, as well as the lithium/electrolyte interface stability. In spite, the cell using Py TFSI-LiTFSI
shows an increased polarization when the current is lowered back to 25 mA g at the 90™ cycle (Fig.
A2.2¢c, Appendix 2) compared to the initial cycles (compare with Fig. A2.2a, Appendix 2). This is
certainly due to the progressive growth of a more resistive SEI at the lithium metal anode. This
trend matches that already observed by stripping-deposition measurements in symmetrical lithium
cell reported in figure 2.1.2¢c. Figure 2.1.3¢c, overlapping the cycling trends at increasing currents of
the lithium cells above discussed (see corresponding voltage profiles in Fig. 2.1.3a and 2.1.3b), shows
only minor capacity fading with retention of about 95% after 100 cycles for the cell employing
Pyt TESI-LITFSI. Remarkably, the cells wusing PyriooiTESI-LITFSI, Py FSI-LiTFSI  and
DEMETFSI-LIiTFSI electrolytes evidence negligible capacity fading and retention higher than 99%.

56 | Pag.



Figure 2.1.3c remarks the good rate capability for all the investigated electrolytes and the excellent
response of Pyri,FSI-LiTFSI due to its higher ionic conductivity and lower viscosity. Furthermore,
the cell employing this electrolyte shows a very high coulombic efficiency (about 99.9 %) concerning
those using Pyri,0/TFSI-LITFSI and DEMETFSI-LITFESI (about 98%). Instead, PyrisTFSI-LiTESI
electrolyte shows a high coulombic efficiency (99.9%) only during the initial cycling stage at the
lower current (25 mA g') and remarkably lower efficiency (92%) at the higher current (250 mA g™).
The efficiency is calculated basing on the electricity accumulated and delivered by the battery during
the faradic processes involving electron transfer reactions at the interface between electrode and
electrolyte in the course of lithium (de)insertion at the cathode and (de)alloying at the anode, while
capacitive effects are considered negligible due to the very limited electrode surface [283]. Hence, the
lower efficiency of the latter cell by increasing the C-rate may be attributed to kinetic effects of the
current, promoted by the high viscosity of the electrolyte (Fig. 2.1.1b), and favoring the irreversible
parasitic reactions concerning the reversible charge transfer process. Furthermore, the increased cell
polarization upon charge at high C-rates, which results in higher and lower voltages experienced by
the electrolyte at, respectively, the positive and negative electrodes, may indeed favor the occurrence

of irreversible parasitic reactions, resulting in decreased efficiency.
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Figure 2.1.3 Steady-state voltage signatures of Li/IL/LFP cells galvanostatically cycled at (a) 25 mA g and (b) 250 mA
gl (¢) Cycling trend and coulombic efficiency of the Li/IL/LFP cells at increasing currents, i.e., 25, 50, 75, 100, 150,
200 and 250 mA g'! (cut-off voltages 2.2 and 4 V). Pyri4 TESI-LiTFSI (green), Pyri4FSI-LITFSI (black), Pyri201TFSI-

LiTFSI (blue), DEMETFSI-LITFSI (red). All measurements at 40°C.

Based on the above-reported results, Pyr4FSI-LiTFSI was selected as the electrolyte of choice for
the realization of the lithium-ion cell prototype employing a Sn-C nanocomposite anode [59,263].
Before full cell assembly, the Sn-C electrode was pre-lithiated to eliminate its first cycle irreversible
capacity, thus allowing proper cell balancing and operation [264,284]. The voltage profile of the
Li/Pyr1,FSI-LITFSI/Sn-C half-cell (Fig. A2.3a in Appendix 2) shows the typical signature ascribed
to the reversible alloying of lithium with the tin [51,263,285]. The Li/PyrFSI-LITFSI/Sn-C cell
delivers a capacity of 400 mAh g over 400 cycles, with a coulombic efficiency as high as 99.9% (Fig.
A2.3b in Appendix 2) and a very good rate capability (Fig. A2.3c, A2.3d in Appendix 2). This
performance confirms Sn-C as a suitable anode for application in efficient and effective lithium-ion
cells as well as the remarkable SEI forming ability of the electrolyte employing the FSI" anion. The
nature and composition of the SEI formed at the alloy anode surface in IL-based electrolytes has
been clarified by a recent work [133]. The study reveals that FSI" anion can decompose during the
reduction process at the alloy anode (S-F bond breaking). This process leads to the formation of SO
and LiO at the anode/electrolyte interface and consolidation the SEI layer by adherent compounds

such as LiF, LiO, LiOH, and Li;SO.. Figure 2.1.4a shows the steady state voltage signature of the

58 | Pag.



Sn-C/PyrFSI-LITFSI/LiFePO; cell at a current of 25, 75, 150 and 250 mA g (all specific values of
the lithium-ion cell refer to the active cathode material mass). The voltage shape reflects the
combination of the flat profile of the LFP cathode and the sloping profile of the Sn-C anode,

following the overall electrochemical process:

Li,Sn-C + LiFePO, = Li,, Sn-C + Li, FePO,

-y

The cell delivers a specific capacity as high as 160 mAh g at the lower current (25 mA g") and a still
satisfactory value of 105 mAh g' at the higher one (250 mA g"), with rather remarkable rate
capability, cycling trend and coulombic efficiency (Fig. 2.1.4b). The cycling test of the Li-ion cell at
the current density of 100 mA g' (Fig. 2.1.4c) reveals reversible capacity of 150 mA g' with
negligible capacity fading, coulombic efficiency higher than 99.9 %, resulting in the cycle life
extending over 1000 cycles, and average working voltage change by cycles limited to about 100 mV
(Fig. 2.1.4d). A further long-term test, aimed to determine the cell cycle-life, was performed using a
test procedure in which low (25 mA g¢') and high current (500 mA g") cycles were continuously
repeated (Fig. 2.1.4¢). Although subjected to these stressful conditions, the cell could reversibly
deliver specific capacity well over 80 mAh g at the highest current, fully recovering to its pristine
value of 160 mAh g at the lower current. Overall, the cell showed capacity retention of about 98%
over more than 2000 cycles and coulombic efficiency close to 100%. Figure 2.1.4f shows the
comparison of the voltage profiles during the 2™ and 2018" low cutrent cycles and the 20" and
2030™ high current cycles. The figure remarkably reveals a working voltage change limited to about
100 mV between the initial and the final cycles. Based on the cycling response at various current
rates, we determined the theoretical energy and power densities of the cell as referred to the cathode
weight. Furthermore, the system reveals good electrochemical performance even at the lowest
temperature, i.e., 20°C, as evidenced by the cycling test reported in figure A2.4 in Appendix 2. The
results reveal at 25 mA g a capacity of 150 mAh g, which is slightly lower than that delivered at 40
°C, but with comparably stable trend, high efficiency and low polatization. However, lower capacity
and higher polarization are observed by raising the current, as indeed expected for the lower ionic

conductivity (i.e., higher viscosity) of the electrolyte at 20°C (see Figure 2.1.1).

The plot of Figure A2.5 (Appendix 2) reports the energy density (left y-axis) and the power density
(tight y-axis) of the Sn-C/Pyr,FSI-LITFSI/LFP lithium-ion cell reported as a function of the

operating current. The cell reaches maximum values of specific gravimetric energy and power
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densities of 460 Wh kg' and 1400 W kg, respectively, that may likely reflect into practical values
well suited for efficient and high-performance energy storage applications. The relevant performance
of the Pyri,FSI-LiTFSI with respect to the other investigated 1L solutions is further evidenced by
the comparison of the Sn-C/ LFP cell performances using the vatious electrolytes, reported in figure

A2.6 in Appendix 2. The figure reveals higher delivered capacity and coulombic efficiency for the
cell employing the Pyr4FSI-LiTFSI electrolyte.
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Figure 2.1.4 (a) Steady state voltage signatures and (b) cycling behavior with coulombic efficiency of the Sn-C/Pyr14FSI-
LiTFSI/LFP cell galvanostatically measured at incteasing cutrents, i.e., 25, 50, 75, 100, 150, 200 and 250 mA g. (c)
Coulombic efficiency and (d) steady state voltage signatures of the Sn-C/Pyr14FSI-LiITFSI/LFP cell upon long-term

galvanostatic cycling test at 100 mA g. (e) Coulombic efficiency and (f) steady state voltage signatures of the Sn-
C/Pyr14FSI-LITFSI/LFP cell galvanostatically cycled at different currents, i.e., 25 and 500 mA g'. All measurements at
40°C and cut off voltage 2-3.8 V.

The exceptional performance of the Sn-C/Pyri FSI-LiITFSI/LiFePO, cell may be clarified by the
evolution of the cell impedance upon cycling (Figure 2.1.5a), obtained by analyzing the EIS response
reported in Figure A2.7a (Appendix 2) together with the equivalent circuit (figure A2.7b) used for
the Nonlinear Least Square (NLLSQ) fit procedure [286,287]. The cell shows a very low overall cell
internal resistance at the open circuit voltage (OCV, 16 Q), slightly increasing during the initial 10
cycles due to SEI film formation and consolidation at the electrode surfaces [288,289], and finally
stabilizing to about 25 € over 200 cycles, with only small changes considered within the
experimental error of the measurement. Accordingly, the SEI film formation at the electrode surface
is completed upon 10 charge/discharge cycles. Further proof of the cell interface stability is given by
ex-situ SEM micrographs of Sn-C (Fig. 2.1.5b) and of LFP (Fig. 2.1.5¢) electrodes, performed after
cell assembly (OCV), upon 10 cycles and 200 cycles. The figure cleatly reveals negligible
morphological changes for the two materials upon cycling, thus further accounting for the extended

stability of the electrodes/electrolyte interface.
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Figure 2.1.5 (2) Evolution of the interface resistance of the Sn-C/Pytr14FSI-LITFSI/LFP cell upon cycling, including the

error bar. (b-c) Ex-situ SEM images of the electrode materials (Sn-C and LFP) subjected to galvanostatic cycling.
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2.2 Sn-C/Pyr14TFSI-LITFSI/NMC

Figure 2.2.1a shows steady-state charge and discharge behavior of the Li/NMC cell at 25°C and
40°C. At the lower temperature, the material reversibly delivers a rather low capacity, i.e., of about
75 mAh g' with relevant (dis-)charge polarization. This trend is certainly ascribed to the low RT
conductivity of the IL-electrolyte (107 S cm™ vs. 10° S em™ of a conventional liquid electrolyte), but
also to its high RT viscosity (see Figure 2.1.1). Indeed, the high viscosity of the IL. may induce poor
electrode interface wetting [35] and, consequently, high polarization leading to the above reported
poor cell behavior. Increasing the temperature to 40°C leads to a remarkable improvement of the
cell characteristics both in terms of steady state voltage profile (Figure 2.2.1a), now reflecting the
expected slope associated to the efficient (de-)intercalation of the lithium into layered
LiNii/3Co1/sMni/30; structure, and in terms of delivered capacity (150 mAh g"). Furthermore, the
cell operating at 40°C shows a coulombic efficiency approaching 99% and retains 97% of its initial
capacity by 40 charge/discharge cycles (Figure 2.2.1b), thus suggesting good stability of the

electrode-electrolyte interface and the electrolyte media [121,126,128].
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Figure 2.2.1 Comparison of the steady-state voltage signatute of the Li/Pyr1sTFSI-LITFSI/NMC cell at 25°C and 40°C,
employing a 25 mA g curtrent. (b) Cycling behavior and steady-state voltage signature (inset) of the Li/Pyr14TFSI-
LiTFSI/NMC cell employing a 25 mA g current at 40°C.
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The ionic liquid-based electrolyte was also investigated in combination with the Sn-C nano-
composite anode in half-cell configuration [59]. The Sn-C material is characterized by a carbon
micrometric structure trapping the active tin nanoparticles, i.e., a morphology ensuring unique
chemical and electrochemical stability and limiting the pulverization of the Sn particles during cell
operation [59]. Figure 2.2.2 shows a summary of the electrochemical properties of the Sn-C
electrode in lithium half-cell at various temperatures and current rates. The voltage profiles (Fig.
2.2.2a) of the cell at 25, 40, and 60 °C evidence an increasing reversible capacity from about 300
mAh g at 25 °C to about 450 mAh g at 40°C, i.e., a value approaching the theoretical value of the
Sn-C material. Further increase of the temperature up to 60°C increases the reversible capacity to
600 mAh g that well exceeds the theoretical one. This anomaly may be ascribed to an additional
contribution of the carbon matrix [280] evidenced by the differential capacity curves (Fig. 2.2.2b),
revealing an increase of the intensity of the peaks at about 0.8V in oxidation and 0.2V in the
reduction, ascribed to lithium-uptake process in amorphous carbon [46]. The cell shows remarkable
cycling behavior upon increasing temperature, with capacity retention higher than 80% when the
temperature is decreased to the initial value (25°C, Fig. 2.2.2c). Figure 2.2.2d, reports the cycling
trend at various specific currents (25, 50, and 100 mA g") performed at 40°C. The results evidence
satisfactory rate capability of the cell, with capacity values ranging from 450 to 250 mAh g' by

repeated increasing of the current from 25 to 100 mA g’l.
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Figure 2.2.2 Steady state voltage signatures (a), differential capacity profiles (b) and cycling behavior (c) of the
Li/Pyt14TFSI-LITFSI/LiSn-C cell galvanostatically measured at 25 mA g current at increasing temperatures, i.c., 25°C,
40°C and 60 °C. (d) Cycling trend of the Li/Pyriy TFSI-LITFSI/Li Sn-C cell at 40°C and increasing cutrents, i.c., 25, 50

and 100 mA g.

The promising results gathered from the half-cell tests suggest the suitability of the NMC and Sn-C
materials in a cathode-limited full lithium-ion cell employing PyriTFSI-LITFSI as the electrolyte.
Figure 2.2.3 reports the performance of such a full-cell at 40°C, using a current of 25 mA g, in
terms of both the cycling behavior (a) and the voltage profile (b). Fig. 2.2.3a reveals the excellent
long-term cycling response of the cell offering the stable capacity (about 140 mAh g cuodc) With a

coulombic efficiency approaching 100% after the first cycle (first cycle energy efficiency 80%). In
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fact, the cell capacity did not show any significant decay (capacity retention close to 100%) upon
more than 400 cycles, corresponding to a continuous cycling operation of about 140 days. Such an
outstanding cycle performance, combined with the use of the non-flammable (IL.-based) electrolyte,
match with the stringent long-life, high energy density (expected to practically approach 200 Wh kg

", and safety requirements of the electric vehicles market.

Fig. 2.2.3b reveals the typical voltage signature reflecting the combination of the lithium intercalation
process at the NMC layered cathode and lithium-alloying reaction within Sn-C anode. The figure
shows that the profiles well reproduce the electrochemical process centered at about 3.4V even after
400 cycles. The slight decrease of the working voltage is most likely due to the SEI film

consolidation at the electrodes’ surfaces.
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Figure 2.2.3 (a) Prolonged cycling behavior and (b) voltage signature of the Sn-C/Pyriy TFSI-LITFSI/NMC cell

galvanostatically characterized at 25 mA ¢! current at 40°C.

To verify this hypothesis, the interface of the Sn-C/Pyri TFSI-LITFSI/NMC cell was investigated
via in-situ electrochemical impedance spectroscopy and ex-situ scanning electron microscopy upon
prolonged cycling. Figure 2.2.4 (top panel) reports the evolution of the cell impedance during
cycling, the corresponding SEM image of the electrodes (middle panel) as well as the Nyquist
impedance plots and equivalent circuit used for the analysis (bottom panel) [268]. The figure
evidences a very slight increase of the resistance value, thus indicating the stable electrode-electrolyte

interfaces and leading to the relevant cycle life (Fig. 2.2.3a) and the limited voltage-profile change
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(Fig. 2.2.3b). The Nonlinear Least Square analysis of the impedance spectra [286,287] has been
performed employing a Rc(ReQ¢) (RQf)Q, equivalent circuit (See Appendix 2, Fig. A2.7b), where Re
represents the resistance of the electrolyte Rr represent the resistance of the film and R. represent
the resistance of the charge transfer process. The overall interface resistance remains stable at about
15 Q that is considered a remarkably low value allowing a modest ohmic drop of the cell upon
cycling. Furthermore, the SEM images (Fig. 2.2.4, middle panel) of the Sn-C anode and NMC
cathode at the pristine state and after the 10", 50, 100, and 200" cycle. The SEM images of the
Sn-C anode show that the typical micrometric carbon matrix (inset) is retained during cycling
without significant modification or relevant formation of decomposition products [59]. Meanwhile,
the SEM images of the NMC cathode show the micrometric particle with a size of about 10 pm,
with primary particles of about 500 nm (inset) both at the pristine state and after 200 cycles. In
summary, both the SEM images and the EIS measurement account for the structural stability of the
electrode materials during cycling and suggest the limited formation of side products at the electrode
surface by electrolyte decomposition, thus revealing the enhanced characteristics of the

electrode/IL-electrolyte studied herein.
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Figure 2.2.4 Evolution of the interface resistance of the Sn-C/PyrisTFSI-LITFSI/NMC cell upon cycling (top panel),
corresponding ex-situ SEM images of the electrode materials (Sn-C and NMC, middle panel) and Nyquist plot of the cell
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2.3 Summary

In chapter 2, the investigation of a class of enhanced ionic liquid-based electrolytes for application in
long life and safe lithium-ion batteries is reported. All the investigated electrolytes have shown
suitable ionic conductivity and excellent electrochemical stability. Vogel-Tammann-Fulcher (VTT)
model well represented the behavior of conductivity and viscosity of the electrolytes, thus leading to
parameters calculated by linear plots in good agreement to the Walden law within the explored
temperature range. Pyr14FSI-LiTFSI revealed the highest ionic conductivity, lowest viscosity, most
suitable lithium/electrolyte interface and remarkably low polatrization under current flow, while
Py TFSI-LiTFSI showed the widest electrochemical stability window. The favorable characteristics
of PyryFSI-LITFSI are reflected into the outstanding performance of the Sn-C/PyriFSI-
LiTFSI/LFP lithium-ion cell, delivering a maximum capacity of 160 mAh g at an average working
voltage of 3V with a coulombic efficiency higher than 99.9% over more than 2000 charge/discharge
cycles. Such performance is achieved because of the exceptionally stable cell impedance upon
cycling, as demonstrated by in-situ EIS measurements and ex-situ SEM characterization. The Sn-
C/Pyri TFSI-LiTFSI/LiNii 5Co1/3Mn1/302 (NMC) cell reported in chapter 2.2 shows outstanding
characteristics in terms of relevant cycle life, efficiency, optimal electrodes/electrolyte interface
features and energy density. The employment of LiNii;3Co1/3Mni/30; layered cathode, owning
remarkable structural integrity as demonstrated by SEM study, grants a rather high cell energy
density and long-term stability. Indeed, the cell, characterized by the reversible capacity referred to
the cathode mass of about 140 mAh g' and average working voltage of about 3.4 V, has a
theoretical energy density of about 476 Wh kg' as referred to the cathode that reflects into a
practical energy density exceeding 200 Wh kg’ considering electrochemically inactive cell
components, such as cell casing, electrolyte, and current collectors. These values, in addition to the
stability exceeding 400 cycles, efficiency and capacity retention approaching 100%, extremely limited
volatility, thus expected non-flaimmability of the IL-based electrolyte, appear very attracting
characteristics for electric vehicles application and, more in general, advanced electrochemical energy
storage systems. Together, the two studies demonstrate that lithium-ion batteries using safer,

alternative electrolyte formulations, are a viable option for several different cell configurations using
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commercially available positive electrodes and, most importantly, it emphasizes the flexibility given

by engineering ionic liquid structures to meet different needs.
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Appendix 2
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Figure A2.1 Vogel-Tammann-Fulcher (VIF) plot of conductivity and viscosity reported vs. 1000/ (T-Ty). Pyr14TFSI-
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Figure A2.2 Average polarization during (a) the 5* cycle measured at 25 mA g1 (0.12 mA cm?) current, (b) the 70®
cycle measured at 250 mA g (1.2 mA cm?) current and (c) the 90 cycle measured at 25 mA g1 (0.12 mA cm?) of the
Li/IL/LFP cells employing the Pyr14sFSI-LITFSI (black), the Pyr1201 TFSI-LITFSI (blue), the Pyt TFSI-LiTFSI (green)

and the DEMETFSI-LiTFSI (red) electrolytes 40°C temperature cut off voltage 2.2-4 V.
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Figure A2.3 Voltage signatures (a) and cycling behavior (b) of the Li/Pyr14sFSI-LITFSI/Sn-C cell galvanostatically
measured 100 mA g (0.25 mA cm?). Voltage signatures () and cycling behavior (d), of the Li/Pyr4FSI-LITFSI/Sn-C

cell galvanostatically measured at increasing currents, i.e., 25, 50, 75, 100, 150 and 200 mA g (0.065, 0.1875, 0.25, 0.375,

0.5 mA cm respectively). Temperature 40°C cut off voltage 0.01-2 V.
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Figure A2.4 (a) Selected voltage signatures and (c) cycling behavior with coulombic efficiency of the Sn-C/Pyr14FSI-
LiTFSI/LFP cell galvanostatically cycled at increasing currents, i.e., 25, 50, 75, 100, 150, 200 and 250 mA g (0.12, 0.24,

0.36, 0.48, 0.72, 0.96, 1.2 mA cm?, respectively) at 20 °C. Voltage cut-off 2-3.8 V.
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Figure A2.7 a) Electrochemical impedance spectroscopy (EIS) Nyquist plot duting cycling of the Sn-C/Pyr14FSI-
LiTFSI/LFP cell. Frequency range 1 MHz-10 mHz (10 mV signal amplitude), cycling test at 100 mA g of cutrent,
voltage limits 2-3.8 V, 40°C temperature. b) Re(ReQg)(RecQr) Qg equivalent circuit, where R. represents the resistance of
the electrolyte, Rf and Qr the resistance and the capacitance of the SEI film, Ric and Q. the resistance and capacitance of

the charge transfer process and Q, the cell capacitance, respectively.
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Chapter 3: Beyond lithium-ion systems

In this chapter, two different beyond lithium-ion systems will be studied, namely Li-O, and Li-
Sulfur, using alternative, safer electrolytes with respect to conventional ones. N,N-diethyl-N-(2-
methoxyethyl)-N-methylammonium bis(trifluoromethanesulfonyl)imide (DEMETFSI) is used for
application as electrolyte component in lithium-oxygen cells. In chapter 3.1, the previous study is
extended by fully characterizing the DEMETFSI-based electrolyte in terms of electrochemical and
chemical stabilities, as well as charge-discharge cycling in lithium-oxygen cells at various
temperatures. The reversibility of the electrochemical process is studied by ex-situ powder X-ray
diffraction (XRD) and supported by scanning electron microscopy (SEM). It is found that increasing
temperature results in changing the morphology of the LiO, deposited at the cathode and
increasing the cell energy efficiency. Additionally, the suitability of the DEMETFSI-based
electrolyte for application in lithium-ion-oxygen cells is demonstrated, using a carbon-coated
ZnooFep1O (TMO-C) lithium-alloy-conversion anode. In chapter 3.2 the electrochemical behavior of
Li/O; cells formed by employing new positive electrode configurations is studied in the same IL-
based electrolyte, that is DEMETFEFSI-LITFSI. The electrodes supporting the O; reaction have been
prepared both by either roll pressing or spray deposition on glass fiber, of high surface area, electron
conductive carbon black (Ketjenblack) using polytetrafluoroethylene (PTFE) as a binder, known to
enhance the ORR/OER reversibility [227,290]. The electrochemical study is supported by scanning
electron microscopy (SEM), to understand the effects of the cathode preparation technique and
morphology on the cell performance. The optimal electrode configuration is employed in a
promising Li-ion oxygen cell in which the lithium metal is replaced by lithiated Sn-C nanostructured
electrode. In chapter 3.3, an all-solid-state lithium-sulfur battery configuration is investigated. Three
different carbon, iron disulfide, sulfur (C-FeS:-S)-based composites are proposed as alternative
cathodes. The composites are characterized by an increasing sulfur content, namely C:FeS, 40:60
(wt.%, referred as sample CF), C:FeSxSulfur 40:50:10 (wt.%, referred as sample CFS(8:2) ),
C:FeSz:Sulfur 40:30:30 (wt.%, referred as sample CFS(5:5) ). The composites are synthesized by a
facile and relatively cheap, single-step ball milling procedure. It is shown that the crystalline structure
(evaluated by XRD) and the morphology of the materials (evaluated by SEM) are greatly influenced

by the ratio of the components, in particular by the FeS,:S ratio. For all-solid-state cell assembly, a
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Lil added, sulfide-based electrolyte is used, namely Lil-Li;PSs [164]. Differential capacity plots,
derived from galvanostatic cycling, are used to discuss the peculiar electrochemical features of these
materials. The cells, which benefit from the use of a lithium metal anode, can deliver a capacity as
high as 1200 mAh g'au at the intermediate loading of 1mgay cm?, and up to 4.10 mAh cm?, using
active material loadings as high as of 5mgay cm™ at 20 °C, that is one of the targets for Li/S

batteries commercialization [193].

Chapter 3 Experimental

DEMETTFSI ionic liquid was synthesized from N,N-diethylmethylamine (Sigma Aldrich) and 2-
bromoethyl methyl ether (Sigma Aldrich). After N,N-diethylmethylamine distillation, the two
chemicals were mixed in a 1:1 molar ration. The same volume of THF was added as buffer solvent.
The solution was kept in a sealed glass holder under continuous stirring at 40°C for one week. The
synthesized precursor was then completely dried in a rotary evaporator. Subsequent anion exchange
was performed to replace Br with TFSI' in ultrapure water using LiTFSI as the anion source.
Further 3% mole of LiTFSI was added to ensure complete reaction. The final product, DEMETFSI
was insoluble in water. The latter was first rinsed with water several times, to remove bromide, and
finally purified with activated charcoal and alumina using ethyl acetate as a solvent. Finally,
DEMETFSI was dried stepwise in the range of 500 to 107 mbar at 80°C. The water content was
measured to be less than 5ppm (detection limit) as determined by Karl Fischer titration. The
electrolyte  solution ~ was  prepated by mixing 0.2 mol kg' of lithium
bis(trifluoromethanesulfonyl)imide  (LiITFSI, 3M, battery grade) with IN,N-diethyl-N-(2-
methoxyethyl)-N-methylammonium bis(trifluoromethanesulfonyl)imide (DEMETFSI) ionic liquid,
in an argon-filled glove box with oxygen and water contents below 1 ppm. The DEMETFSI-
LiTFSI electrolyte mixture was dried stepwise in the range of 500 to 107 mbar at 80°C until the
water content was reduced to less than 5 ppm (detection limit) as determined by Karl Fischer
titration. The electrolyte conductivity Arrhenius plot was obtained by electrochemical impedance
spectroscopy (EIS, Mmates-Biologic) using sealed Pt-black/Pt-black cells (Mmates) with a K value
of 1 cm™ in a Julabo FP50 refrigerated/heating circulator for temperature control. The cell constant

was confirmed using a standard 0.1M KCI water solution (Fluka). The viscosity of the DEMETFSI-
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LiTESI electrolyte was evaluated at various temperatures in a dry room environment using an
Anton-Paar Physica MCR301 rheometer, applying constant shear rates using a liquid nitrogen-based
cooling unit and an electrical oven heating. The lithium/electrolyte interface stability was evaluated
using impedance spectroscopy of symmetrical Li/DEME-LITFSI/Li cells during storage time at
various temperatures (30, 40 and 60 °C) using coin cell cases. The impedance measurements were
performed within the frequency range from 200 kHz to 10 mHz, applying a sinusoidal voltage
perturbation with an amplitude of 10 mV. The cycling stability of lithium metal in the DEMETTSI-
LiTFSI electrolyte was evaluated at vatious temperatures (30, 40, and 60 °C) by stripping/deposition
cycle tests on symmetrical Li/DEMETFSI-LiTFSI/Li cells using a cutrrent of 0.1 mA cm™ and
deposition/stripping times of 1 hour (each) using coin cell cases. The electrochemical anodic
stability of the electrolyte was evaluated by linear sweep voltammetry with a scan rate of 0.1 mV s™,
using the Super-C65 working electrode coated on aluminum foil. The cathodic stability was
determined by cyclic voltammetry in a 0.01-2 V potential range at 0.1 mV s scan rate employing a
Super-C65 working electrode coated on copper foil. The electrochemical stability window was
evaluated at different temperatures, i.e. 30, 40 and 60 °C, using Swagelok-type cells with lithium
metal as reference electrode. All electrochemical tests were carried out in thermostated climatic
chambers with a deviation of £ 1°C. The cathodes for the lithium-oxygen cycling tests presented in
sub-chapter 3.1 were prepared by doctor-blade technique, casting a slurry composed of C-NERGY
Super C65 (Imerys) and PVDF (6020 Solef, Solvay) in an 8:2 weight ratio, dispersed in N-methyl-2-
pyrrolidinone (NMP, Aldrich 99.9 %) on a gas diffusion layer (GDL, SGL-35BC carbon paper,
SGL). After drying, the GDL were punched in disk-shaped electrodes having a diameter of 16 mm.
The residual solvent was removed under vacuum at 110 °C overnight. The Super C65 carbon
electrodes loading ranged from 0.5 to 0.8 mg cm™. Cycling tests were carried out galvanostatically at
various temperatures (30, 40, and 60 °C) by liming the capacity to 500 and 1500 mAh g™ (applying a
specific current of 50 mA g" and 100 mA g, respectively). To determine the achievable capacity of
this system, the cells were cycled in the full voltage range, i.e., 2.0-4.0 V, using a current of 100 mA
g at 30 °C temperature. The cathodes for the lithium-oxygen cycling tests presented in sub-chapter
3.2, were prepared either as self-standing electrodes (SSEs) or as spray deposited electrodes (SDEs)
The preparation of SSEs involved the use of ketjenblack EC-600]D and polytetrafluoroethylene (60
wt.% PTFE dispersion in H,Oj; Sigma Aldrich). The two compounds were homogeneously mixed in
a 90:10 w:w ratio (carbon:PTFE) using an agate mortar until obtaining a rubber-like composite. The

obtained composite was first hand-rolled on a Mylar foil, and then roll-pressed between two Mylar
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foils using a calendaring machine, until a thickness lower than 300um was achieved. Finally, the
obtained tape was cut into 16 mm disks which were dried under vacuum at 110°C overnight (Figure
3.1a). The preparation of SDEs also involved the wuse of ketjenblack EC-600JD and
polytetrafluoroethylene 60 wt. % dispersion in H>O. The two compounds were mixed by stirring for
24 hours a slurry of carbon:PTFE (9:1 weight ratio dispersed in a mixture of water and isopropyl
alcohol (8:2 w:w). The obtained dispersion was spray deposited on a Whatman® GF/A glass fiber
separator. Finally, disks of 16 mm diameter were cut and dried under vacuum at 110°C overnight

(Figure 3.2b). The properties of the developed electrodes are summarized in Table 3.1.

Mixing with agate mortar of

Ketjenblack:PTFE (9:1 w/w) The film was cut in disk
shaped electrodes

.

The obtained mixture was
roll pressed, obtaining a
self-standing film

(2)
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Mixing under stirring of
Ketjenblack:PTFE (9:1 w/w)
in H,O:IPA (8:2 w/w)

Spray deposition of the
obtained dispersion on a
GF/A Whatman® separator

The film was cut in disk
shaped electrodes

(b)

Figure 3.1 (a) Scheme of the preparation of the SSE. (b) Scheme of the preparation of the SDE. For electrode’s

acronym see experimental section.

SSE 200-250 um  15-20 mg cm™ 200-250 um 15-20 mg cm™

SDE 30-40 um  0.8-1.5 mg cm™ 290-300 um 6.2-6.9 mg cm™

Table 3.1. Characteristics of the SSE and SDE samples.

The cycling behavior of the Li/O, cells employing both SDEs, SSEs and DEMETFSI-LITFSI
electrolyte was evaluated at 60 °C applying constant currents of 50 or100 uA cm?, but limiting the
delivered capacity to 0.5 or 1 mAh cm™ The carbon-coated ZngsFeq 102 (TMO-C), used in sub-
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chapter 3.1, was prepared using a procedure described in a previous paper, but with higher carbon
content, namely 40% [74]. The electrode was obtained by casting a slurry composed of 70% active
material, 20% C-NERGY Super C65 (Imerys) and 10 % PVDF (6020 Solef, Solvay) dispersed in N-
methyl-2-pyrrolidinone (NMP, Aldrich 99.9 %) on a copper foil. After drying, the copper foil was
punched in disk-shaped electrodes having a diameter of 16 mm. The residual solvent was removed
under vacuum at 110 °C overnight. The TMO-C electrodes loading ranged from 2 to 3 mg cm™. The
electrochemical characterization of the anode was performed using a 2032 coin-cell and lithium
metal as anode, a sheet of Whatman glass fiber GF/A soaked with the electrolyte as separator, and
the TMO-C electrodes as cathode. The full lithium-ion-oxygen cell was assembled using TMO-C as
anode [272,291]. The “LiiZnosFeq10,”-C/DEMETFSI-LITESI/ O cell was cycled using a constant
current of 50 mA g and limiting the capacity to 500 mAh g at 30 °C temperature. “LiZnosFenO,”
is a symbolic expression for the phase mixture resulting from the partial lithiation of ZngsFeo1Ox,

according to the following reaction:
Zn,,Fe,,0 + 2.9Li"+ 2.9e- = 0.9LiZn + 0.1Fe’+ Li,0

The Sn-C material, used in sub-chapter 3.2, was synthesized according to the procedure reported in
the literature by impregnating a porous, hydro-gel, resorcinol-formaldehyde matrix with a tin-
organometallic precursor (therbuthylphenyl-tin) followed by annealing at 700 ‘C for 2h [263]. The
electrode was prepared by wet casting on a dendritic copper foil a slurry composed by Sn-C, C-
NERGY Super C65 (Imerys) and PVDF (6020 Solef, Solvay) in the 8:1:1 weight ratio, using N-
methyl-2-pyrrolidinone (Aldrich 99.9 %) as a dispersing agent. The electrodes, with an average
loading of about 4 mg cm?, were cut as disks (16 mm diameter) dried under vacuum at 110°C
overnight. The so prepared Sn-C electrodes were subsequently pre-activated using lithium metal and
the controlled force-time method [264]. The procedure consisted in pressing a lithium metal foil wet
by the LP30 solution (EC:DMC, 1:1, LiPFs, 1M) against the Sn-C electrode at 4 kg/cm” for 3 hours.
In this way, fully lithiated Sn-C electrodes were obtained. The cycling behavior of the Sn-C electrode
at various temperatures was evaluated in T-type cells, using DEMETFSI-LITFSI as the electrolyte,
by galvanostatic cycling at 25 mA g, within 0.01-2V voltage range. Li.Sn-C/DEMETFSI 0.2 m
LiTFSI/SSE,O: full lithium-ion cells were assembled coupling lithiated Sn-C and SSE electrodes.
These cells were cycled limiting the capacity to 0.5 mAh cm™ at a current of 50 pA cm™ All
galvanostatic cycling tests were performed using a Maccor 4000 Battery Test System. Gravimetric

specific current and gravimetric specific capacity are referred to the Super C65 carbon mass on the
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cathode. Areal capacities are referred to the cathode surface of 2.0 cm® (disks with @16mm). All
electrochemical tests were carried in thermostated climatic chamber with a maximum deviation of £
1°C. The electrochemical characterization of lithium and lithium-ion oxygen cells was performed
using a top-meshed 2032 coin-cell, lithium metal as anode, a sheet of Whatman glass fiber GF/A
soaked by the electrolyte as separator, and carbon electrodes as cathode. Each cell was kept in static
O, atmosphere using an air-tight glass tube flushed (Figure 3.1) for 15min with ultrapure oxygen
(ALPHAGAZ™ 2, 99.9995%, Air liquid).

Figure 3.1 Air-tight glass tube for Li/O; cells tests

For the synthesis of the materials presented in sub-chapter 3.3, MAXSORB activated carbon
(KANSAI COKE AND CHEMICALS CO., LTD.), elemental sulfur (99.998%, Sigma-Aldrich) and
FeS, (-325 mesh, 99.8%, Sigma-Aldrich) were dried and transferred in an Ar-filled UNIlab glove box
(MBRAUN, O, and H>O concentration < 0.1ppm). Three different composites were synthesized,
with an increasing sulfur content, namely C:FeS, 40:60 (wt.%, referred as sample CF), C:FeSxSulfur
40:50:10 (wt.%, referred as sample CFS(8:2) ), C:FeSxSulfur 40:30:30 (wt.%, referred as sample
CFS(5:5) ). The materials were weighted in the desired ratio and ground in an agate mortar. Each
mixture was then transferred in ZrO, 80mL jars filled with 10g ¥0.1cm, 17 J0.5cm and 10 @10cm
21O, balls. The jars were sealed under inert Ar atmosphere using parafilm and an additional
clamping system to avoid exposure to air atmosphere. Finally, the materials were ball-milled in a
Pulverisette 4 (FRITSCH), alternating a ball-milling step at 360rpm (45min) with a cooling step
(15min). This procedure was repeated for 17 times (total ball-milling time of ca. 13h). The jars were
then transferred in an Ar-filled glove box, the mixtures were recovered and separated from the ZrO;
balls, ground in an agate mortar and mixed in a 1:1 weight ratio with a Li;PS,-Lil (LLPSI) solid
electrolyte (solid electrolyte was synthesized according to a procedure previously reported [164]).
The mixtures were then transferred in ZrO; 45mL jars filled with 10g ©¥0.1cm, 17 J0.5cm and 10

D10cm Z1rO; balls. The jars were sealed under inert Ar atmosphere using parafilm and an additional
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clamping system to avoid exposure to air atmosphere. Finally, the materials were ball-milled in a
Pulverisette 4 (FRITSCH), alternating a ball-milling step at 360rpm (45min) with a cooling step
(15min). The jars were then transferred in an Ar-filled glove box, the material was recovered and
ground in an agate mortar, then used for the electrochemical characterization as cathode. The final,
solid electrolyte-added composites, were labeled as CF-LPSI, CFS(8:2)-LPSI and CFS(5:5)-LPSL
For cell assembly, an in-house ¥¥1.3cm two electrode cell setup was employed [144]. This setup
(figure 3.2a) allows the cell pellet to be prepared directly inside the casing. After closing, by using a
screw in the upper part and by employing a precision torque wrench, a constant force can be applied
to the pelletized cell (figure 3.3b and c). Specifically, a cylindrical Teflon insulator case with an
internal ¥1.3 cm hole is used to prepare the pellet. The holder is filled with ca. 300 mg of Li;PS4-Lil
(LPSI) and hand pressed to form a pre-pellet. Following varying amounts of solid electrolyte-
cathode composites were inserted in the top of the pre-pellet, spread on the surface and hand
pressed. Active material loading was of 1.0-5.0 mg cm?, and the total amount of S+FeS, was
considered. A lithium metal disk (thickness = 30 pm, @1.2cm. Honjo Metal, Osaka) was used as the
anode. The pre-formed electrodes/electrolyte pellet is finally pressed at 10 MPa for 30 s, at 25 °C,
using a YLJ-24 hydraulic press (MTI corp.). After assembling the solid cell and the upper current
collectors, the top screw was fastened by applying a torque of 3Nm using a preset torque wrench,
i.e., a condition suitable for maintaining the proper contact between cell components and ensuring
mechanical stability of the formed pellet. The electrochemical tests were carried out in sealed
aluminum bags under Ar atmosphere, to avoid possible exposure of the sample to the air. Ionic
conductivity tests were performed using stainless steel working and counter electrodes, and by
determining the solid electrolyte pellet thickness after the final step involving the hydraulic press.
Tonic conductivity has been determined by potentiostatic electrochemical impedance spectroscopy,
using a potentiostat/galvanostat Solartron Ametek SI1260+1287, in the 0.1 Hz — 10 MHz frequency
range, using a 10 mV amplitude, in a -20 — 70 °C temperature range. All galvanostatic cycling tests
were performed in the 1.3-3.1 V voltage range, using a Maccor 4000 Battery Test System, at 20 °C.
All electrochemical tests were performed in thermostated climatic chambers at with a maximum
deviation of * 1°C. The cells were held at OCV for 12 hours before testing and between

temperature changes.

8 | Pag.



Cathode
100 - 300 um

Solid electrolvte
Up to 1000 pm

Anode

(@)

(b) ©

Figure 3.2 (a) Cylindrical cell configuration, (b) pelletized cell, @ 1.3 cm, (c) pelletized cell, 0.9mm thickness

The morphological and structural characterization for all the samples were performed by field
emission scanning electron microscopy (Zeiss LEO1550VP Gemini) and powder X-ray diffraction
(Bruker D8 Advance diffractometer, Bragg-Brentano theta-2theta configuration, equipped with a Cu
K, source A=0.154 nm). For air-sensitive materials (ex-situ and sulfide-based materials), an airtight,
Ar-filled sample holder was used to transfer the samples from the glovebox to the SEM chamber.
For XRD measurements, either Kapton tape and air-tight samples holders were employed to avoid
sample degradation. Before SEM and XRD analyses, the studied electrodes used for ex-situ analysis
were rinsed using dimethyl carbonate to remove tesidual salt and/or ionic liquid and carefully dried

under vacuum. Thermo-gravimetric analysis (TGA) was performed under Ny stream, using air-tight
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aluminum pans sealed under Ar atmosphere, in a temperature range of 30-600 °C, with a constant

heating rate of 10°C/min by using a Discovery TGA (TA Instruments).
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3.1 lonic liquids: ZnogFeo.102-C/DEMETFSI-LiTFSI/O:

Figure 3.1.1 illustrates the electrochemical properties of the DEMETFSI-LITESI electrolyte. The
Atrhenius plot within 0-60 °C temperature range (Fig. 3.1.1a) reveals a conductivity value of 3.5x10™*
S cm™ at 0°C, which greatly improves with temperature to reach 2.2 x10” S cm™ at 30 °C, 3.4 x10° S
cm” at 40 °C and 6.6 x10” S cm™ at 60 °C, i.e. values considered suitable for application in high
performances lithium-oxygen batteries [86]. The inset of Fig. 3.1.1a shows the viscosity of the
DEMETFSI-LiTFSI electrolyte within the same temperature range. The graph shows a relatively
high value at 0 °C (above 500 mP s) that rapidly decreases by raising the temperature to 30 °C (80
mP s) and 60 °C (24 mP s). Conductivity and viscosity, correlated according to the Walden rule in
this temperature range and operating conditions [273], deviate from the linear Arrhenius-type
behavior and are more propetly described by the Vogel-Fulcher-Tammann (VFT) model [102] in
the low-temperature domain. A more detailed description, according to the VFT mathematical
model, is reported in the previous section (chapter 2.1). The increase of the electrolyte conductivity
at higher temperatures, directly related to the decreased viscosity [91,102], is expected to greatly
improve the electrochemical performance of the system [23]. Therefore, the features of the
electrolyte have been investigated at various temperatures. Fig. 3.1.1b reports the electrochemical
stability window of the electrolyte the carbon electrode at various temperatures, i.e., 30°C (blue line)
40°C (orange line) 60°C (red line). The first cathodic scan reveals a broad peak (circled in green),
which has no corresponding peak in the following anodic scan. Thus, it is associated with the
irreversible solid electrolyte interphase (SEI) formation at the carbon surface [292-294], which limits
further electrolyte decomposition during the following cycles (see 2™ cycle in inset of Fig. 3.1.1b).
The irreversible peak associated to the SEI formation shifts to higher potential values by increasing
the temperature, i.e., from 0.4 V at 30 °C (blue curve) to 0.5 V at 40 °C (orange curve) and to 0.6 V
at 60 °C (red curve) [280]. In fact, the higher temperatures may lead to faster kinetics of the
reductive formation of the SEI layer and to an increased electrolyte conductivity [280].
Consequently, the electrolyte decomposition takes place at higher potentials. At the lowest
temperature (30 °C), a shoulder on the anodic side of the SEI-formation peak is observed, which
might be related to the IL cation insertion into the carbon occurring before SEI formation.

Following the first irreversible peak a second reversible (an anodic counter peak is also shown) peak
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appears at about 0.1 V vs. Li/Li", associated to the lithium storage in the amorphous carbon
electrode [46,280]. The intensity of this peak increases with temperature as a results of the increased
electrolyte conductivity as well as electrochemical activity at higher temperature [280]. The second
cycle (inset of Fig. 3.1.1b) shows only the features corresponding to the electrochemical lithium
uptake into amorphous carbon (no further evidences of electrolyte decomposition processes),
revealing the stability of the SEI film at the electrode surface. The corresponding anodic scans in
Fig. 3.1.1b indicate a decrease of the oxidative degradation potential of the IL-electrolyte by heating,
as expected, owing to the enhanced decomposition reaction kinetics. Accordingly, the DEMETTSI-
LiTFSI electrolyte shows a stability extended up to 5.00 V vs. Li/Li" at 30 °C (blue curve),
decreasing to 4.87 V vs. Li/Li" at 40 °C (orange cutve) and finally to 4.68 V vs. Li/Li" at 60 °C (red
curve). The voltage values are associated with an increase of current density of at least 8 uA cm™
The stability of the lithium/electrolyte interface was investigated by monitoring the impedance
evolution of symmetrical Li/DEMETFSI-LITFSI/Li cells at vatious temperatutes. Non-linear least
square (NLLSQ) analysis [286,287] of the Nyquist impedance spectra (see Appendix 3, Fig. A3.1)
has been performed. The obtained time-evolution of the interface resistance at various temperatures
is reported in Fig. 3.1.1c. The figure evidences a quite stable trend at 30°C (blue), 40°C (orange) as
well as at 60°C (red). With increasing temperatures, the value of the interface resistance decreased
from 200 Q at 30 °C, to 120 Q at 40 °C and finally to 40 € at 60 °C. This trend may be ascribed to
the decrease of the resistivity of the SEI formed at the lithium metal surface when exposed to
elevated temperatures as reported in the literature [295]. The very modest increase of the resistance
at the higher temperatures indicates that the reactivity of the electrolyte with lithium metal does not
sharply increase with temperature, confirming that a stable lithium/electrolyte interface is
established within the investigated temperature range. The ability of the electrolyte to sustain an
efficient lithium dissolution/plating process was investigated by stripping/deposition measurements
at various temperatures. Figure 3.1.1d reports the voltage profile of the measurement performed at
30°C (blue), 40°C (orange) and 60°C (blue) with current density of £0.1 mA cm™ The data reveal a
decrease of the polarization associated to lithium dissolution/plating process by increasing
temperature, i.e., from a value of about 0.1 V at 30°C to 0.05 V at 40°C and finally to 0.025 V at
60°C. This trend is ascribed to the increase of the ionic conductivity of the electrolyte promoted by
the decrease of its viscosity upon heating, and of to the concomitant decrease of the interfacial

resistance of the cell. Furthermore, the measurement shows a stable polarization upon time, further
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evidenced by the magnification of the voltage profiles related to selected cycles (1, 2™, 123, 124™),
reported in the inset of Fig. 3.1.1d. The V(t) plots reveal very stable trend, without signs of voltage
spikes or irregularities which are usually a hint of unstable SEI formation/reconstruction [296,297],
and occasionally observed in other ionic liquid based electrolytes [295]. This behavior is particulatly
relevant for the cells at higher temperatures, in which a steady, flat profile is observed from the 2™
cycle onwards, thus again suggesting a very stable lithium/electrolyte interface even upon

plating/stripping.
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Figure 3.1.1 (a) Arrhenius plot of the DEMETFESI-LITFESI electrolyte with the viscosity vs. temperature plot (inset) (b)
Cutrent vs. potential plot of the LSV and of the CV petrformed on a Li/DEMETFSI-LITFSI/Super-C65 cell using a
scan rate of 0.1 mV s at various temperatures: 30 °C (blue), 40 °C (orange), 60 °C (red). (c) Time evolution of the
interphase resistance of symmetrical Li/DEMETFSI-LITFSI/Li at vatious temperatures: 30 °C (blue), 40 °C (orange),
60 °C (red). (d) Time evolution of the cell voltage and, in inset, magnification of the 1%, 20d, 1231 and 124 cycle during
stripping-deposition measurements performed on a symmetrical Li/DEMETFSI-LITFSI/Li cell using a curtent of 0.1

mA cm? and a deposition-stripping time of 1 hour at vatious temperatures: 30 °C (blue), 40 °C (orange), 60 °C (red).

The DEMETFSI-LITFSI electrolyte was subsequently tested in lithium-oxygen cells using a carbon-
based cathode. Fig. 3.1.2a reports the voltage signature of the cell cycled at 100 mA g within 2V
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and 4 V at 30°C. The cell shows a flat discharge at about 2.5 V due to the electrochemical deposition
of lithium peroxide at the carbon electrode surface, resulting in the delivered capacity of about 13
Ah g cabon. This extremely high capacity leads to a theoretical energy density of about 32.5 kWh kg~
"abon, Which is extremely promising even considering the reduction factor originating from the
additional weight coming from other cell components, including casing, membranes for oxygen
separation from air, which is considered a requirement for transitioning from Li-O; to Li-air systems
[298,299], and the battery management system (BMS). Moreover, the cell shows good reversibility
and a coulombic efficiency of 94%, considered a good value in this voltage range, given the current
state of the art of electrolytes for Li-O, batteries [225,237]. The reversibility of the electrochemical
process is also suggested by the ex situ XRD and SEM studies. Fig. 3.1.2b shows the SEM
micrograph of the pristine carbon electrode, evidencing the typical morphology of Super C65. Upon
full discharge process (Fig. 3.1.2c) the SEM micrograph of the cathode reveals the formation of
lithium peroxide Li,O, showing disk-like particles” morphology, which, to the best to our
knowledge, is originally observed in this study. The SEM micrograph of the cathode upon full
recharge (Fig. 3.1.2d) shows, once more, the morphology associated to pristine carbon as, indeed,
expected from the high reversibility of the electrochemical process indicating the almost complete
dissolution of the Li»O, formed during discharge. Further proof of the process reversibility is given
by ex-situ XRD measurements of the carbon electrode performed after the (dis-)charge process (Fig.
3.1.2 e-g). Indeed, the XRD pattern before cycling (Fig. 3.1.2¢) evidences broad reflection peaks at
20 values of 45 and 50 degree attributed to the carbon-based electrode. Two new peaks at 20 values
of 32 and 35 degrees, ascribed to Li,O; (indexed by JCPDS 96-210-0228), appear after full discharge
(Fig. 3.1.2f). However, after the following charge these Li»O,-related reflections almost vanish (Fig.
3.1.2¢g). This suggests the reversible deposition and subsequent dissolution of the lithium peroxide
during the electrochemical processes, which is, in fact, in agreement with the results of the SEM

study (compare panels b-d and e-g in Fig 3.1.2).
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Figure 3.1.2 Structural and morphological characterization of the carbon-based electrode collected from a
Li/DEMETFSI-LITFSI/O; cell galvanostatically cycled within the 2-4 V voltage range at 100 mA g at 30 °C. (a)
Voltage profile of the 1% cycle. The circles indicate the state of charge at which ex-si## XRD and SEM analyses of the
pristine (b, e), fully charged (c, f) and fully discharged (d, g) electrode, was performed.

Figure 3.1.3a shows the electrochemical performance of the Li/DEMETFSI-LITFSI/O, cell
galvanostatically cycled by limiting the delivered capacity to 500 mAh g at various temperatures, i.e.,
30°C (blue cutve) 40°C (orange cutrve) and 60°C (red curve). The limited capacity condition used for
cycling has been already proposed for lithium oxygen cell as the optimal condition for allowing a
stable, continuous, charge/discharge operation [238,300]. During the first stages at 30 °C (top left of
Fig. 3.1.3a, blue curves) the cell is characterized by stable behaviour and remarkable overlapping of
the voltage profiles upon cycling, with a polarization between the (dis-)charge processes of about 0.6

V. At this temperature, slight voltage drops are associated with small temperature variations.
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Increasing the temperature during the following cycles results in a significant polarization decrease,
i.e., down to 0.55 V at 40 °C (top center of Fig. 3.1.3a, orange curves) and to a value as low as 0.45
V at 60 °C (top right of Fig. 3.1.3a, red curves). This behavior is expected from the combination of
the increased ionic conductivity of the electrolyte, the lower value of the electrode/electrolyte
interface resistance as well as by the improved kinetics of the electrochemical reaction at higher
temperatures. Lowering back the temperature to 30 °C (Fig. 3.1.3a bottom left blue curves) evidence
an increase of the cell polarization with respect to the initial cycles (compare with Fig. 3.1.3a top left
blue curve), most likely due to possible side reactions at the higher operating temperatures [301].
Likely, further increase of the temperature from 30 °C to 40 °C (bottom center of Fig. 3.1.3a, orange
curves) and 60 °C (bottom right of Fig. 3.1.3a red curves) leads to notably decreased cell
polarization. Fig. 3.1.3b reports the evolution of the corresponding Li/DEMETFSI-LITESI/O,
energy efficiency upon continuous cycling with changing temperature and evidences the
improvement of the cell energy efficiency by heating. Furthermore, the results indicate a stable trend

and only minor effects of the repeated heating/cooling on the cell performance.
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Figure 3.1.3 Voltage profile (a) and energy efficiency upon cycling (b) of the Li/DEMETFSI-LITFSI/ O cell cycled at
vatious temperatures: 30 °C (blue), 40 °C (orange), 60 °C (red). Current density 50 mA g'!'. Capacity limited to 500 mAh

g

The Li/DEMETFSI-LITFSI/O; cell has been also investigated by increasing the delivered capacity
limit up to 1500 mAh g, which cotresponds to a geometric surface capacity of about 2.4 mA cm?,
at the various temperatures, i.e., 30°C (Fig. 3.1.4a), 40°C (Fig. 3.1.4b), 60°C (Fig. 3.1.4c). Despite the
higher capacity, the cell shows stable cycling performance and reveals the already mentioned
reduction of the cell polarization by increasing the temperature with consequent improvement of the
energy efficiency (see Appendix 3 Fig. A3.2). Remarkably, only a limited increase of the cell
polarization, due to excess deposition of lithium peroxide [229,302] or side reactions at the lithium
side [272,303,304], is observed by increasing the capacity limit from 500 to 1500 mAh g'1. Figures
3.1.4d-f report the SEM micrographs of the carbon cathode upon discharge up to 1500 mAh g at
various operating temperatures. The images evidence, for the first time, the evolution of the
discharge product morphology from flat-shape particles at 30 °C to toroidal, flower-shaped particles
at 60 °C. An intermediate morphology comprising both shapes is evident at 40 °C. The different
morphologies of the discharge products may be ascribed to the electrochemical Li>O, deposition
process following two different pathways involving particles growth both at the electrode surface
and into the electrolyte. This reaction mechanism is greatly influenced by the temperature, current
density, and by the electrolyte ability to stabilize the intermediate superoxide species [305-307]. In

summary, we reasonably assume that the positive effect of the temperature increase on the cell
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energy efficiency may be ascribed to the improved kinetics of the electrochemical lithium peroxide
deposition process, influencing both the reaction pathway and the morphology of the formed

products. However, further investigation is still needed to fully clarify this aspect.
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Figure 3.1.4 Voltage profile of the Li/DEMETFSI-LITFSI/O; cell cycled at various temperatutes: 30 °C (a), 40 °C (b),
60 °C (c). Cutrent density 100 mA g, capacity limited to 1500 mAh g'l. SEM images of the electrode recovered from
the cell discharged limiting the capacity to 1500 mAh g at a temperature of 30 °C (d, blue), 40 °C (e, orange), 60 °C (f,
red).

Approaching the replacement of the lithium metal by a Li-ion anode, carbon-coated ZnooFeo 10
(TMO-C) conversion/alloying anode [74] was used to make a Li-ion-O; cell. Figure 3.1.5 (red cutve)
reports the voltage profile of the Li/DEMETFSI-LITFSI/ZnosFeo1O.-C half-cell, evidencing the

expected sloping voltage profile associated to the reversible conversion/alloy reaction (3.1.1) [74]:

Zn,,Fe,,0 + 2.9Li* + 2.9e = 0.9LiZn + 0.1Fe’+ Li,O (3.1.1)

In half-cell configuration the conversion/alloying material delivers about 550 mAh g, with a
satisfactory coulombic efficiency, approaching the already demonstrated electrochemical

performance in conventional carbonate-based electrolyte [74]. Before assembling the Li-ion-O; cell,
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the anode was electrochemically fully discharged down to 0.01 V and then coupled with the carbon-
based cathode [272,291]. The “LiZngoFeo1O”-C/DEMETESI-LITFSI/O, Li-ion-oxygen cell
reported in Fig. 3.1.5a (blue curve) shows a (dis-)charge voltage profile reflecting the combination of
the flat profiles associated to the Li/O, electrochemical process (black curve) and the sloping profile
of the Li/“Li\Zn0sFeq1O”-C electrochemical process (red curve) described by the electrochemical

reaction (3.1.2):

1.45 O,+ 0.9LiZn + 0.1Fe + Li,0 = Zn,,Fe,,0 + 1.45 Li,0, (3.1.2)

Indeed, the proof-of-concept cell has a discharge working voltage centered at about 1.6 V and
delivers a reversible capacity of about 500 mAh g’ of carbon, however, with a relatively high
polarization mostly attributed to the conversion reaction. Figure 3.1.5b, which reports the first and
second cycle (dis-)charge profiles of the full cell, evidences the satisfactory reversibility of the
process. Indeed, the second cycle is characterized by a similar (dis-)charge profile and a slight drop
in the working potential due to several factors including oxygen cross-over, irreversible reactions due
to the conversion reaction and to possible electrolyte degradation [74,303,308]. Although long-term
cycling is still required, particularly in air rather than in pure oxygen, the cell here originally reported

may represent a promising and safe energy storage system.
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Figure 3.1.5 (a) Galvanostatic cycling profiles of Li/DEMETFSI-LiTFSI/“LisZnooFe01O”-C (ted), Li/ DEMETFSI-
LiTFSI/ O (black) half-cells and “LiyZnooFeo1”-C/DEMETFSI-LITESI/ O full-cell (blue). Cutrent density 50 mA g1,
capacity limited to 500 mAh g for all the Li/ O half-cell and full cell, cut off voltage for the Li/“LixZnooFeo10O”-C half
cell 0.01-3 V. (b) Galvanostatic cycling profiles of “LixZnosFeo1O”-C/DEMETFSI-LITFSI/ O full-cell, first cycle (blue)
and second cycle (light blue)
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3.2 lonic liquids: LI/DEMETFSI-LITFSI/O. using alternative
cathodes

The performance of the two composite electrode designs developed herein (SSE and SDE) was first
verified in Li/ O, oxygen cells using the DEMETFSI-LITESI electrolyte at 60°C, in a limited capacity
regime. This testing protocol, in fact, allows the more stable and reversible Li/O; chatrge/discharge
process [300]. Applied current and delivered capacity were normalized based on electrode surface,
rather than carbon loading, considering that only a small portion of the cathode support can be
considered as electrochemically active [309]. Figure 3.2.1a reports the voltage signature of the
Li/DEMETFSI 0.2 m LiTFSI/SSE-O; cell cycled at 50 pA cm™ within a limited delivered capacity
(0.5 mAh cm™). The cell reveals a remarkably low polarization, i.e., about 0.4 V between the
ORR/OER reactions, and an average discharge voltage of about 2.7 V, corresponding to estimated
energy efficiency above 88%. The electrochemical performance of the Li/DEMETFSI 0.2 m
LiTFSI/SSE-O; cell has been further evaluated by increasing the current density up to 100 pA cm™
and the delivered capacity limit to 1 mAh ecm™ The voltage signature of this cell, reported in Figure
3.2.1b, shows good electrochemical behavior despite the increased current rate and capacity limit.
However, the figure reveals a slightly lower energy efficiency for the system due to an increased
polarization during the charging process, which is in good agreement with previous literature reports

for higher depth of discharge [262].
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Figure 3.2.1 (a) Voltage signatutes of the galvanostatic cycling test of Li/DEMETFSI 0.2 m LiTFSI /SSE,O; cell,
limited capacity to 0.5 mAh cm2 at a current of 50 pA cm2. (b) Voltage signatures of the galvanostatic cycling test of
Li/DEMETFSI 0.2 m LiTFSI /SSE,O: cell, limited capacity to 1 mAh cm? at a current of 100 pA cm2. Tempetature

60°C. For electrode’s acronym see expetrimental section.

Analogously, Figure 3.2.2a reports the electrochemical trend of a spray-deposited electrode in a
Li/SDE-O; cell using the DEMETFESI-LITFSI electrolyte. The voltage signature at 60°C of the cell
cycled using a current of 50 pA cm™ and limiting the delivered capacity to 0.5 mAh cm™ shows a
stable cycling trend, but polarization of about 0.6 V, which is 50% higher than that reported for the
SSE (compare Figure 3.2.1a and 3.2.2a). Analogously, the ORR reaction occurs, using the SDE, at a
slightly lower average voltage, i.e., about 2.6 V, than with the SSE. Moreover, the higher (dis-)charge
polarization using the SDE instead of SSE reflects a lower energy efficiency, which is only of about
80%. The electrochemical performance of the SDE-based cell was also evaluated increasing the
current to 100 pA cm™ and extending the delivered capacity to 1 mAh cm™ Figure 3.2.2b, reporting
the voltage signature of the lithium oxygen cell using the SDE under this condition, evidences the
expected cell polarization increase leading to decreased energy efficiency. Hence, the cycling trends
of Figure 3.2.1 and Figure 3.2.2 suggest the SSE as the most suitable electrode for achieving
ORR/OER reactions with high energy efficiency, which is most probably ascribed to its

morphology enhancing the formation and dissolution of lithium peroxide.
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Figure 3.2.2 (a) Voltage signature of the galvanostatic cycling test of Li/DEMETFSI 0.2 m LiTFSI /SDE,O cell,
limited capacity to 0.5 mAh cm2at a current of 50 uA cm2. (b) Voltage signatures of the galvanostatic cycling test of
Li/DEMETFSI 0.2 m LiTFSI /SDE,O; cell, limited capacity to 1 mAh cm? at a curtent of 100 pA cm2. Tempetature

60°C. For electrode’s acronym see experimental section.

The SEM images of the self-standing electrode (SSE, Figure 3.2.3a) and the spray deposited
electrode (SDE, Figure 3.2.3b) evidence the different morphologies of the two composites. Carbon
black is homogeneously distributed in both samples, without signs of PTFE segregation. However,
SSE (Figure 3.2.3a) shows a smoother packing of the nanometric carbon with respect to SDE
(Figure 3.2.3b), which reveals a rougher and more granular morphology. These characteristics are
expected to directly influence the electrochemical performances of the Li/O; cells by affecting
oxygen diffusion, electrode wettability, morphology of the ORR products, and, therefore, the
charge/discharge polarization, as already observed in figures 3.2.1 and 3.2.2. It is worth noticing that
an optimal electrode morphology certainly favors the tri-phase reaction mechanism at the carbon-
oxygen-electrolyte interface, avoids electrode flooding which may limit the oxygen diffusion and
carbon utilization, thus enhancing the ORR/OER reactions [310]. Therefore, the morphology of the
SSE electrode after charge and discharge was further investigated via ex-situ scanning electron
microscopy. Figure 3.2.3c and 3.2.3d show the micrographs of, respectively, an electrode after
discharge to 0.5 mAh cm™ and subsequent charge, respectively, both at 50 pA cm™. The typical sub-
micrometric toroidal [311] morphology of the discharge product observed in Figure 3.2.3c, with an
average particle size of about 900-1000 nm, suggests a solution mechanism accounting for the Li»O;

formation, which is a favorable pathway for improving the cell performance [227]. Despite only
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qualitatively, the SEM image of the charged SSE (Figure 3.2.3d) reveals almost complete dissolution
of the discharge products upon OER, thus well supporting the highly reversible nature of the
lithium-oxygen (dis-)charge reaction suggested by the electrochemical test of Figure 3.2.1 for
Li/DEMETFSI 0.2 m LiTFSI/O,-SSE cell.

(©) (d)

Figure 3.2.3. Scanning electron microscopy images of pristine (a) SSE, and (b) SDE. Ex-situ scanning electron
microscopy images of SSE cycled by limiting the capacity to 0.5 mAh cm2 at a current of 50 pA cm2. (c) SSE,

Discharge. (d) SSE, Charge. Cycling temperature 60°C. For electrode’s acronym see experimental section.
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SSE was also employed in the realization of a lithium ion oxygen (Li-ion/Oy) cell, using a fully
lithiated, nanostructured Sn-C electrode (Figure 3.2.4). This lithiated Sn-C electrode (indicated as
Li,Sn-C) was characterized in half-cell at various temperatures, i.e., 25, 40, 60 °C (see experimental
section for the lithiation procedure) using a lithium metal anode and DEMETFSI 0.2 m LiTFSI
electrolyte. Figure 3.2.4 shows the voltage profile (a) and the cycling behavior (b) of the cell at
increasing operative temperatures. The figure reveals a very limited lithiation capacity during the first
discharge, as indeed expected by the almost full pre-lithiation of the Li.Sn-C electrode (i.e., Lis4Sn-
C). This is extremely important since this electrode would act as the only lithium reservoir in the Li-
ion/O; cell. The subsequent reversible cycles reveal an increase of the delivered capacity from 370
mAh g' at 25°C to 450 mAh g' at 40°C, and finally to a capacity of 600 mAh g" at 60°C. The
increase of the delivered capacity can be ascribed to the higher contribution of the carbon matrix (C
in LiSn-C) at higher temperature due to lower Li" ion diffusion limitation in the electrolyte,
resulting in the larger utilization of the low voltage carbon capacity [312]. Figure 3.2.4c illustrates
one charge/discharge cycle of the Li,Sn-C/DEMETFSI 0.2 m LiTFSI/O,-SSE full cell performed
at 60°C and 50 pA cm?, but limiting the delivered capacity to 0.5 mAh cm™. The voltage profile of
Figure 3.2.4c clearly reflects the combination of the expected electrochemical processes, i.c., the
ORR forming lithium peroxide at the SSE cathode and the de-lithiation of the Li.Sn-C at the anode
during discharge, and the OER with Li/Sn-C alloying during the charge, as already reported in a
previous work [272]. The full cell shows very low polarization and high reversibility, thus confirming
the optimal electrochemical performance of the employed materials as the cathode (SSE), anode
(LisSn-C) and electrolyte (DEMETFSI-LITFSI) sides. It is important to point out that the Li-ion/O;
cell here reported represents only a proof of concept because it does not offer a solution to the
oxygen crossover through the electrolyte leading to the direct oxidation of the anode in turns

causing the fast decay of the electrochemical performance [272,303,313].
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Figure 3.2.4 (a) Voltage signatures and (b) cycling behavior of the galvanostatic cycling test of Li/ DEMETFSI 0.2 m
LiTFSI/ LiSn-C. Curtent rate 25 mA g'. Cycling test at increasing temperature (25, 40, 60 °C). (c) Voltage signature
obtained by galvanostatic cycling tests of Li,Sn-C/DEMETFSI 0.2 m LITFSI /SSE,O; cell, limited capacity to 0.5 mAh

cm? at a current of 50 pA cm2. Temperature 60°C.
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3.3 Solid state: Li/Lil-Li2S-P2Ss/S+FeS:

The Atrrhenius plot of the LPSI electrolyte is reported in figure 3.3.1. By assuming a ti+ of 1, Li"

ionic conductivities value are between ca. 10* - 107 S cm™ in the -20 — 70 °C range, and is equal to

about 107 S cm™ at 20 °C, approaching values of organic based liquid electrolytes [152]. As

expected, the ionic conductivity values are very well fitted by the Arrhenius equation (3.3.1):

_Ea
o=0,+e ® (3.3.1)

By linearizing the equation and fitting the data, the activation energy for the ion movement has been

calculated and is equal to 31.9 k] mol” (0.33¢V), in line with materials that belong to this class of

electrolytes, i.e., argyrodites [153].
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Figure 3.3.1 (a) Arrhenius plot of the LPSI electrolyte. Temperature range, -20 to 70 °C. Activation energy calculated

according to Atrrhenius equation, equal to 31.9 k] mol! (0.33¢V)

The cathode composites’ crystalline structure was first characterized by powder X-ray diffraction,

and it is reported in figure 3.3.2. The diffraction patterns of the composites after the first ball milling
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procedure (figure 3.3.2a) reveal that when no elemental sulfur is added (CF sample, in blue) a sulfur
defective phase is detected, that is FeuyS (pyrrhotite, ICSD 190010, monoclinic, P1211(4) space
group), along with crystalline FeS, (pyrite, ICDD PDF 01-071-0053, cubic, Pa-3(205) space group).
The formation of this phase appears to be hindered when 10% of sulfur is added, but it still present,
as evidenced by the diffraction pattern of the CFS(8:2) sample (orange). When the sulfur content is
higher, on the other hand, the formation of pyrrhotite is suppressed, as only crystalline FeS, is
detected in the CFS(5:5) sample (green), containing 30 wt.% of elemental sulfur. The diffraction
patterns of the composites after the second ball milling step (Figure 3.3.2b), that is when the solid
electrolyte is added, are in line with the previous observations. All samples are characterized by an
additional broad reflection between 38-52 20 degrees, that is ascribed to the amorphous solid
electrolyte and, possibly, to the activated carbon (see appendix 3, figure A3.3a). Interestingly, the
second ball milling step seems to promote the formation of the sulfur defective phase, particularly
when no sulfur is added or is present in low amounts, as evidenced by the diffraction patterns of
CF-LPSI (light blue) and CFS(8:2)-LPSI (light orange). Pyrite, on the other hand, is predominant in
the sample with a higher sulfur content (light green, sample CFS(5:5)-LPSI). Small traces of
pyrrhotite might be present too, as a faint peak at ca. 44.1 20 degrees is observed. Carbon retains an
amorphous structure throughout the whole synthesis procedure, as no feature can be ascribed to a
graphitic structure (even at angles lower than 30 20 degrees, data not reported). The formation of
the sulfur defective phase can be likely ascribed to a mechanochemical reaction between carbon and
iron disulfide during the milling steps. Indeed, as evidenced by the diffraction patterns reported in
Appendix 3, figure A3.3b, when pyrite is ball-milled without carbon, only a general amorphization of
the material can be observed. The addition of elemental sulfur might create a more oxidative
environment, or, most probably, is more easily adsorbed on the carbon surface, thus helping in
retaining phase-pure pyrite. Moreover, sulfur is entirely amorphous, as no diffraction peak is
observed. The stoichiometry of all materials has also been verified by thermogravimetric analysis
(see appendix 3, figure A3.3 and table A1) and is consistent, within the experimental error, for every

sample.
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Figure 3.3.2 XRD patterns of (a) active materials after the first ball milling procedure, CF-dark blue, CFS(8:2)-dark
orange, CFS(5:5)-dark green, and (b) cathode composites after the second ball milling procedure, CF-LPSI-light blue,
CFS(8:2)-LPSI-light orange, CFS(5:5)-LSPI-light green.

The morphology of selected materials has been studied by scanning electron microscopy and is
reported in figure 3.3.3. From figure 3.3.3a, aggregates of submicrometric particles can be observed
for FeS,. Activated carbon (figure 3.3.3b) is characterized by bigger aggregates with a broad size
distribution. When the two materials are mixed, and ball milled (CF sample, figure 3.3.3c) the
activated carbon seems to mostly retain its morphology, while the iron sulfide aggregates are broken,
and the submicrometric particles are homogeneously dispersed on the activated carbon. When sulfur
is added to the synthesis, a more noticeable particle size reduction can be observed. This is
particularly evident from the SEM micrograph of the sample relatively rich in sulfur (sample
CES(5:5), figure 3.3.3d). It is known that Sulfur can effectively trigger mechanically induced self-
propagating reactions (MSR) [314,315] and, given the high temperatures reached during a
mechanochemical synthesis, could melt or sublimate/evaporate [314]. In this way, it can act as
wetting agent and hinder the material re-aggregation thus reducing the particle size [316]. The
second ball milling step, which includes the solid electrolyte, yields materials with a more
homogeneous morphology (Figure 3.3.3¢ and f). In particular, the sample with a higher sulfur

content (CFS(5:5)-LPSI, figure 3.3.3f) is characterized by a more regular, spherical morphology.
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Figure 3.3.3 SEM micrographs of (a) FeS», (b) activated carbon, (c) CF, (d) CFS(5:5) (¢) CF-LPSI (f) CFS(5:5)-LSPI

The electrochemical behavior of the materials obtained at the end of the second ball milling
procedure was evaluated by galvanostatic cycling of lithium all solid-state half cells, using LPSI as
electrolyte, with an active material loading of 1.0 mg cm™ at 20 °C. The differential plots were
employed to evaluate the redox processes taking place, as well as to evaluate the reversibility of (dis-
)/charge and are reported in figure 3.3.4. The 1" discharge of the Li/LPSI/CF-LPSI cell (Figure
3.3.4a) is characterized by a sharp peak centered at about 1.34 V, and a small shoulder to this peak,
centered at ca. 1.5 V. The shoulder is most probably associated with the intercalation of lithium into

iron disulfide to form Li,FeS..
FeS,+2Li"+2e” — Li,FeS, (3.3.2)

The main peak, centered at 1.34V, can be attributed, on a first instance, to the iron sulfide

(pyrrhotite) conversion reaction.
FeS+2Li"+2e” — Li,S+Fe (3.3.3)

Both reactions have already been observed in conventional, organic based liquid electrolytes

[317,318]. In this voltage range, the conversion of Li;FeS; is also expected.

Li,FeS,+2Li" +2e” — Li,S+Fe (3.3.4)
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The following charge is characterized by one main peak centered at ca. 1.8 V, most probably

attributed to the oxidation of iron,
Fe+Li,S — Li, FeS,+xLi"+xe™ (3.3.5)

followed by a very broad feature, extending from ca. 1.9 V to 2.4 V, which can be associated with

the oxidation of lithium iron sulfide.
Li,FeS, — Li, FeS,+xLi"+xe™ (3.3.6)

The following peak centered at 2.5 V is associated with lithium iron sulfide disproportionation

[317,319].
Li,,FeS, — 0.8FeS,+0.2FeS, +0.2(2-y)S+(2-X)Li* +(2-X)e” (3.3.7)

Another large feature upon charge, common to all the materials and centered at ca. 2.5-2.7 V, can be
ascribed to the solid electrolyte electrochemical activity. When the solid electrolyte is added to the
cathode composite, it is known to show a reversible cycling behavior [164]. This is also evident from
Figure A3.5a in appendix 3, which shows the differential capacity plot of a Li/LPSI/C-LPSI cell, in
which the cathode composite is obtained by ball-milling carbon with the LPSI electrolyte. The
differential capacity plots of the 2° and 5™ cycles, relative to the Li/L.PSI/CF-LPSI cell (Figure
3.3.4a), show different features. The broad cathodic peak, centered at about 2.25V, can be ascribed
to the conversion of sulfur generated during the first charge by the electrochemically active Li»S-
containing electrolyte (Figure A3.5a, Supporting information). The material is also active in the 1.9-
2.2 V voltage range. (see inset of figure 3.3.4a). A similar feature was observed by Yersak et al., and
could be ascribed to the formation of Li».FeS; from non-stoichiometric FeS; and S, generated by

disproportionation of lithium iron sulfide (Equation 3.3.7) in the previous charge.
FeSy+(2-y)S+2Li++2e' — Li, FeS, (3.3.8)

Two distinct peaks are also present in the lower voltage area (< 1.75 V), and can be attributed to the

lithiation of Li»FeS; (peak at ca. 1.65 V),

Li, FeS,+xLi"+xe” — Li,FeS, (3.3.9)
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and to the lithiation of FeS; (equation 3.3.2, peak at 1.5 V). The broad feature at lower voltage ranges
(extending from ca. 1.4 V) is attributed to the conversion of Li>FeS, (Equation 3.3.4). The absence of
the peak at 1.34 V could be explained by an irreversible phase transition. During the first cycle, we
have a defective phase (Feu.S, pyrrhotite), as evidenced by the XRD pattern, which is mostly lost
upon an irreversible structural reorganization and is therefore absent during the following cycles.
The role of the elemental sulfur, probably present as a by-product of the synthesis procedure, is still
unclear. However, it is evident that the reaction mechanism is changing upon cycling, as suggested
by the evolution of the anodic peaks centered at 1.8 V and 2.5 V during charge. Figure 3.3.4b,
relative to the Li/LPSI/CFS(8:2)-LPSI half-cell, seems to follow the same reaction mechanism
previously proposed. The first cathodic process at 1.5 V (equation 3.3.2), is, however, more
prominent, due to the larger amount of FeS,. The fact that during the following discharges this
electrochemical process is present suggests that cubic FeS, is formed upon cycling. In turn, the
pyrrhotite phase, still present in the CFS(8:2)-LPSI sample, but in a lower amount, seems to be
characterized by the same peak centered at about 1.35 V (equation 3.3.3), which shows a much
lower intensity (compare 3.3.4a and 3.3.4b). Upon charge, the material is generally characterized by
the same features observed for the CF-LPSI cathode composite. Interestingly though, during the
following discharge cycles, electrochemical activity between 1.9-2.2 V becomes much more
prominent. This could be partially ascribed to the increasing contribution from conversion of sulfur
(figure A3.5b, appendix 3), which is also included in the composite), and to the formation of Lia
JFeS; (equation 3.3.8) from FeS,and S. As previously mentioned, these charge products are the result
of LiFeS, disproportionation, which is apparently activated during cycling, as evidenced by the
increased intensity of the anodic feature at 2.5 V. The differential capacity plot of the
Li/LPSI/CFS(5:5)-LPSI half-cell (figure 3.3.4c), where the cathode composite is characterized by a
higher percentage of sulfur, evidence a behavior that substantially differs from the previous samples.
The first discharge of this cell is characterized by a very broad peak, extending between ca. 2.2 V and
1.65 V. This peak is clearly associated with the redox reaction of sulfur to form LiS (figure A3.5b,
appendix 3) [164]. The following peak at 1.6 V is unique to this material and could be associated
with the presence of other FeS defective phases that react to form LixFeS, [204]. This is
subsequently converted between 1.5 V and 1.3 V, together with phase pure FeS, (similatly to other
samples), into Li,S and Fe [320]. Most importantly, the absence of sharp peaks below 1.5 V suggests
that the electrochemical activity in this region is mostly associated with the pyrrhotite phase, whose

formation is mostly suppressed in the CFS(5:5)-LPSI sample, as suggested by the XRD pattern in
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figure 3.3.2b. Upon charge a more evident electrochemical activity at higher voltages is detected
(peaks at 2.25V and 2.7V). This additional contribution to the total capacity is attributed to the
formation of elemental sulfur from lithium disulfide (figure A3.5b, appendix 3). An increasing peak
upon cycling, corresponding to LiFeS, disproportionation is also evident at 2.5 V, similarly to
previous samples. Sulfur is reduced upon discharge in the 2.3-1.66 V voltage range during the
following cycles, with additional contributions to the capacity attributed to the solid electrolyte
electrochemical activity, as well as to the increasing electrochemical activity upon cycling of residual
FeS, phases (disproportionation products). At lower voltages, the peak at 1.6 V, present during the
first discharge, is absent. However, in this low voltage range, the profile is characterized by similar
features of the CFS(8:2)-LPSI samples, but lower intensities, again, suggesting that this voltage range
is ascribed to mostly pyrrhotite impurities, which could still be present, but in much lower amounts,
as suggested by the XRD data (Figure 3.3.2b). The following charges are characterized by the
reversible formation of sulfur from lithium disulfide and the increasing contribution from Li,FeS; to
form FeS,and S. It should be noted that the redox activity of iron sulfides is relatively complex and
debated, particularly when more phases are included, and will require further validation [157,320—
324).
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Figure 3.3.4 Differential capacity plots derived from galvanostatic cycling of lithium all solid state half cells. (a)
Li/LPSI/CF-LPSI, magnification in inset, (b) Li/LPSI/CFS(8:2)-LPSI, (c) Li/LPSI/CFS(5:5)-LPSI. Current rate 83.5
mA g!. Active material loading, 1.0mg cm2. Cutoff voltage 1.3-3.1 V. Cycling test at 20 °C.

The (dis-)/charge voltage profiles of the Li/LPSI/CF-LPSI cell, reported in Figure 3.3.5a, reveal a
discharge pseudo-plateau centered at ca. 1.34 V evident from cycle 1, as suggested by the differential
capacity plot, which delivers a capacity over 600 mAh g”. The first charge is characterized by a much
larger capacity (910 mAh g"), justified by the reversible oxidation of the electrolyte in the cathode
composite (figure A3.6, Appendix 3). Upon following (dis-)/charges, a general increase in the
electrochemical activity of the material can be observed, with a capacity exceeding 970 mAh g, with
a relatively low and constant polarization. After the 6™ cycle, however, a general decay in capacity
and an increasing polatization can be observed, most evident from the 20" cycle. The capacity
stabilizes at about 800 mAh g' after the 10" cycle for over 20 cycles (figure 3.3.5b), with a
Coey

coulombic efficiency (calculated as 7 = c ) ranging between 98-101% (excluding the 1*
h

cycle) and an average coulombic efficiency between the 5* and 10" cycle of 100.3%. The data
suggest, therefore, possible increased irreversibility that could result in partial material deactivation.
The (dis-)/charge voltage profiles of the Li/LPSI/CF(8:2)-LPSI cell, are reported in Figure 3.3.5c.
The first cycle is characterized by a sloped feature between 2.3 V and 1.55 V, which accounts for
about 100 mAh g, followed by a pseudo-plateau in the low voltage area. The 1% discharge and
charge are characterized, respectively, by capacities of about 600 mAh g and 800 mAh g'. Upon
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cycling, a relatively low polarization can be observed, with an average Vicn of 1.89 V and Vg, of 2.26
V at the 20" cycle, with increasing reversible capacity up to 960 mAh g. Coulombic efficiency
stabilizes at about 99.99% after the third cycle, as evidenced by the cycling behavior reported in
figure 3.3.5d. The Li/LPSI/CF(5:5)-LPSI cell (figure 3.3.5¢ and f) is characterized by a similar trend
and improved performance. The voltage profiles show a more sloped shape and a much higher,
increasing capacity approaching 1200 mAh g, as result of the sulfur addition. Polarization is still
relatively low, with an average Vs of 1.94 V and Va of 2.34 V at the 20™ cycle. Coulombic
efficiency is also promising, stabilizing at about 99.99% after the 4™ cycle. The Li/LPSI/CF(5:5)-
LPSI cell configuration appears as the best performing, as evidenced from figure A3.7b, appendix 3

in which a comparison of the cycling behavior of all solid-state cell configurations is reported.
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Figure 3.3.5 (a) Voltage signatures and (b) cycling behavior of the galvanostatic cycling test of Li/LPSI/CF-LPSL. (c)
Voltage signatures and (d) cycling behavior of the galvanostatic cycling test of Li/LPSI/CFS(8:2)-LPSI. (e) Voltage
signatures and (f) cycling behavior of the galvanostatic cycling test of Li/LPSI/CFS(5:5)-LPSI. Current rate 83.5 mA g
Active material loading, 1.0 mg cm?. Cutoff voltage 1.3-3.1 V. Cycling test at 20 °C.

All-solid-state cells with a high active material loading, i.e., 4-5 mg cm?, that is considered one of the
targets Li/S batteries commercialization, were therefore tested using the CFS(5:5)-LPSI cathode
composite as the active material. The results, reported in figure 3.3.6a and b, are relative to the
galvanostatic cycling of Li/LPSI/CFS(5:5)-LPSI cells with an active material loading of 4 mg cm™
and 5 mg cm™ respectively, cycled at 20 °C between 1.3-3.1 V, using a current density of 16.70 mA
g'. The (dis-)charge profiles are consistent with those observed at lower active material loadings.
The cell with an active material loading of 4 mg cm™ (figure 3.3.6a) is characterized by a discharge
capacity, at the second cycle, of about 990 mAh g, equivalent to 3.96 mAh cm™, with a coulombic
efficiency of 97.6%. When the active material loading is incremented to 5 mg cm™ (figure 3.3.6b),
this cell configuration still delivers a reversible capacity of about 820 mAh g, equivalent to 4.10
mAh cm?, with a coulombic efficiency of 98.6%. Similar results, to the best of our knowledge, have
never been reported in the literature for all-solid-state lithium sulfur or lithium sulfide batteries and
evidence that the all-solid-state configuration is a promising alternative for next generation, safer

batteries.
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Figure 3.3.6 (a) Voltage signatures of Li/LPSI/CFS(5:5)-LPSI. Active material loading, (a) 4.0 mg,m cm2. (b) 5.0 mgum
cm?. Current rate 16.70 mA g'!. Cutoff voltage 1.3-3.1 V. Cycling test at 20 °C.

116 | Pag.



3.4 Summary

The suitability of a DEMETFSI-based ionic liquid for efficient use in high-performance lithium-
oxygen batteries is demonstrated for two different lithium-oxygen systems. In chapter 3.1, a cell with
maximum capacity as high as 13 Ah g is reported, which revealed high reversibility as detected with
SEM and XRD. Furthermore, the effect of temperature on the reaction mechanism and products
morphology was investigated. The study reveals increasing cell’s energy efficiencies with increasing
temperatures. Additionally, the change of discharge product morphology ranging from flat-shape
particles at 30 °C to toroidal flower-shaped particles at 60 °C is reported. These morphological
changes are attributed to different electrochemical process, implying Li>O,-growth both at the
electrode surface and through the electrolyte. Finally, we presented the proof-of-concept, lithium-
ion-oxygen cell including a conversion/alloying based anode instead of lithium metal. The cell
delivered a reversible capacity of 500 mAh g with the working voltage centered at about 1.6 V,
hence a theoretical energy density of about 900 Wh kg™ that is considered well suitable for Li-ion
battery applications. In chapter 3.2, the same electrolyte was employed to characterize two oxygen
electrode morphologies, differing by the preparation technique. The electrodes’ morphology,
resulting from the different preparation method, affects the ORR/OER in the Li/O; cells as cleatly
demonstrated by electrochemical tests combined with SEM analysis. Remarkably, the thicker, self-
standing electrodes (SSE) prepared via roll pressing offer rather limited cell polarization (0.4V) and
high energy efficiency (up to 88%), while the thinner, spray deposited electrodes (SDE) yield to
higher polarization (about 0.6V) and lower energy efficiency (80%). The suitability of the
SSE/DEMETFSI-LITESI electrode/electrolyte couple for lithium oxygen cell is confirmed by
morphological SEM analysis, revealing the high reversibility of the redox process. The ORR occurs
through the solution mechanism yielding toroidal shaped discharge products. The Li-ion/O> cell
using the SSE, DEMETFSI-LiTFSI and nanostructured Sn-C alloying anode, cell shows the lowest
polarization, and thus highest energy efficiency, so far reported in literature. In chapter 3.3 a novel
cathode composite based on iron disulfide is reported for high-performance lithium-sulfur batteries
at high loading. The materials are synthesized by a simple, one-step mechanochemical procedure.
Their crystalline structure, as well as their morphology, are favorably affected by sulfur addition and

is key in stabilizing the pyrite phase. The materials reveal a complex, yet novel (dis-)/charge
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behavior, as expected considering the all-solid-state configuration. The cells, which benefit from the
use of a lithium metal anode, can deliver a capacity as high as 1200 mAh g’ at the intermediate
loading of 1mg cm™ over 20 cycles and up to 4.10 mAh cm™, using active material loadings as high
as of 5mg cm™ at 20 °C, that is one of the targets for Li/S batteries commercialization. This is the
first report of an all-solid-state Li/S cell employing a carbon-sulfur-transition metal sulfide material
which can cycle at such high loading using lithium metal as the anode and, as such, is proposed as a
promising alternative for the realization of next generation, Li/S batteries. All three systems benefit
from added safety. The ionic liquid based and the all-solid-state electrolytes, although very different
in the working principle, share the common characteristic of being incombustible and both hold
promise as alternative media for efficiently mitigating some of the issues of beyond lithium-ion

technologies.
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Figure A3.1 Nyquist plot of the electrochemical impedance spectroscopy of a symmetrical Li/ DEMETFSI-LITFSI / Li

upon time at various temperatures: 30 °C (a-blue), 40 °C (b-orange), 60 °C (c-red).
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Figure A3.2 Energy efficiency during cycling of the Li/ DEMETFSI-LITFSI / O3 cell cycled at vatious temperatures,
30 °C (blue), 40 °C (orange), 60 °C (red). Current density 100 mA g1, specific capacity limited to 1500 mAh g'..
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Figure A3.3 Powder X-ray diffraction patterns of (a) starting matetials, activated carbon (black), LPSI (dark yellow),
FeS; (dark red) and of (b) FeSz before the ball milling step (dark red) and after the 1% ball milling step (pink). LPSI

diffraction pattern is consistent with the one previously reported for the same electrolyte [164].
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Figure A3.4 Thermogravimetric analysis under Ny gas stream (a) starting materials, AC-black, FeS2-dark red, LPSI-dark
yellow, (b) active materials, after first ball milling procedure, CF-dark blue, CFS(8:2)-dark orange, CFS(5:5)-dark green,
(c) cathode composites, after second ball milling procedure, CF-LPSI-light blue, CFS(8:2)-LPSI-light orange, CFS(5:5)-

LSPI-light green.

The stoichiometry has been verified by considering the mass loss of the starting materials

C: 2.5%, FeS2: 9%, SE: 4.5%, sulfur: 100% (not reported)

The expected mass loss was then calculated and compared. Results are reported in table A3.1 and

are within the experimental error.

CF CFS(8:2) HCFS(5:5) | CF-LPSI @ CFS(8:2)-LPSI | CFS(5:5)-LPSI
Expected | 6.5% | 15.5% 33% 5.5% 10% 19%

Measured | 9% 16% 29% 8% 10% 21%

Table A3.1 TGA analysis results, comparison of expected and measured mass losses for each material.
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Figure A3.5 Differential capacity plot derived from galvanostatic cycling of lithium all solid-state half-cell. (a)
Li/LPSI/C-LPSI half-cell, using as active matetial a composite consisting of 28.5% activated carbon and 72.5% solid
electrolyte. (b) Li/LPSI/C-S-LPSI half-cell, using as active matetial a composite consisting of 20% activated catbon,
30% sulfur and 50% solid electrolyte. Both samples were synthesized following the same procedure reported for the

previous composites including iron disulfide.
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Figure A3.6 (a) Voltage signatures and (b) cycling behavior of the galvanostatic cycling test of Li/LPSI/LPSI-C.
Cutrent rate 83.5 mA g''. Active material loading, 1.0mgum cm2. Cutoff voltage 1.3-3.1 V. Cycling test at 20 °C.

122 | Pag.



3.2

—— C-FeS,-S-LPSI 20:15:15:50 1200 - 00000000000
C-FeS,-S-LPS| 20:25:5:50 - 0000000°
|, —— C-Fes,-LPSI 20:30:50 > 1
2.8 eS, _21000 ...::s'.‘..........
IS (¢} [
> 4 \ < goo{ ©@° ®00g0000,
m . | . =
=2 N & 600{0
= ]
Q 2.0- o
> © 400
b ® C-FeS,-SE 20:30:50
1.6 ; ;’% 200- ® C-FeS,-S-SE 20:25:5:50
™~ © C-FeS,-S-SE 20:15:15:50
0 T T T T
1.2 T T T T T T
0 200 400 600 800 1000 1200 0 5 10 15 20

- . 1 Cycle Number
Specific Capacity / mAh g

@) (b)

Figure A3.7 (a) Voltage signatures of the 5% cycle and (b) discharge cycling behavior of the galvanostatic cycling test of
Li/LPSI/CF-LPSI (blue), Li/LPSI/CFS(8:2)-LPSI (orange), Li/LPSI/CFS(5:5)-LPSI (gteen). Current rate 83.5 mA g
Active material loading, 1.0mgm cm. Cutoff voltage 1.3-3.1 V. Cycling test at 20 °C.
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Chapter 4: General remarks and conclusion

In this thesis work, several approaches to realize safer, alternative lithium and lithium-ion
configurations have been proposed. It has been demonstrated that alternative electrolytes hold much
promise. Their use enables the operation of safer, high-performance lithium-ion batteries, employing
conventional cathode materials. It has been demonstrated that the choice of a proper molecular
structure for ionic liquids can be advantageous to meet specific needs and this fact should motivate
further research, as the possibilities to modify this class of very diverse materials is indeed endless
and can potentially lead to significant improvements in the battery field. Moving to beyond lithium-
ion technologies is by no means a simple task for the future. However, electrolyte choice has been
demonstrated to be again a key factor to enable their exploitation. Lithium-oxygen batteries
reversibility can be indeed significantly improved by using ionic liquids and by engineering
alternative cathode designs. This system, even though far for commercialization, should be regarded
as a promising, given its intrinsic high energy density. Even though ORR/OER reversibility is
questioned, so was for the early lithium-ion batteries that employed graphite in PC-based solvents.
Also, lithium-sulfur can significantly benefit from an alternative configuration. By avoiding liquid
electrolytes, the polysulfide shuttling is prevented. Moreover, the synthesis of new cathodes
composites reveals very favorable characteristics, and transition metal sulfides should again be
regarded as promising, alternative cathode materials, given their low cost. In general, the applicability
of all these systems (conventional and beyond lithium-ion) has been tested by realizing full lithium-
ion batteries or high loading cells already at lab-scale. This approach is not conventional in the
battery field since every part of the system must be compatible with the other. However, it can
significantly help identify critical aspects and applicability of anode, cathode, electrolyte materials in

the realization of more realistic battery configurations.
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