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Abstract

Lithium-sulfur (Li-S) batteries have a great potential to be the next-generation bat-
teries and meet the rapidly increasing demand for electric and hybrid vehicles. In
principle, Li-S batteries, with their high energy density, low cost and environmental
friendliness, can complement commercial lithium-ion batteries. However, the prac-
tical application of these Li-S batteries is hindered by short cycle life and capacity
fading which is primarily caused by polysulfide (PS) dissolution and shuttling in
the electrolyte. One promising approach to mitigate PS dissolution is by increasing
the salt concentration in the electrolyte using highly concentrated electrolytes. This
thesis presents a comprehensive study on the influence of different salts in concen-
trated electrolytes for Li-S batteries.

We systematically examine the role of anions in lithium salts, focusing on con-
ventional LiTFSI, LiTf, and the Huckel salt LiTDI in DOL:DME solvent mixture
up to maximum salt solubility. At high salt concentrations, the high amount of
ion-pairs and aggregates and low amount of free solvent reduces the PS solubility
and enhances Li-S battery performance. Due to the superior electrochemical perfor-
mance of the LiTDI-based electrolytes at comparable concentrations with LiTFSI
and LiTf, we further explore other Huckel salts, specifically LiPDI and LiHDI, which
differ in perfluoro chain length. These Huckel anion-based electrolytes exhibited Li-S
battery capacity similar to each other. Furthermore, the addition of LiNO4 additive
in the electrolytes enhances the coulombic efficiency.

To gain a better understanding of PS solubility and diffusion in various concen-
trated electrolytes, we employ in situ / operando Raman spectroscopy and advanced
modelling efforts using a supervised machine learning approach. For the latter, we
combine a conductor-like screening model with a multiple linear regression model to
effectively predict polysulfide solubility across different electrolyte compositions.

Keywords: Li-S batteries, highly concentrated electrolytes, Hiickel-anions, FTIR,
Raman, in situ / operando, COSMO-RS, machine learning




Streszczenie

Baterie litowo-siarkowe (Li-S) maja ogromny potencjal, aby sta¢ sie bateriami nowej
generacji i sprosta¢ szybko rosnacemu zapotrzebowaniu na pojazdy elektryczne i
hybrydowe. Zasadniczo baterie Li-S, dzieki swojej wysokiej gestosci energii, niskim
kosztom i przyjaznosci dla srodowiska, moga uzupetiaé¢ komercyjne baterie litowo-
jonowe. Jednak praktyczne zastosowanie tych baterii Li-S jest utrudnione przez
krotki cykl zycia i zanikanie pojemnosci, co jest gtéwnie spowodowane rozpuszczaniem
i migracja polisiarczkow (PS) w elektrolicie. Jednym z obiecujacych podejsé do
ztagodzenia problemu rozpuszczania PS jest zwickszenie stezenia soli w elektrolicie
za pomocg wysoko stezonych elektrolitow. Niniejsza praca przedstawia kompleksowe
badanie wplywu réznych soli w stezonych elektrolitach dla baterii Li-S.

Systematycznie badamy role anionéw w solach litu, koncentrujac sie na kon-
wencjonalnych LiTFSI, LiTf oraz soli Huckla LiTDI w mieszaninie rozpuszczalnikow
DOL:DME az do maksymalnej rozpuszczalnosci soli. Przy wysokich stezeniach soli,
wysoka ilo§é par jonowych i agregatéw oraz niska ilos¢ wolnego rozpuszczalnika zm-
niejsza rozpuszczalnosé PS i poprawia wydajnosé baterii Li-S. Ze wzgledu na doskon-
ala wydajnosé elektrochemiczng elektrolitow opartych na LiTDI przy poréwnywal-
nych stezeniach z LiTFSI i LiTf, dalej badamy inne sole Huckla, w szczegélnosci
LiPDI i LiHDI, ktore roznig sie dlugoscig tanicucha perfluorowego. Te elektrolity na
bazie anionow Huckla wykazaly podobna pojemno$é¢ baterii Li-S. Ponadto dodatek
LiNOj; do elektrolitow zwieksza sprawnos$é¢ kolumbowska.

Aby lepiej zrozumieé rozpuszczalnosé i dyfuzje PS w réznych stezonych elektroli-
tach, stosujemy spektroskopie Ramana in situ / operando oraz zaawansowane mod-
elowanie z wykorzystaniem podejécia uczenia maszynowego. W tym celu taczymy
model przesiewania przewodnika z modelem regresji wieloliniowej, aby skutecznie
przewidywaé rozpuszczalnosé polisiarczkow w réznych kompozycjach elektrolitow.

Stowa kluczowe: baterie Li-S, wysoko stezone elektrolity, aniony Huckla, FTIR,
Raman, in situ / operando, COSMO-RS, uczenie maszynowe
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Chapter 1

Introduction

Rechargeable batteries play a pivotal role in resolving problems of energy consump-
tion and global warming. They can power a wide range of devices, from small
smartphones and computers to large cars and trucks, thus they enable renewable
energy sources to replace fossil fuels for driving us towards a cleaner and more sus-
tainable future. Lithium-ion batteries (LIBs) — possessing high energy density and
efficiency — currently dominate on the market of rechargeable batteries for powering
household electronic devices and electric vehicles. However, LIBs face serious limi-
tations including raw material shortages, safety concerns, and limited lifespan.! An
emerging alternative is the lithium-sulfur (Li-S) battery, which promises higher en-
ergy density and lower costs, e.g., on the active material — sulfur.? Yet, it has not
been commercialized due to the challenges of lithium polysulfides (LiPSs) dissolution
in the electrolyte that lead to rapid capacity fading and short lifespan.® This thesis
thus focuses on using highly concentrated electrolytes (HCEs) to mitigate these is-
sues, aiming to stabilize Li-S batteries and enhance their commercial viability.

1.1 Rechargeable batteries for electric vehicles: an
emerging need

The world is transitioning to electric energy. The relevance of electric vehicles (EVs)
is twofold:> EVs help ease the demand for fossil fuels, such as crude oil, natural gas,
and coal, which are major energy sources globally. With high fossil fuel consump-
tion rates, oil reserves are predicted to last only 45-100 years. EVs significantly
reduce greenhouse gas emissions. Internal Combustion Engine-based vehicles con-
tribute heavily to carbon dioxide emissions, but widespread adoption of EVs can
considerably lower these emissions. The demand for EVs and HEVs with lower car-
bon dioxide emissions is increasing due to the rise in pollutant levels and declining
petroleum reserves. The production of EVs is estimated to exceed 55 million by
2037, more than doubling current production levels.?®

As per the ‘Global EV Outlook’ report, in 2023, nearly one in five cars sold
globally was electric, bringing the total number of electric cars on the roads to 40
million.” The transition to electromobility is accelerating in many countries world-
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Introduction

wide. The rapid uptake of EVs, including two-wheelers, cars, vans, trucks, and
buses, continues to drive this growth.

At the heart of the current EV lies the LIBs and they dominate the EV market
over other types (lead-acid, Li-S or nickel Metal Hydride).® As the energy density of
current LIBs is approaching its limit, developing new battery technologies beyond
lithium-ion chemistry and looking for novel electrode materials is of utmost impor-
tance. A battery with a high energy density is required to attain longer driving
mileage.’? Moreover, a higher gravimetric energy density is vital for many applica-
tions, such as aerospace, and a high volumetric energy density is more crucial for
electronic devices and electric vehicle applications. Therefore, high volumetric and
gravimetric energy densities will drive the development of next-generation recharge-
able batteries. Li-S technology appear to be a promising energy storage system to
take over from the conventional LIBs for next-generation energy storage owing to
their overwhelming energy density compared to the existing LIB today.! Another
major reason is the lower environmental profile compared to the heavy metals used
in LIBs.

1.2 Lithium-sulfur (Li-S) battery as a next-generation
battery

A brief history of battery

The 18" century marks the first invention in electrochemistry by scientists such as
Benjamin Franklin, Galvani and Alessandro Volta.!* In 1749, Benjamin Franklin
pioneered the term “battery” while experimenting with electricity, utilising intercon-
nected glass plates. Following this, in 1798, Luigi Galvani made notable observations
on the effects of electric sparks on the muscular legs of frogs, revealing the astonish-
ing impacts of static electricity, even post-dissection. The true evolution of batteries
began in 1799 when Alessandro Volta developed the first functional battery.'?

Lithium-sulfur batteries
The first Li-S battery dates back to 1962 when Herbert and Ulam introduced the
sulfur cathode concept!!!. Research into Li-S batteries paused after Sony commer-
cialised LIBs in the 1990s, which offered more stable cycling performance and better
safety. However, the early 2000s saw a resurgence in Li—S battery research driven by
the demands of emerging applications like electric vehicles and grid energy storage
as traditional LIBs approached their energy density limits.

A significant breakthrough occurred in 2009 when Nazar and group used CMK-
3, a type of mesoporous carbon, to create nanoscale channels for sulfur, achieving
high discharge capacity and stable cycling over 20 cycles. This development sparked
a renewed interest in Li-S batteries'?. Since then, research into Li-S batteries has
surged, leading to substantial progress in specific capacity and cycling performance.
Figure 1.1 shows a dramatic increase in Li—S battery research from 2008 onwards,
following the pioneering use of CMK-3. Between 2010 and 2024, over 10,000 publi-
cations on Li-S batteries were added, comprising about 96% of the total literature
on the topic, according to the Web of Science database.
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Figure 1.1: Statistics on Li—S battery publications from 2008 to 2024, obtained by
searching for the term “lithium sulfur batteries” in the "topic" field on the Web
of Science website. This search was conducted on 28 May 2024, accessed through:
https://webofknowledge.com/.

Over the past years, various research projects have been developed, such as EU-
ROLIS'? “Advance European Lithium Sulfur cells for automotive applications” and
ECLIPSE “European Consortium for Lithium-Sulfur Power for Space Environments”
for manufacturing Li-S batteries.'* Recently the creation of another European plat-
form called homologous European project (HELIS) managed to manufacture a pro-
totype Li-S battery capable of reaching 500 Wh/kg of energy capacity, 1000 Wh /kg
of power capacity, and a life longer than 1000 cycles.®
Li-S Energy (ASX), an innovative Australian company, is advancing toward com-
mercialising a decade of research on Li-S batteries.!® Based in Brisbane and working
with top researchers at Deakin University, the company has demonstrated that incor-
porating Boron Nitride Nanotubes'® and its patented nanocomposite Li-nanomesh
into Li-S batteries can nearly double the energy density while maintaining a similar
cycle life to consumer-grade LIBs. Li-S Energy’s exceptional lab results have been
validated, enabling the company to access industrial and research opportunities at
the Fraunhofer Institute in Germany, Europe’s largest application-oriented research
organisation.!® In the following sections, we will explore the components, working
mechanism, challenges, and our strategies for addressing the issues in Li-S batteries.

1.2.1 Cell components

A freshly assembled Li-S cell mainly comprises Li metal as an anode, elemental sul-
fur dispersed in a carbon source as a cathode, and an electrolyte. Other components
include a current collector, binder, and separator. For any battery, the anode and
cathode are supported by a current collector, which is a good conductor of elec-
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tricity or collects electrons through an external circuit. For the Li metal anode,
stainless steel is a current collector and provides mechanical support. The current
collector for carbon-sulfur composite cathode is an aluminum foil on which the com-
posite slurry is coated. Moreover, the lower cell voltage of Li-S (2.2 V) enables
the use of aluminum without any corrosion.!” Different binders are used to ensure
proper mixing of sulfur with carbon conducting additives. Some common binders in-
clude polyvinylidene fluoride, polymethylmethacrylate, polytetrafluoroethylene and
polyethylene oxide. A separator is an ion-permeable porous membrane made of
polyethylene or polypropylene. It prevents direct contact between electrodes and
controls damage to the cell. A separator should be thermally stable, have good wet-
tability and have a high dielectric strength. Typical choices of separators include
Celgard 2500, which is based on polypropylene-based material. Another example is
the Whatman glass fibre separator.

Lithium metal anode

Lithium is the most electronegative metal ( -3.0 V vs SHE). This high negative po-
tential means high cell voltage when combined with certain cathodes. Lithium is the
lightest metal in the periodic table (0.534 g/ cm®), enabling a high specific capacity
of 3861 m Ah/g. Though highly reactive, lithium metal is found to be stable with
a number of organic solvents. The stability is attributed to the passivation layer
or the solid electrolyte interphase (SEI) on the metal surface and prevents further
reactions with the electrolyte which is in contact.!®

Sulfur-carbon composite cathodes

Sulfur is the 16" most abundant metal on earth’s crus It is cheap and en-
vironmentally friendly. Sulfur has a high theoretical gravimetric capacity. Sulfur
is annually produced as a by-product of the desulfurisation of coal or by hydro-
desulfurisation of petroleum by miners. Due to the poor electrical conductivity of
elemental sulfur, it is usually mixed with carbon material. Activated carbon, car-
bon black, microporous carbon, and mesoporous carbon are a few examples of such
carbon-based materials.?? 22

t.1?

Electrolytes

The electrolyte is a crucial component in a Li-S battery, serving as the medium
for lithium-ion transport between the positive and negative electrodes. Electrolytes
can be mainly categorised into liquid and solid types. Although solid electrolytes,
including gel polymers and glassy electrolytes, are gaining considerable attention,
liquid electrolytes remain the most extensively explored for Li-S batteries. Sepa-
rators soaked with liquid electrolytes effectively penetrate the porous carbon-sulfur
composite cathode and wet the lithium metal anode. The primary components of
liquid electrolytes include salts, solvents, and additives. The salts, solvents and ad-
ditive used in this thesis are given in Figure 1.2.

Salts: Lithium salt is the main source of Li™ ions for the electrolyte. A salt
should dissociate well in a given solvent and should form a good SEI at the strongly
reducing anode and resist oxidation at the cathode. The salt should have an elec-
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Figure 1.2: Salts and solvents used for electrolyte preparation

trochemically stable anion. The most commonly used salts in Li-S are lithium
bis(trifluoromethanesulfonyl)imide (Li|N(SO,CF;),|, LiTFSI and lithium trifluo-
romethanesulfonate (Li[SO;CF;|, LiTf. They have high thermal stability and are
compatible with ether solvents.!” Recently, lithium salts based on Hiickel anions are
gaining attention due to their low PS solubility.?® Hiickel salts explored here are
LiTDI or lithium 4,5-dicyano-2-(trifluoromethyl)imidazole (Li|CiF3N,|, LiPDI or
lithium 4,5-dicyano-2-(pentafluoroethyl) imidazole (Li|C,F;N,| and LiHDI, lithium
4,5-dicyano-2(heptafluoropropyl) imidazole (Li|CgF;N,].

Solvents: Nearly 80% of the electrolyte mass is solvent.'®24 The solvent should
have the ability to dissolve lithium salts even at high concentrations (high dielectric
constant). The viscosity should be low so lithium ions can migrate easily. The
solvent should remain inert or have good compatibility with all cell components
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within the battery operating voltage. The solvent should be cheap and non-toxic,
remain liquid for a wide range of temperatures, and have a low melting point,
high boiling point, and high flash point. The solvent of choice for Li-S batteries
is mainly ether based unlike the carbonate solvents used extensively for LIBs due
to nucelophilic reactions with PSs.?> Ether solvents such as dioxolane (DOL) and
1,2 dimethoxyethane (DME) are chosen because they are stable in the presence
of lithium. DOL is found to be susceptible to cleavage and forms alkoxylithium
fragments.?® A binary mixture of DOL:DME was developed for its excellent rate
capability at low temperature.?” Additives: Lithium nitrate is an excellent additive
to protect the lithium metal anode in Li-S batteries.?® In the presence of nitrate,
the SEI formed on the Li metal anode is less permeable to PS species due to the
higher abundance of oxy-sulfur and oxy-nitrogen species.?93°

1.2.2 Working mechanism

A typical Li-S battery, after assembly, consists of a Li metal anode and a carbon-
sulfur composite cathode separated by an electrolyte. When fully assembled, the cell
has a maximum voltage known as the open circuit voltage (OCV), which is directly
proportional to the difference between the electrochemical potentials of the negative
and positive electrodes. During battery discharge, lithium loses electrons, or lithium
ions are oxidised, and Li ions migrate in the electrolyte towards the cathode.?
Li — Li" +e
At the same time, sulfur gains electrons and undergoes reduction.
S+2e¢ — 8%
The overall reaction can be written as:

2Li+S —» Li,S

Under normal conditions, sulfur exists as octasulfur (Sg) rings, which form a
stable, orthorhombic crystal structure. Hence, the overall equation is modified to:

16 Li + Sg — 8Li,S

The electrochemical reduction of sulfur mainly occurs in a three-step solid-liquid-
solid conversion, as shown in Figure 1.3, and can be divided into three regions.?®

e Region 1 (2.4-2.1 V vs. Li"/Li%): In this region, solid elemental Sg is
transformed into higher-order lithium PSs (Li,Sx, where x = 8 —4), which are
soluble in the electrolyte.

e Region 2 (2.1 V vs. Li"/Li%: This region features a relatively stable
voltage plateau where higher-order lithium PSs are further reduced to lower-
order PSs such as Li,S; or Li,S,.

e Region 3 (2.0 V vs. Li"/Li%): In this final stage, the soluble Li,Sx is
converted to solid Li,S.

At the end of discharge, reverse reactions occur, converting Li,S back to Li and

S.
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Figure 1.3: Typical Li-S battery charge-discharge curves.

1.2.3 Challenges and alternative strategies

Though Li—S batteries have the potential to deliver an energy density of 500-
600 Wh/kg, several challenges exist concerning the anode, cathode and electrolyte.?!

On the lithium metal anode side:

The highly reactive lithium metal electrodes face many challenges to the develop-
ment of practical Li-S cells. During charging, dendrites grow on the anode side and
can eventually result in short circuit between the two electrodes and a catastrophic
thermal runaway of the cell posing safety hazards.3? In Li-S batteries, due to the
polysulfide shuttle phenomenon, soluble polysulfides can corrode the lithium elec-
trode. Moreover, the lithium electrode may get passivated by the insoluble Li,S,
and/orLi,S that are deposited on its surface. During cell operation, the passiva-
tion layer grows and results in high cell resistance and capacity fading.?® To address
these issues, protected lithium metal electrodes have been developed using addi-
tives. Lithium nitrate as an additive can prevent PS shuttling by passivating the
lithium metal surface, thereby inhibiting the chemical reactions of PSs in the elec-
trolyte with the lithium metal.*® This is due to formation of a LixNOy film on the
lithium metal surface which prevent PSs in the electrolyte from directly contacting
the lithium metal 3034

On the sulfur cathode side:

One of the main problems of elemental sulfur is that it exhibits very low conductivity
(approximately 5 x 1073 S/cm) at 25°C.?5 Another problem is the volume variation
of the sulfur cathode during cycling. Elemental sulfur (Sg) has a density of 2.07
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g/cm?, while the final product, Li,S, has a density of 1.66 g/cm?, resulting in an
expansion of approximately 80%.%

The composition and structure of the cathode plays an important role in Li-S
battery performance. Carbon materials supported by binders form a conductive scaf-
fold that allows electrochemical conversion of sulfur species through charge transfer
at the conductive carbon surface.?® Additionally, the carbon-binder scaffold provides
mechanical stability in order to withstand volume changes as well as dissolution and
precipitation reactions of sulfur species during charge-discharge process. Li-S bat-
tery performance can be tailored using various kind of porous and nanostructured
carbons and binders as conductive cathode scaffolds.?02236:37

On the electrolyte side:

The PS dissolution and diffusion in the electrolyte influence the electrochemical
utilisation of sulfur or the discharge capacity, rate capability and cycle life of Li-S
battery.?® The main challenge arises from the dissolution of high-order or long chain
PSs formed in the first and second regions of discharge process (Figure 1.3). These
PSs can diffuse through the separator and react with lithium metal leading to sulfur
loss from the cathode side, corrosion of the lithium metal and self-discharge.3338
Therefore it is very important to optimise and design electrolytes to develop high
performing Li-S battery.

1.3 Highly concentrated electrolytes (HCEs)

The salt concentration in commercial battery electrolytes is typically around 1
mol /L. This concentration ensures good ionic transport between the cathode and an-
ode, as ionic conductivity increases with salt concentration up to this level. Beyond
1 mol/L, ionic conductivity decreases and viscosity increases, which are generally
unfavourable for battery performance. Despite these challenges, high salt concentra-
tions exhibit several unusual properties such as high reductive and oxidative stability,
high carrier density and low PS dissolution making them a strong candidate in the
battery field.?”

Historically, the first application of HCEs was before the commercialisation of
LIBs.?® In 1985, the inhibition of solvent co-intercalation was demonstrated for a
ZrS, electrode using a saturated LiAsFg in propylene carbonate electrolyte.® Later,
the polymer-in-salt concept was developed using different salts (LiClO4, LiClO,, and
LiCF4CO,) mixed with polymers such as poly(propylene oxide) and poly(ethylene
oxide) to create a rubbery material with a low enough glass transition temperature
to demonstrate conductivity around 10~* mS/cm and an electrochemical stability
window (ESW) of about 2.5 V at room temperature. Subsequently, new concepts
such as water-in-salt electrolytes, solvent-in-salt electrolytes, solvate ionic liquids
and localised HCEs were developed.

Classification of HCEs: Water in salt electrolytes employ very high salt concen-
trations, e.g., >20 molal LiTFSI in water. Such high concentrations prevent the
presence of “free" anions, thus overcoming the ESW limitation of water. Numer-
ous salts have been used to create water in salt, including NaTFSL,*' Mg(TFSI),,*
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Ca(NO,),,** and K(C,H;0,).** Non-aqueous HCEs were initially developed to re-
place ethylene carbonate-free electrolytes due to their poor performance in fast
charging. However, EC has proven difficult to replace with organic solvents as most
suffer from reductive decomposition or co-intercalation into graphite. Increasing the
salt concentration enabled the use of several electrolytes, such as 2.7 M LiBETI/PC,
4.2 M LiTFSI/acetonitrile, and 4.2 M LiTFSI/dimethoxyethane with graphite elec-
trodes. Solvate ionic liquids often involve a multidentate organic solvent, typically a
glyme such as triglyme or tetraglyme, combined with an alkali salt such as LiTFSI.%
Localised HCEs are developed by first creating a standard non-aqueous HCE and
then adding a low-viscosity inactive solvent such as hydrofluoroethers. This reduces
the viscosity of the HCEs by disrupting the three-dimensional network or decreas-
ing ion-ion interactions while preserving the highly ionic solvation shell of the salt
cation.46:47

The past decade has witnessed the application of various HCEs in batteries,
including LIBs, Na-ion batteries, and Li-S batteries. The significant interest in
HCEs is attributed to their unique functionalities, including their distinctive solution
structure, ion transport properties, anion-derived solid-electrolyte interphase, high
energy density, and high stability.3?

1.3.1 HCEs for Li-S batteries

One promising way to address the PS dissolution problem is to increase the salt con-
centration in the electrolyte. Suppression of PS dissolution at high concentrations
can be attributed to mainly 2 main factors:

The common ion effect: The solubility of LiPS (z) is influenced by the concen-
tration of lithium ions present in the electrolyte due to the common ion effect. The
solubility product (Kj,) of LiPS can be expressed as*®:

LiyS, = 2Li" + S~
Ky = [Lit]*[S)7] = 4ag

Ksp 1/3
o = 1

where zy represents the solubility of lithium PS in the absence of lithium ions
in the solvent. If the concentration of lithium salt in the electrolyte (C) is signifi-
cantly higher than the solubility of PS, then the solubility of PS in the concentrated

electrolyte becomes:
r (2% 2
Zo N C

Thus, in the presence of a concentrated electrolyte, the solubility of lithium PS
is substantially reduced.
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High viscosity: The increased viscosity of HCEs hampers the diffusion of PSs,
reducing their solubility. The viscosity of the electrolyte solution affects the diffusion
of a bulky PS anion. The diffusion constant (D;) of a PS ion (species i) is related
to the viscosity (Z) through the Stokes-Einstein relation®®

kT
' 6rZR;

where R; is the hydrodynamic radius of the PS ion, £ is the Boltzmann constant,
and T is the temperature. The hydrodynamic diameter is substantial for large
anions, such as long-chain PS ions, resulting in slow diffusion.

In this thesis, our primary focus will be on the development of electrolytes.
Specifically, we aim to increase salt concentration and explore the role of anions.
Additionally, we will introduce new electrolytes aimed at reducing the dissolution
of PSs in the electrolyte. The main properties explored in this thesis are described
in the following sections.
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Figure 1.4: Local structure of dilute versus HCEs.

1.3.2 Local structure of HCEs

Understanding the local structure of electrolytes, from dilute solutions to HCEs is
essential. As the concentration of lithium salt increases, the interactions between
ions and solvent molecules change significantly. The local structure of electrolytes,
ranging from dilute to highly concentrated, typically involves a lithium salt dis-
solved in aprotic solvents. This structure is often studied using Raman and FTIR
spectroscopy (Section 2.4). These methods allow for the deconvolution of anion
vibrational bands, providing insights into the various coordination modes of the an-
ions and the relative amounts of anions with different coordinations.*® The anion
coordination modes include SSIP (solvent-separated ion pair, i.e., "free" anions),
CIP (contact ion pair, i.e., an anion coordinated to a single Li" cation), and AGG
(aggregate, i.e., an anion coordinated to two or more Li* cations).*” As the con-
centration of lithium salt increases, the number of “free” anions, which appear at
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the lowest wavenumbers, decreases, while the number of ion pairs and aggregates
increases at higher wavenumbers (Figure 1.4).50:51

In general, the elimination of free solvent and extensive ionic association are the
key factors contributing to the unusual properties of HCEs.?

1.3.3 Ion transport in HCEs

The main function of an electrolyte is to transport ions between the positive and
negative electrodes. Generally, the salt concentration is kept at around 1 mol/L
to maximise ionic conductivity, which is directly related to the local structure of
the electrolyte.?® In dilute electrolytes, there are more free anions and Li" cations
coordinated to solvent molecules, functioning as mobile carriers. As the concentra-
tion increases, ion pairs and aggregates become predominant, leading to extensive
ionic association. Though the ionic conductivity and viscosity decrease with in-
creasing salt concentration, the choice of anion plays an important role, especially
in concentrated electrolytes.

Moving from dilute electrolytes to HCEs, the ion conduction mechanism changes
significantly. In dilute electrolytes, Li" ions conduct together with their solvation
sheath [Li(solvent),|", following a “vehicle-type” mechanism.? In HCEs, due to
the high number of ion pairs and aggregates, the primary ion conduction occurs
via a repeated ion dissociation/association process where Li* dissociates from one
anion and associates with another. This phenomenon is referred to as the exchange
mechanism or structural diffusion®®®?, and it has been confirmed using classical
molecular dynamics (MD) simulations, which highlight the importance of anion and
solvent residence times in the Li" coordination shell.?®

Another interesting feature at high concentrations is the high transference num-
ber reported previously®® as HCEs enable a high Li" flux between the electrodes.
The transference number values often seem to differ depending on the measurement
method, such as the electrochemical method or pulse-field gradient spin-echo nuclear
magnetic resonance and further verification is required.?”

1.4 Scope of the thesis

The current work aims to prepare and investigate electrolytes using various salts up
to their maximum solubility in the most common solvent mixture in Li-S batteries.
Specifically, the study focuses on two main categories of salts: LiTFSI and LiTf based
salts, and Hiickel type or imidazolium salts such as LiTDI, LiPDI, and LiHDI. The
literature has previously reported using LiTf and LiTDI at maximum concentrations
of 3 mol/L and 1 mol/L of solvent, respectively. Our study explores five different
salts, from the standard 1 mol/L to their maximum solubility in the DOL:DME
mixture, to formulate various concentrated electrolytes.

The motivation for testing concentrated electrolytes in Li-S batteries stems from
the remarkable results observed with 7 mol/L of LiTFSI in DOL solvent mixture,
which yielded a high capacity of over 800 mAh/g and nearly 100% coulombic ef-
ficiency.”® The unusual properties of high-concentration electrolytes (HCEs), such
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as their ability to reduce PS solubility and their unique solution structure and ion-
transport characteristics, played a key role in understanding the behaviour of con-
centrated electrolytes based on various salts.

Our study utilised common salts in Li-S batteries, including LiTFSI, LiTf, and

Hiickel salts synthesised at WUT (LiTDI, LiPDI, and LiHDI). Solutions with high
salt solubility were prepared: 1-7 mol/L for LiTFSI, 1-5 mol/L for LiTf, and 0.3-
2.0 mol/L for Hiickel salts in the DOL mixture. The aim is to provide fundamental
structural and mechanistic insights into the role of the lithium salt anion in different
HCESs and less concentrated electrolytes. The study rationalises the physicochemical
properties and electrochemical battery performance using local structure analysis
and speciation, including PS solubility.

Thesis overview
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Figure 1.5: Scope of the thesis.

e Chapter 1 provides an overview of batteries, the need for rechargeable bat-

teries, and introduces the Li-S battery as a prime candidate among next-
generation batteries. It discusses the different cell components in Li-S batter-
ies, along with the associated challenges and alternative strategies to address
them. HCEs are introduced as a potential solution to the problem of PS
dissolution, highlighting their unique properties.

Chapter 2 details the experimental and computational methods used to inves-
tigate the electrolytes. It covers the preparation of electrolytes and cathodes
and various physicochemical and electrochemical characterisations. To predict
PS solubility, a computational tool called COSMO-RS is employed alongside
a multiple linear regression model. Operando Raman spectroscopy is utilised
to gain deeper insight into PS diffusion.

Chapter 3 describes the current work, which uses a combination of exper-
imental and computational approaches to investigate electrolytes based on
LiTFSI, LiTDI, and LiTf dissolved in a DOL:DME mixture up to each sys-
tem’s maximum salt solubility. The study compares common salts with the
Hiickel salt LiTDI, focusing on the role of anions. Various physicochemical and
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electrochemical properties are examined, including ionic conductivity, density,
viscosity, speciation, and cycling tests, to gain a fundamental understanding
of electrolyte.

e Chapter 4 explores the current work on the family of Hiickel salts- LiPDI,
LiHDI based on the best-performing system from Chapter 3, i.e., LiTDI in
DOL:DME. The main aim here was to compare the various properties in elec-
trolytes which only differ in chain length. The local structure as a function
of salt concentration is elucidated using Raman and FTIR spectroscopy, cor-
related with ion transport properties and electrochemical performance. PS
solubility predictions are made using COSMO-RS combined with a multiple
linear regression model.

e Chapter 5 describes the development of supervised machine learning approaches
with COSMO-RS-based descriptors to build a regression model for PS (Li,Sg)
solubility. This tool can be applied to large electrolyte systems to obtain re-
sults close to experimental values, reducing human effort and time-consuming
experiments.

e Chapter 6 deeply explores electrolyte salt concentrations’ impact on PS solu-
bility and diffusion behaviour using in situ/operando Raman spectroscopy.

e Chapter 7 summarises the main conclusions obtained from the extensive study
of various concentrated electrolytes and their ability to suppress PS solubil-
ity through experiments and calculations. It also discusses potential future
research directions.

This comprehensive investigation aims to deepen the understanding of concen-
trated electrolytes in Li-S batteries and explore the potential of different salts to
improve battery performance.
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Experimental and computational
techniques
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Chapter 2

Experimental and computational
methods

To investigate electrolytes for lithium-sulfur batteries, we began by preparing the
electrolytes by adding an appropriate amount of salts to the solvent mixture, fol-
lowed by cathode preparation (Section 2.1). Next, we measured the physicochemical
characteristics such as density, viscosity, and elemental sulfur solubility (Section 2.2).
The local structure of the electrolytes, which provided insights into the ionic asso-
ciation of the salts, was elucidated using Raman and FTIR spectroscopy (Section
2.3).

Additionally, in-situ Raman spectroscopy was conducted to thoroughly investi-
gate the Li-S battery during cycling (Section 2.4). For electrochemical studies, we
assembled a coin cell with a lithium metal anode, the prepared electrolyte, and a
cathode. Battery cycling was performed using galvanostatic charge-discharge cycles,
and ionic conductivity was measured using electrochemical impedance spectroscopy
(Section 2.5).

For optimal electrochemical performance of Li-S batteries, the lithium PS sol-
ubility determination was necessary. To predict the Li,Sg solubility, we used a
conductor-like screening model combined with a multiple linear regression model
(Section 2.6). The following sections of this chapter detailed the theory behind each
technique and the procedures for conducting each measurement.

2.1 Electrolyte and cathode preparation

LiTDI, LiPDI and LiHDI was synthesised as reported previously.?” LiTFSI (99.9%)
was purchased from Solvionic, while LiTf (99.8%), DOL (99.8%), DME (99.8%)
and Sg (99.8%) were all purchased from Sigma-Aldrich. The salts were dried at
140° C under vacuum overnight before use. All salts and solvents were handled in
an argon-filled glove box at all times (< 1 ppm H,0). The electrolytes were made by
preparing a DOL:DME (1:1, v/v) solvent mixture and dissolving (using a magnetic
stirrer for 24 h at room temperature) appropriate amounts of salts to get the desired
concentrations, i.e., 1-7m LiTFSI, 0.3-2m LiTDI, 0.3-2m LiPDI, 0.3-2m LiHDI and
1-5m LiTf. The highest concentrations are based on the maximum salt solubilities
(here, 1 m refers to 1 mole of salt per litre of solvent).

24



Experimental and computational methods

For the electrochemical cell materials and components, the anode lithium metal
foil was 200 pm thick (Honjo metal), while the C/S composite cathode was com-
posed by sulfur, 60 wt%, (Sigma-Aldrich, 99.998% trace metal basis), carbon black
(Vulcan) as conductive additive, 38.5%, and sodium carboxymethyl cellulose (Na-
CMC, Mw=700,000, Sigma-Aldrich) as binder, 1.5 wt%. Appropriate quantities of
sulfur and carbon black were mixed in mortar to prepare the electrodes. Then the
binder was added, and the solution was mixed magnetically to obtain a homogenous
slurry. The electrode suspension was cast on a 20 pm aluminum foil (Hohsen) using
the Doctor Blade technique, resulting in a coating with a thickness of 250 um. After
coating, the electrode was dried at 60°C under vacuum for 24 h.

2.2 Physicochemical characterisation

The physicochemical properties density, viscosity and sulfur solubility of different
electrolytes were measured using densitometry, viscometry and high-performance
liquid chromatography. The methods are described below.

2.2.1 Densitometry and viscometry

The densities and viscosities were recorded for 10-50° C at an interval of 10° C using
an Anton Paar DMA4500M density meter equipped with a Lovis 2000M rolling ball
viscometer module. The temperature accuracy was £0.02° C and it took approxi-
mately 5 minutes to reach equilibrium. Prior to the measurements, the instrument
was calibrated and verified using standards. Sample filling was performed very care-
fully to avoid bubbles.

Densitometry: Density measurement is important for electrolytes, especially con-
centrated electrolytes, to determine the weight of the electrolyte for battery appli-
cations. DMA 4500M density meter measures viscosity in the range 0-3 g/cm? with
an accuracy of up to 5 digits. The electrolyte sample is placed in the U-shaped
borosilicate glass tube, which vibrates at its characteristic frequency depending on
the mass of the sample. Using this frequency and few mathematical equations, the
density of the sample is measured.®®

Viscometry: Viscosity is defined as the resistance of a liquid to flow due to internal
friction. Battery electrolytes typically have a lower viscosity to ensure good ionic
conductivity between electrodes. Increasing salt concentration raises the electrolyte
viscosity. Viscosity measurement in our work was carried out using an Anton Paar
Lovis 2000M /ME rolling ball viscometer, which operates in the range of 0.3-10,000
mPa.s.

A capillary is first filled with the electrolyte and a steel ball. The instrument
operates based on the rolling ball motion in a capillary according to Hoeppler’s
principle®®, which states that the viscosity of a Newtonian liquid can be measured
by the time required for the ball to fall under gravity through a sample-filled tube
inclined at an angle. The viscosity is calculated from the time taken for the ball to
roll through the electrolyte sample at an inclination angle of 15-80°. Final viscosity
values were obtained by averaging the results from at least 5 back-and-forth runs of
the rolling ball.
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2.2.2 High-performance liquid chromatography

The solubility of sulfur in the electrolytes was determined using high-performance
liquid chromatography (HPLC). In this technique, the components can be separated
due to differences in the partition coefficients (distribution) of the solutes between
the mobile phase (solvent or mixture of solvents under high pressure) and the sta-
tionary phase (high porosity particles in a column). HPLC is generally classified
into normal-phase HPLC (where the stationary phase is polar and the solvent is
non-polar) and reversed-phase HPLC (where the stationary phase is non-polar and
the solvent is polar). In this thesis, we used a reverse-phase HPLC column.

The main components of HPLC include a high-pressure pump, an injection de-
vice, a column, a detector, and a recorder (Figure 2.1).°° The liquid electrolyte
containing sulfur is injected at the top of the column using a syringe. In the HPLC
column, Sg (the non-polar analyte) is distributed between the non-polar stationary
phase (alkyne-C,q bonded with silica) and methanol (the polar mobile phase) to
reach equilibrium based on the partition coefficient, thus, Sg diffuses between the
polar and non-polar phases.

The solute, along with methanol, leaves the HPLC column and enters a flow cell
of a diode array detector (DAD) located perpendicular to the ultraviolet (UV) light
beam. As the composition of the solution in the cell changes due to Sg reaching it,
the absorbance also changes. This enables the spectrophotometric detection of Sg,
which results in a peak in the chromatogram at around 8 minutes. The retention
time of the solute is the basis for its identification. The initial peak, appearing at 2
minutes (a column void time), corresponds to the elution of cations/anions.

CHROMATOGRAM

SOLVENT

Figure 2.1: Instrumentation of HPLC

Sample preparation: The method/protocol for the high-performance liquid chro-
matography with spectrophotometric detection (HPLC-DAD) experiments was based
on the literature.5! A 5.46 mM S stock solution was prepared by dissolving 0.0070 g
Sg in 5.0mL DME. The stock solution was then diluted to provide the standard
solutions of 2.184 mM, 0.4368 mM, 0.0873 mM and 0.0174 mM (Figure 2.2). The Sg
saturated solutions were made by dissolving 0.1 g of elemental Sg into a sample vial
with 2.5 mL of target electrolyte or suitable solvent. After being sealed and shaken
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for 96 hours, the solution was allowed to rest for 72 hours. The clear solution at the
top was filtered through a PTFE syringe filter (pore size 0.2 um) and the filtrate
after dilution was used for the analysis.

Instruments: An Agilent 1100 quaternary pump (Agilent Technologies) was used
to deliver 100% methanol of LC-MS grade (POCH, Gliwice, Poland) through an
HPLC column Zorbax SB-C,g (Agilent Technologies, 4.6x150 mm, 3.5 ym) with an
analogous precolumn at a flow rate of 0.5 mL min~! using an isocratic elution. A
77251 Rheodyne manual injector was used to inject 20 uLi of each sample, and a 1100
diode array detector (DAD) from Hewlett-Packard was operated at 219 and 264 nm.
The total HPLC running time was 12 minutes. UV spectra were collected in the
200-300 nm range.

3000
2500 - Elemental Sulfur —»
y =30826x + 351.99
2000 - 2.184 mM
_‘2\ ;5 50000
a g 40000
: 1500 . i 30000
8 ©
E 20000
1000 . 00 05 10 15 20
Concentration (mM)
500 0.4368 mM
| 0.0873 mM
A\ﬂ 0.0174 mM
O -
T T T T T T T T T T T
0 2 4 6 8 10 12

Retention time (min)

Figure 2.2: The calibration curve and chromatograms of different elemental sulfur
standards at 219 nm

Analysis of standards: For quantification of sulfur in the electrolytes, a calibra-
tion curve is required (Figure 2.2). The calibration curve was obtained for stan-
dard solutions with different concentrations of elemental sulfur Sg in the range from
0.0174 mM and 2.184 mM by plotting the area of chromatographic peaks correspond-
ing to sulfur versus its concentration.®’ As the concentration of sulfur increases, the
area under the peak increases. The determined calibration curve equation was used
to determine the sulfur concentration in the electrolyte solutions.

27



Experimental and computational methods

2.3 Local structure assessment

Raman and infrared (IR) spectroscopy are both essential for fully measuring the
vibrational modes of a molecule. Molecular vibrations that change bond length
are known as stretching vibrations, which can be further divided into symmetric
stretching (in-phase) and asymmetric stretching (out-of-phase). Other vibrations
cause changes in bond angles, known as bending vibrations, which arise from defor-
mation, rocking, wagging, or twisting of the bonds.%?

Some molecular vibrations can be active in either Raman or IR spectroscopy.
Generally, Raman spectroscopy yields the best results for symmetric vibrations of
non-polar groups, while IR spectroscopy is more effective for detecting asymmetric
vibrations of polar groups®. Both techniques are invaluable for capturing changes
in coordination structure with variations in salt concentration in electrolytes. The
molecular vibrations of the electrolytes discussed in this thesis are listed in Table 2.1.

Table 2.1: Major vibration assignments and corresponding frequencies discussed in
this thesis.

Assignments Frequencies (cm™!) | ref
S—N-—S8 bending vibration 741-747 [49]
SO, symmetrical stretching vibration | 1130-1142 [64]
CF, symmetric deformation 750-771 [64]
C—N stretching vibration 2228-2240 [65]
C—N-Im ring stretching vibration 1310-1320 [65]
N—C—N bending vibration 979-990 [65]

2.3.1 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy measures transitions between molec-
ular vibrations induced by the absorption of IR radiation. The absorption of monochro-
matic radiation by a sample follows Beer-Lambert’s law, where the absorbance of
a solution is directly proportional to the concentration of the absorbing material
and the path length. FTIR spectra are obtained using an interferometer.’® The IR
radiation emitted from the source passes through a beam splitter and multiple mir-
rors, creating an interference pattern of all wavelengths before interacting with the
sample. As the sample interacts with all wavelengths simultaneously, the interfer-
ence pattern changes over time. Fourier transformation converts this time-domain
interference pattern into the frequency domain, allowing the recording of absorbance
as a function of wavelength.%

One condition for molecules to be IR-active is that they must undergo a change
in dipole moment during vibration. Examples of IR-active molecules include HCI,
NO, and CO.%

The unit for IR spectroscopy is the wavenumber (v) in cm™', defined as the
number of waves in a length of 1 cm, given by:

= - (2.1)
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where v is the velocity, A is the wavelength, and c is the speed of light.

2 m LiPDI in DOL:DME
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Figure 2.3: FTIR spectrum of 2 m LiPDI in a solvent mixture of DOL:DME (1:1,
v/v)

FTIR spectrum of 2 m LiPDI in DOL:DME is shown in Figure 2.3.

FTIR spectra in this thesis were obtained using a Nicolet Avatar 370 spectrom-
eter at a resolution of 1 ecm™!. The samples were in the form of thin films placed
between two NaCl plates. The absorbance is plotted against the wavenumber to

obtain the infrared spectrum shown in Figure 2.3.

2.3.2 Raman spectroscopy

Raman spectroscopy serves as a valuable tool to elucidate the cation-anion coor-
dination structure in electrolytes with increasing salt concentrations. At higher
concentrations, Li" and anions form ion-pairs and aggregates, while in dilute elec-
trolytes, cation-anion interactions are negligible due to Li™ being fully solvated with
organic solvent molecules and the presence of “free” delocalised anions.®” The fun-
damental principle of Raman spectroscopy lies in the interaction of incident light
of a specific wavelength with a sample or molecule. When a sample is irradiated
with monochromatic light in the visible region, the light can be reflected, absorbed,
transmitted, or scattered.

Light scattering occurs in two forms: elastic and inelastic scattering (Figure 2.4).%3

e Elastic scattering, also known as Rayleigh scattering, happens when the
incident and scattered light have the same frequency. During this process, an
electron at a specific vibrational or rotational level absorbs energy, transition-
ing to a virtual energy state with energy F; given by E; = hvy. Subsequently,
the electron relaxes and returns to its original energy level, emitting another
photon with energy Ey = huy if it returns to the same vibrational level.

e Inelastic scattering, commonly referred to as Raman scattering, occurs when
a small fraction of scattering happens inelastically. This occurs when an elec-
tron, after being excited, returns to a different vibrational level, emitting a
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Figure 2.4: Energy level diagram for elastic and inelastic scattering.

photon with a different frequency. Raman scattering includes Stokes scatter-
ing (11 > 1) and anti-Stokes scattering (v < vy).%

In general, Raman scattering predominantly refers to Stokes scattering at room
temperature, as anti-Stokes scattering is less likely to occur.

For our Raman spectroscopy measurements, electrolyte samples (0.5-1 cm?) were
sealed in 4 cm? glass vials. Spectra were collected using a Nicolet Almega Raman
dispersive spectrometer with a diode laser excitation wavelength of 532nm and a

spectral resolution of 2cm™1.
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Figure 2.5: An example (3 m LiTFSI) of spectra fitting and deconvolution using
Voigt functions.

Data analysis: Spectral deconvolution was performed using OMNIC software
(OMNIC, Thermo Scientific) with Voigt functions. An illustrative example of de-
convolution for a 3 m LiTFSI in the DOL:DME system is presented in Figure 2.5.
Species were centered at 739 cm™! for “free” anions, 741 cm™! for ion-pairs (IP), and
747 cm ™! for aggregates (AGQG).
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2.4 Operando confocal Raman spectroscopy

During Li-S battery charge-discharge cycles, the lithium PSs produced dissolve in
the electrolyte, leading to poor cycling stability, energy loss, and capacity decay.®®
It is very crucial to identify the type and concentration of Li,Sx formed in different
electrolytes during the cell cycling. To investigate the reaction mechanisms inside a
Li-S cell, operando confocal Raman spectroscopy is a valuable tool since elemental
sulfur and PSs are strongly Raman active.% The primary reason for using operando
Raman in our studies is to compare and evaluate the LiPS evolution in Hiickel salts
and conventional LiTFSI in ether solvents. Our operando Raman measurements
were performed using a confocal experimental configuration with a commercially
available EL-cell. The scattered photons from the incident laser are collected from
the focal plane, allowing the probing of the electrolyte or the electrode surface.™
Li-S operando cell setup

The Li-S battery was assembled in an electrochemical cell ECC-Opto-Std (EL-
cell® GmbH) in a sandwich configuration similar to coin cell assembly (Figure. 2.6).
The cell included a 10 mm C/S composite electrode containing approximately 1 mg
of sulfur, one layer of glass fibre separator (Whatman™ 1821 GF/B, 675 um) con-
taining 60 uL of electrolyte, and a 15 mm counter and reference electrode of lithium
metal with a 2 mm hole at the center. The cell used a borosilicate glass window for
observing Raman spectra. The assembly was performed in an Ar-filled glove box
with O, and H,O levels controlled below 1 ppm. Galvanostatic measurements were
performed at a C/10 rate (1 C = 1672 mA h/g) on a GAMRY Series G 300 at room
temperature, cycling between 1 and 3 V versus Li* /Li°.

© Glass window
@ Li anode (16 mm)

© Whatman glass fiber separator
(10 mm, 675 pm thick)

- C/S cathode (10 mm)

Configuration of the cell

Figure 2.6: Schematic view of an operando Raman setup.

Operando confocal Raman cell

All Raman spectra were collected on a LabRam HR Evolution (Horiba GmbH)
in confocal mode using a 633 nm He-Ne laser operated at a power of approximately
10 mW, a 300 grooves/mm grating, a 10X objective, a 200 ym confocal hole, and a
Syncerity OE detector operated at room temperature. The laser beam was focused
on the separator surface very close to the edge of the hole in the Li anode, and a
neutral density (ND) filter was used to reduce the emitted laser intensity on the
sample surface to 25%. Each spectrum was obtained by co-adding 30 accumula-
tions of 20 s exposure, collected over a total period of 610 s. Baseline correction
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was applied using a polynomial function to remove photoluminescence background.
All calculations for analyzing the Raman spectra were performed with MATLAB
(version R2023b, The MathWorks, Inc.).

Spectral analysis: The PS regions (400-600 cm ™) were analysed by fitting a linear
combination of Gaussian functions:

_ (7’—Un)2

N
AW) = Apmaxe 27 (1)
n=1

Here, A(v) represents the absorbance at a specific wavenumber v, A, max de-
notes the peak absorbance of the n-th Gaussian component centered at wavenumber
vp, and o, is the standard deviation, indicating the width of the n-th component.
Spectral deconvolution on a series of time-resolved spectra began with the initial
adjustment of absorbances at 450 cm™! to zero. The absorbance values were then
normalised to the C—O bond absorbance of DOL at 910 cm ! before baseline cor-
rection was applied using a simple linear function. The optimisations of Gaussian
parameters were calculated using non-linear least square methods in MATLAB (ver-
sion R2023b, The Mathworks, Inc.).

2.5 Electrochemical characterisation

To perform the Li-S battery cycling, a coincell was assembled followed by a galvanos-
tatic (constant current) charge-discharge cycling. For measuring the ionic conductiv-
ity of different electrolytes we performed a potentiostatic electrochemical impedance
spectroscopy which are explained in sections below.

2.5.1 Coin cell assembly

For the battery tests, coin cells were assembled in the order as shown in Figure. 2.7.
The coin cells (CR2032) mainly comprises a C/S composite cathode (13 mm), a
lithium metal foil anode (14 mm), and a Whatman glass fibre filter (16 mm) sepa-
rator filled with 80 ul of electrolyte (or 25 ul /mgS). The Whatman glass fibre filter
(675 pm) prevent any electrical contact between cathode and anode while their
porous structure is filled with electrolyte to allow fast ionic conduction. The cell
contains two caps of stainless steel (A and H) that serve both as a sealed container
and as current collectors and the spring is used to maintain a balanced pressure in
the cell. The cell assembly is carried out using coin-cell crimper (Hohsen) and was
assembled inside the argon-filled glovebox. The coin cell is relatively easy to build,
and the effective sealing allows for reduced evaporation of the solvents

2.5.2 Galvanostatic charge-discharge cycling

The amount of charge stored in a battery or the capacity is determined using gal-
vanostatic charge-discharge mode i.e., the current is kept constant for the charge
and discharge regimes between two voltages.” The charge and discharge current
of a battery is normally expressed as C rate. C rate is the rate at which a battery
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100000

Figure 2.7: schematic view of a CR2320 coin cell: A, stainless steel can; B,
polypropylene gasket; C, carbon-sulfur composite (+) cathode; D, Whatman glass
filter wetted with the electrolyte; E, lithium foil anode; F stainless steel spacer disk;
G, stainless steel wave spring; H, stainless steel cap; the picture on the right is the
top view from glovebox.

charge or discharge. A C rate of 1 C implies a charge and discharge of battery occurs
in 1 hour, C/10 or 0.1 C equals to 10 hours and C/30 or 0.033 C rate is equal to 30
hours. For the Li-S battery tests, the initial C rate was set at C/30, and thereafter,
the cycling was conducted at C/10 (1 C = 1672 mAh/gS). At higher C rate some
energy can be lost into heat which lowers the capacity.

For the battery tests, the voltage limit was set between 1 and 3 V Li' /Li°.
The Li-S galvanostatic charge-discharge cycles were tested with a battery analyzer
- Scribner Associates Incorporated 580 Battery Test System. An example of a
discharge-charge cycle using C/30 C rate is shown in the introduction chapter Fig-
ure. 1.3 .

2.5.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful tool to study ionic
conductvity of the electrolytes. In EIS, a small alternating voltage (5 mV) is applied
to an electrochemical cell over a wide range of frequency typically from milli Hertz
to mega Hertz.™ The applied voltage should be small so that the current and voltage
are linear to each other. The sinusoidal response of the system (current) towards
the applied perturbation can be expressed as a complex number Z which is given
by™:
Z =a+1b

where a is the real part on the x axis and b is the imaginary part on the y axis and
i is the imaginary unit, i>=1. A nyquist plot graphically represent the imaginary
part of impedance against the real part and a Randles circuit model fits to vari-
ous parameters such as double layer capacitance (Cdl), electrolyte resistance (Re),
charge transfer resistance (Rct)and a warburg element (W) given in Figure. 2.8. The
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Figure 2.8: Schematic representation of an electrochemical system’s response to a
low-amplitude (5 mV) sinusoidal signal for the 1 m LiHDI in DOL:DME electrolyte
at 0 and 10° C.

electrolyte resistance (Re) is shown in the figure for the 1 m LiHDI in DOL:DME
at 0 and 10 ° C. Re depends on several factors such as salt concentration, type of
ions and geometry of area in which current is carried.

The resistance Re of a conductor with resistivity p is given by

_pl
A
where p is the resistivity, [ is the length of the conductor, and A is the cross-sectional
area.
When replacing resistivity p with conductivity o and cell constant

l

Re

C=—
A
the equation becomes
C
o=—
Re

where o is the conductivity of the material. Conductivity has SI units of siemens
per metre (S/m).

Inorder to measure the ionic conductvity, the electrolytes were first placed into
micro conductivity cells with cell constants values = 0.3-0.7 cm ™!, which were then
put into a cryostat-thermostat system (Haake K75 with the DC50 temperature con-
troller). A cryostat is essential to measure the ionic conductivities for a temperature
range of 0-50° C at an interval of 10° C, with a thermal equilibration of at least 30
min. The cryostat is connected to the VMP3 potentiostat from biologic and an A.C.
signal of 5 mV in 500 kHz to 10 Hz range with 10 points per decade was applied.

2.6 Computational techniques

Modelling has become very popular in all fields of research including batteries. Ma-
chine learning (ML) approaches are widely applied to LIBs™, and these are different
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ongoing projects such as BIG-MAP™, Faraday institution™ and Battery 2030-+77
aimed to solve many practical challenges and to optimise the battery production.
Computational approaches can be effectively applied to optimise various electrolyte
designs. In this work, we use molecular / computational modelling to predict the
Li,Sg solubility in the electrolytes.

For the solubility prediction, we apply a multiple linear regression (MLR) model
to develop a quantitative structure activity relationship (QSAR) model correlating
molecular descriptor (o) computed from a conductor-like screening model with
the experimental Li,Sg solubility. A detailed explanation of the MLR model and
the solubility prediction is provided in Chapter 6. The next section explains the
COSMO-RS model used in the current work.

2.6.1 Conductor-like screening model for real solvents

The conductor-like screening model for real solvents (COSMO-RS)™™ is an efficient
method for predicting the thermodynamic properties of compounds in the condensed
phase.

Mbolecular interactions in condensed phase: The condensed phase is charac-
terised by strong interactions between closely held molecules. The main interactions
in the condensed phase are van der Waals interactions, Coulombic or electrostatic
interactions, and hydrogen bonding. Molecular interactions described using dielec-
tric continuum models do not efficiently account for the intense electric fields or
polarisation of solvents on the molecular surfaces of solutes. On the other hand,
COSMO-RS starts with the assumption that a solute X can be screened by a sol-
vent molecule with the same energy as it would be screened by a conductor. This
screening is termed “conductor-like” because the solvent can offer the opposite ideal
surface charges for all faces of the solute molecule as effectively as a conductor. De-
viations from ideal screening are captured as pairwise interactions of misfit charges
on the contact areas between molecules.®

Analysis of the screening charge densities: In COSMO-RS, molecules are
considered as typical contact segments. By analyzing the surface charge densities
over these contact segments, the effective probability p*(o) of finding a screening
charge density o on a typical contact segment of the solute molecule can be obtained.
This probability function is known as the o profile and it is characteristic not only
of a single molecule but also of an ensemble of solvent molecules. For solvents with
different constituents at different molar concentrations. The o profile is given by
the weighted sum of the o profiles of the components. COSMO-RS can also be used
to calculate the chemical potential u(o) of solutes in various solvents, essential for
understanding solubility and reactivity.®!

Steps for a COSMO-RS calculation: There are two main steps for a COSMO-
RS calculation (Figure 2.9)%2. In the first step, we perform geometry optimisation
of different molecules and use COSMO for quantum chemical calculation to obtain
the screening charge density (o) on the molecular surface. In the second step, the
quantum chemical output is used to obtain thermodynamic properties such as vapor
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Figure 2.9: Workflow of COSMOtherm calculation. Inspired from reference[82].

pressure, solubility, phase equilibrium, and activity coefficient. The detailed treat-
ment of electrostatic interactions and the efficient handling of dielectric boundary
conditions make COSMO-RS a powerful modeling tool for understanding solution
chemistry in complex systems.

In this thesis, we use COSMO-RS model™®™ to predict the solubility of Li,Sq
in the electrolytes. The COSMO-RS calculations™™ were conducted using the
COSMOthermX program and the BP-TZVPD-C30-1701 parameterisation at 293.15
K temperature.®?

The TURBOMOLE V7.1 software package3* was used for initial geometry op-
timisation of the molecules using density functional theory (DFT)®®6 This was
done using the BP86 functional and the TZVP basis set in both the gas phase and
assuming a perfect conductor (¢ = oo). Additionally, single-point calculations were
performed using BP86/TZVPD to generate a fine grid cavity. The molecular struc-
tures and cosmo-files for cycloSg, TFSI, Tf, TDI, PDI, HDI, DOL and DME were
obtained using the TmoleX 4.6.0 graphical user interface and were added to the
COSMOthermX database. All COSMO-RS computations were performed for all
concentrations of the electrolytes made with LiTFSI, LiTf and LiTDI in DOL:DME
(1:1, v/v) using mole fractions. Implicit solvation of Li" was used since it has been
proven to be a reliable approach for >1 M concentrations.®3
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Chapter 3

The role of anions in concentrated
electrolytes for Li-S batteries

Abstract

HCEs show promise in enhancing Li-S battery performance by mitigating PS sol-
ubility. The role of the salt anion for the performance improvement(s) is however
not well understood. Here a systematic characterisation using (concentrated) elec-
trolytes based on three different salts: LiTFSI, LiTf, and LiTDI, in a common
DOL:DME solvent mixture is reported for a wide range of physicochemical and
electrochemical properties: ionic conductivity, density, viscosity, speciation, and PS
solubility. While increased salt concentration in general improves Li-S battery per-
formance, the role of the salt anion introduces complexity. The 2m LiTDI-based
electrolyte, with a slightly higher viscosity and lower PS solubility, outperforms the
LiTFSI-based counterpart in terms of accessible reversible capacity. Conversely, the
2m LiTf-based electrolyte exhibits subpar performance due to the formation of ionic
aggregates that renders more free solvent and, therefore higher PS solubility, which,
however can be improved by using a 5m concentrated electrolyte. Hence, using
electrolyte salt concentration as a rational design route demands an understanding
of the local molecular structure, largely determined /affected by the choice of anion,
as well as how it connects to the global properties and in the end improved Li-S
battery performance.

3.1 Background

t 156 t 187,88

HCES, also known as ‘solvent-in-salt’® electrolytes and similar to ‘polymer-in-sal
electrolytes can be used to limit the solubility of PS.438%90 In these electrolytes, the
Li™ cations in general coordinate more to the anions than to the solvent molecules,
and simultaneously, there is a decrease in free solvent, both improving the perfor-
mance of Li-S batteries.??2 Moreover, the increased concentration of Li" promotes
a more homogeneous plating/stripping process and a robust anion-derived SEI that
suppresses side reactions between the electrolyte and the lithium metal anode.??
Overall, HCEs inhibit dendrite growth.?® Most often, HCEs consist of conventional
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lithium salts (LiTFSI, LiTDI, LiTf) dissolved in organic solvents, such as mixtures
of DOL and DME.*

LiTFSI has been used at high concentrations in Li-S batteries by Shin et al.,
much due to its ability to suppress the solubility of LiPS through the common ion
effect.*® Subsequently, the concentration of this salt was increased even further, up
to 7 mol/litre of solvent, resulting in impressive performance with over 800 mAh/g
and close to 100% coulombic efficiency.’® Equimolar mixtures of glymes with lithium
salts such as LiTFSI and LiTf have also been investigated in Li-S batteries. The
former, termed solvate ionic liquid, SIL, results in low solubility of polysulfides, while
the latter, a concentrated electrolyte with high ionic association strength renders
high PS solubility.*> Another reason for the popularity of LiTFSI and LiTf for
HCEs is their high thermal stabilities and compatibility with the ether solvents.2%%4
In particular LiTFSI is highly dissociated in DOL:DME, while LiTDI is a Hiickel
anion-based salt®” that has weak interaction with polysulfides.?*%

Though HCE’s have many advantages, many challenges still limit the application
of HCEs. HCEs, apart from being expensive due to large amounts of salts, also
have high viscosities and low ionic conductivities.”” The high viscosity of HCEs
can extend their wetting time compared to conventional electrolytes if a similar
manufacturing process is used.?” To improve the cyclability and overall performance
of HCEs, a better understanding of physicochemical properties of these electrolytes
is required.

Previous research has explored concentrated LiTFSI-based electrolytes ranging
from 1 to 7 mol/litre®® and LiTf-based ones up to 3 mol/litre, while for LiTDI-based
electrolytes the salt concentration has been limited to 1 mol/litre.”® In contrast, we
here combine experimental and computational approaches to investigate electrolytes
based on LiTFSI, LiTDI, and LiTf dissolved in a binary solvent mixture of DOL:
DME (1:1, v/v) up to each and every system’s maximum salt solubility. We aim to
provide fundamental structural and mechanistic insights into the role of the lithium
salt anion in different HCEs and less concentrated electrolytes. The physicochemi-
cal properties and electrochemical battery performance are rationalised using local
structure analysis and speciation, including PS solubility.

3.2 Results and discussion

Initially, we prepared a series of electrolytes by dissolving appropriate amounts of
LiTFSI, LiTf and LiTDI (Figure 3.1) in DOL:DME (1:1, v/v). Subsequently, we
conducted a detailed analysis of the speciation (“free” anions, ion-pairs, and aggre-
gates) in these electrolytes for various salt concentrations, with special emphasis on
the role of the different anions/salts. Then findings were connected to the physico-
chemical properties and ionicities to further understand these properties, alongside
Sg and Li,Sg solubilities via both HPLC measurements and COSMO-RS modelling,

affect Li-S battery performance.
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Figure 3.1: Chemical structures of the anions TFSI
(bis(trifluoromethanesulfonyl)imide) (left), TDI (4,5-dicyano-2-
(trifluoromethyl)imidazolide) (middle), and Tf (trifluoromethanesulfonate) (right).

3.2.1 Local structure and speciation

The electrochemical performance of an electrolyte depends on its physicochemical
properties, such as local structure and speciation, ionic conductivity and viscosity.
The local structure and speciation i.e., “free” anions, ion-pairs, and aggregates.®%

In HCEs, the interaction between the lithium cations and the anions leads
to the formation of ion-pairs (solvent-separated or contact ion-pairs) and aggre-
gates,'% which can be semi-quantitatively determined by deconvolution of the elec-
trolyte Raman spectra (Figure 3.2.

For all three electrolytes at standard 1 m concentrations, we observe a band of
“free” anions at 739 cm~! for LiTFSI (Figure 3.2a), at 2227 cm ™! (Figure 3.2b) and
at 977 cm~! (Figure A.5a) for LiTDI and at 757 cm™! (Figure 3.2¢) and at 1032 cm ™!
(Figure A.5b) for LiTf.°! The presence of these “free” anions can be rationalised
using Debye-Hiickel theory, which explains that as the electrostatic interactions
decrease, the concentration of “free” jons increases.'®® As the salt concentration
increases, we observe band splitting and a gradual shift towards higher frequencies
(Figure 3.2a,b,c), signatures of an increase in ion-pairs and aggregates and a decrease
in “free” anions in line with previous reports.5-101-103

These trends and hence the ionic association strength of the anions, depend
on the charge delocalisation within the anion.!®® Anions can also be considered
as Lewis bases with donor numbers (DNs).?5 A strong Lewis base interacts more
strongly with a strong Lewis acid, such as a lithium-ion. In particular, for LiTFSI,
the large concentration of “free” anions indicates higher ionic dissociation and hence
more lithium ion-solvent coordination, that in turn leads to less free solvent present.
This agrees with TFSI being a relatively weak Lewis base (DN = 5.4 kcal /mol) and
interacts weakly with the lithium ions. LiTDI is in many ways intermediate between
LiTFSI and LiTf, and we observe the presence of ion-pairs and aggregates in the
2m LiTDI electrolyte.!%* For LiTf, less “free” anions indicate less ionic dissociation
and hence less lithium ion-solvent interactions, leading to more “free” solvent as also
seen in Figure 3.3. The Tf anion is a strong Lewis base (DN = 16.9 kcal/mol) and
therefore interacts strongly with the lithium ions.!%*
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Figure 3.2: (a) Raman spectra in the v,(S-N-S) region for 1-7m LIiTFSI in
DOL:DME (b) the vs (CN) bending region for 0.3-2.0m LiTDI in DOL:DME (c)
the 05(CF;) bending region for 1-5m LiTf, and (d) Comparison of the estimated
amount “free” anions, ion-pairs, and aggregates for the 2m LiTFSI, LiTDI and LiTf
in DOL:DME (1:1, v/v) electrolytes.|65, 100-102]

3.2.2 Ion transport

The Li-S battery performance also depends on the ionic conductivity and viscosity,
and in general, the former decreases and the latter increases as a function of salt
concentration (Figure 3.4a).

For a common 2 m salt concentration, the trend in ionic conductivity is: LiTFSI
> LiTDI > LiTf, which is similar to the trend for “free” anions. However, the
viscosity is not inversely proportional to the ionic conductivity, as one might expect
(Figure 3.4a); LiTFSI ~ LiTDI > LiTf. The low ionic conductivity of the LiTf-
based electrolyte can be explained by the extensive ionic association and the low
viscosity can be rationalised by a large amount of free solvent!®® evident from the
Raman spectra (Figure 3.3). As the salt concentration increases from 1m to 3m,
the viscosity does not increase significantly (viscosity < 5 mPa.s). However, the

41



The role of anions in concentrated electrolytes for Li-S batteries

“Free” DME

2 m LiTFSI
2 m LiTDI
2mLiTf

DOL:DME

Intensity / a.u.

yd

890 880 870 860 850 840 830
Raman shift (cm™)

Figure 3.3: Comparison of spectra corresponding to the combined C-O stretching
and CH, rocking vibrations of DME in the DOL:DME along with 2 m LiTFSI,
LiTDI and LiTf in DOL:DME electrolytes.
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Figure 3.4: (a) Ionic conductivity and viscosity of the electrolytes at 30°C, filled
symbols are conductivity and the open ones are viscosity (b) Walden plot from
temperature-dependent molar conductivities and viscosities.

viscosity increases significantly at 5m, to 16.4 mPa.s. For LiTFSI (1-7 m), the
situation is quite different; the viscosity increases from 1.15 mPa.s to a vast 225
mPa.s, while the ionic conductivity decrease is much less pronounced (Figure 3.4a).
Furthermore, to assess the ionicity, we analyse the Walden plot (Figure 3.4b) that
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depicts the relation between transport properties, including the molar conductivity
(\) and the fluidity (n), the reciprocal of viscosity.?*1%

Here, the observations at different temperatures (10-50 °C) for the same elec-
trolyte family show that as the salt concentration increases, the ionicity decreases
(Figure 3.4b). For the 2m concentration electrolytes, the trend in ionicity is: TiTFSI
> LiTDI > LiTf, which is similar to the trend for “free” anions and ionic conductiv-
ity. At very high salt concentrations, as for 7m LiTFSI, the electrolyte approaches
the superionic region, which also can be correlated with a report on high transference
numbers (0.73) for this specific electrolyte.’®

The ion transport mechanism in HCEs differs from that in conventional di-
lute electrolytes depending on the Li-coordination with surrounding ions. In di-
lute/conventional electrolytes, a vehicular ion-conduction mechanism prevails, i.e.
the Li+ ion moves with its solvation shell and uncoordinated or “free” anions exhibit
long lifetimes.'971% In HCEs, the Li" ion moves in concerted aggregated motions,
hops, or exchanges its solvent shell, phenomena described as structural diffusion4
or non-vehicular/exchange mechanisms'%, as for example reported to occur for sul-
folane and acetonitrile-based HCEs.%3110

3.2.3 Electrochemical performance

The electrochemical performance tests using the different electrolytes did not com-
prise the 4-7m LiTFSI electrolytes as these are already reported in the literature
for the same solvent mixture (DOL:DME, 1:1, v/v).48:56

For all cells, during the first discharge, we observe a plateau at 2.3-2.4 V which
is the elemental sulfur (Sg) accepting electrons to form long chain PS Li,Sx (x=6-8),
and subsequently a plateau at 2.1 V, which corresponds to the reduction of various
PS Li,Sx to Li,S,. 2%

The electrochemical performance is expected to improve at higher salt concen-
trations. In particular the LiTFSI-based electrolytes, going from 1m to 3m, the
discharge capacity significantly increases from 220 mAh/g to 410 mAh/g (Fig-
ure 3.5a,b). For the LiTDI-based electrolytes, from 1m to 2m, the specific ca-
pacity increases from 300 mAh/g to 380 mAh/g (Figure 3.5¢,d). For LiTf-based
electrolytes, however, from 1m to 3m, we do not observe any significant increase
in the specific capacity and even for the 5m concentrated electrolyte, we observe a
specific capacity of a mere 230 mAh/g (Figure 3.5e,f). This observation can indeed
be correlated with the high concentration of “free” solvent and the low viscosity of
these electrolytes, resulting in increased PS solubility.?¢:111

The coulombic efficiency (CE) improved with increased salt concentration (Fig-
ure A.6). The lower CEs, characterized by a decrease in discharge capacity and an
increase in charge capacity, are attributed to the redox shuttle mechanism of PS.
At lower electrolyte salt concentrations, the CE is overall notably low for the initial
cycles but gradually improves, albeit with an inevitable decrease in capacity. In
contrast, for higher salt concentrations, the CE remains above 80% from the initial
cycles up to 50 cycles, which can be attributed to the lower Li,Sq solubility, indicat-
ing that the solid Li,S, remains in the composite cathode and undergoes a reversible
redox reaction.®’

43



The role of anions in concentrated electrolytes for Li-S batteries

[
o

2]
=3
o

3,0
—a— 1 mLiTFSI
500 = 2mLiTFSI I
o » —=— 3 mLiTFSI
E | o~ 25F
| =
E 400+ | 3 -
z : ¢
is) |
8 300 '\ > 20}
S i ®
o - o
Q H 2
5 200 L
] 15+
2
O 1001
s
15"
10 L L 1 1 L .
0 T T T T 0 100 200 300 400 500 600 700 800
0 10 20 30 40 50 i .
Specific capacity (mAh/g;)
[o] Cycle number (N) d
700 4 30
1 —A—1mLiTDI -
| 4 2mLiTDI 50" 5"
A th
3 6004 som
E | o 25 15
)
E 500 | 2
z 1 g
8 400 L AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA > 20
g Masasadan <
@® X
3] ‘W“‘M‘“‘ o
g 300 %
5 >
5 200 15
2
a
100 ™
30'1
10 —_— 1 1
0 0 100 200 300 400 500 600 700 800

20 30 40 50
Cycle number (N)

o
34

Specific capacity (mAh/g;)

(1]
[
o
o

-

3,0
o 1mLiTf
—e— 2 mLiTf 1t
—~ 500
3 * o 3mLiTf 2z
S \ o 5mLiTf ~ 25
\ |

E 400 | =

(] .
£\ g
< | >
Q 300 || “®e, < 20
T | ®0ccee,, g
:191) 200 t“‘z ] %
5] I
£ {‘ o Z s
2 R o
[a] /

100 - ?.%“\'\“N
000
L 1 1 1 1 1’0 ! . ! . !
0 100 200 300 400 500 600
0 10 20 30 40 50

Cycle number (N) Specific capacity (mAh/g;)

Figure 3.5: Cycling behaviour at C/10 (1st cycle C/30) for LiTFSI, LiTDI and LiTf
in DOL:DME (1:1,v/v) (a, c, e) discharge capacity of LiTFSI (1-3m), LiTDI (1-2m)
and LiTf (1-5m) (b, d, f) the discharge-charge voltage profiles for the 3m LiTFSI,
2m LiTDI and 5m LiTf.

For the comparative analysis of the electrolytes at the 2m salt concentration,
the discharge capacities follow: LiTDI > LiTFSI >> LiTf (Figure 3.6a).

The initial specific discharge capacity for LiTDI, LiTFSI, and LiTfis 710 mAh/g,
465 mAh /g, and 230 mAh/g, respectively (Figure 3.6b). Note that for LiTFSI and
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Figure 3.6: (a) Comparison of discharge capacity of 2m LiTFSI, LiTDI, and LiTf
(b) discharge-charge profiles at cycle 1 for the 2m LiTFSI, LiTDI and LiTf-based
electrolytes.

LiTf, the initial charge capacity may be significantly higher than the discharge
capacity, as compared to the LiTDI-based electrolytes. The overcharging observed
for LiTFSI and LiTf are possibly due to the lithium PS shuttle mechanism and
side reactions of the lithium anode, which prevents the full discharge capacity from
being regained on charging. The CEs are similar for the LiTFSI and LiTDI-based
electrolytes, around 80%, while it is quite low for the LiTf-based electrolytes.

Overall, we observe the best electrochemical performance at 2m concentration
for the LiTDI-based electrolyte, which may at first look appear surprisingly as the
LiTFSI-based electrolyte has more “free” anions, less free solvent, and higher ionic
conductivity, but the slightly higher viscosity of LiTDI alongside with its lower PS
solubility, is decisive.

3.2.4 Elemental Sg and PS solubility

To actually examine the solubility of PS and sulfur, we use HPLC-DAD (2.2.2) and
Li,Sg using COSMO-RS modelling!'? (Figure 3.7 and Table A.2). The experimen-
tal Sq solubility trend follows: LiTf > LiTDI > LiTFSI, which thus explains the
poor performance of the LiTf-based electrolytes, but it does not explain the better
performance of the LiTDI-based electrolytes.

The solubility of LiPS, in any electrolyte, depends on several factors, such as
the cation-anion interaction strength and the solvent molecular structures.''3 Elec-
trolytes with stronger cation-anion interactions are expected to have higher LiPS
solubility as the Li" cation interacts strongly also with the PS anion, and in e.g. the
LiTf-based electrolytes, there is also abundant free solvent, due to the solvation of
Li" by Tf anions, which in addition, as it is stronger or comparable to the Li"-PS
interaction, leads to LiyS, dissociation and high PS solubility.”® Between the LiTDI
and LiTFSI based electrolytes, though the former has slightly more ion-pairs than
the latter, the modelling suggests Li,Sg to be more soluble in the latter (Table A.2).
This is consistent with previous studies attributing lower Li,Sg solubility in LiTDI
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Figure 3.7: Solubility of Sg in various electrolytes using HPLC-DAD (219 nm).

due to the large anion size as well as different solvation of LiTDI with Li,Sg form-

ing dimers, as compared to monomers or higher order polysulfides in the case of
LiTFSI-based electrolytes.?3%

3.3 Concluding remarks

Increasing the salt concentration in the electrolytes show promise for improving the
performance of Li-S batteries. For our three electrolyte families based on LiTFSI,
LiTDI or LiTf salts, the increase in ion-pairs and aggregates, the higher viscosities,
and lower ionic conductivities at higher salt concentrations result in reduced PS
solubility. Comparing the 2m electrolytes, the trends in “free” anions and ionic
conductivity aligns, but the viscosity trend does not. The lower viscosity observed
for the LiTf-based electrolytes, combined with / originating from the presence of
more free solvent, likely contributes to their comparatively poorer performance as
the PS solubility increase, while in contrast the LiTDI-based electrolytes have a
large capacity (380 mAh/g), possibly due to their lower PS solubility and this both
emphasizes the role of the anion for improving the performance and suggest potential
for exploring similar electrolytes based on Hiickel anions for Li-S battery application.
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Chapter 4

Hiuckel anion based concentrated
electrolytes for Li-S batteries

4.1 Background

Hiickel salts are aromatic molecules with delocalized n-electrons. These salts were
first proposed by M. Armand in 1995 and they continue to provide useful alternatives
for better electrolytes.!'* In Chapter 3, we reported the improved capacity of LiTDI-
based electrolytes compared to the widely used LiTFSI-based electrolytes. The
improved capacity of LiTDI is attributed to their lower polysulfide (PS) solubility
compared to LiTFSI. This is due to the difference in lithium solvation with the most
soluble PS, Li,Sg, forming Li,S, dimers.?3%

The enhanced electrochemical performance of LiTDI-based electrolytes moti-
vates us to explore other Hiickel anion-based salts in the same family, which differ
only in the length of the perfluorinated alkyl chain, such as LiPDI (n=2) and LiHDI
(n=3). In this chapter, we envisage for the first time Hiickel anion-based salts
LiTDI, LiPDI, and LiHDI at various concentrations and study their local structure,
ion transport, and electrochemical properties to introduce new electrolyte designs
for Li-S batteries.

4.2 Results and discussion

Initially, we prepared a series of electrolytes based on LiTDI, LiPDI, and LiHDI
(Figure 4.1) from 0.3-2m in DOL:DME (1:1, v/v) solvent mixture. Subsequently,
we analysed the local structure of the electrolytes as a function of salt concentration
using Raman and FTIR spectroscopy. Furthermore, these structures were correlated
with ion transport properties and electrochemical performance. The electrochemical
performance depends on PS solubility in the electrolytes. The Li,Sg polysulfide
solubility was determined using the COSMO-RS combined with the multiple linear
regression model.
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Figure 4.1: Chemical structures of LiTDI (left), LiPDI (middle) and LiHDI (right)

4.2.1 Local structure and speciation

The Raman and FTIR spectra of Hiickel anion-based concentrated electrolytes pro-
vide insights into the coordination environment of lithium ions and the nature of
ion-solvent and ion-ion interactions.!!> Previous studies from the Wieczorek group
reported several crystalline solvate structures and Raman spectra of LiTDI with
dimethyl ethers of glymes.®> These spectra provide information for comparing the
ionic association of salts (LiTDI, LiPDI, and LiHDI) in DOL:DME solvents since
DME molecules are more actively involved in the Li*-solvation process than DOL.%
The spectra, shown in Figure 4.2, represent peaks for various concentrations (0.3 m,
0.6m, 1.0m and 2m) of LiPDI in a DOL:DME solvent mixture. It consists of three
main bands (Figure 4.2), that serve as crucial probes for the analysis of ionic associ-
ation: CN triple bond stretching (v, 2225-2235 cm™!), imidazole ring stretching
(VeN—1m, 1300-1320 cm™1), and NCN ring deformation (dycn, 943-977 cm™1).65:116

20mLPDI A b c
1.0m LiPDI
0.6 m LiPDCI

DOL:DME

Intensity / a.u.

T L B e e T T T T T T T T
2300 2280 2260 2240 2220 2200 2180 2160 1350 1300 1550 1400 1350 1300 1250 1200 1050 1000 850 800 850 800 VSD

Raman shift (cm")

Figure 4.2: Raman spectra of 0.3-2m LiPDI in spectral ranges corresponding to a)
von, b) von—1m and c) dnon

The intensity of the peak in the 2225-2235 cm™! increases with salt concen-
trations, indicating an increase in the number of PDI anions interacting with the
lithium ions. The peak at 1300-1320 cm™! and 943-977 cm™! shifts to a higher
wavenumber, and its intensity increases with the salt concentration. This observa-
tion suggests that there are changes in the local coordination environment and the
nature of ion-solvent interactions. In particular, the increase in peak intensity with
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salt concentration suggests that the electrolyte environment becomes more struc-
tured, and there is a higher degree of coordination between the ions and solvent
molecules.

a
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Figure 4.3: a) FTIR spectra of LiPDI (0.3-2 m salt concentration) in a solvent
mixture of DOL:DME b) Comparison of vCN peak for 2 m LiTDI, LiPDI and
LiHDI.

The FTIR spectra provide complementary insights into the coordination envi-
ronment and speciation of Hiickel anion-based electrolytes. The peak at 2225 cm ™!
for 0.3 m salt shifts to higher wavenumbers and is accompanied by a shoulder at 2245
cm ™. Deconvoluted CN stretching bands for LiPDI in DOL:DME (Figure 4.3a) re-
veal three distinct peaks for “free” anions (2223 cm™!), contact ion-pairs (2230 cm ™),
and aggregates (2241 cm™!). The percentage of “free” anions decreases with increas-
ing salt concentration, while ion-pairs remain between 40-60%, and the percentage
of aggregates (triplets or dimers) significantly increases. Higher concentrations of
dimers also contribute to the poor ionic conductivity as they are less mobile under
an electric field.''” The deconvolution results of the voy peak (Figure 4.3b) show
that the amount of aggregates is lowest for LiTDI among the three salts, while the
amount of “free” anions is slightly higher for LiTDI than for LiPDI and LiHDI. The
highest degree of free anions in LiHDI-based electrolytes is possibly due to its larger
anion size and lower mobility.”® The spectral changes between 820-900 cm™~! cor-
responding to CHy rocking and C-O-C stretching vibrations of DME (Figure 4.4)
suggest that the amount of free solvent in the electrolyte decreases as the salt concen-
tration increases. A prominent band at approximately 870 cm™! (breathing mode)
corresponds to the glyme-lithium salt complex. The band intensity increases at the
expense of the band at 850 cm ™!, which is a characteristic of free solvent. 8120

In general, FTIR spectra confirm the trends observed in Raman spectroscopy,
emphasizing the importance of salt concentration and the choice of lithium salt on
the coordination environment in Hiickel anion-based electrolytes. At higher con-
centrations, the increase in interaction between lithium ions and anions leads to
enhanced structural stability and reduced ion transport.
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Figure 4.4: Comparison of spectra corresponding to the combined C-O stretching
and CH, rocking vibrations of DME in the DOL:DME along with 0.3-2 m LiPDI.

4.2.2 Ton transport

To further understand the ion transport of Hiickel anion-based electrolytes, we ex-
amined the ionic conductivity and viscosity of 1 m and 2 m concentrations of LiTDI,
LiPDI, and LiHDI from 0-50 °C (Figure 4.5). The ionic conductivity of the elec-
trolytes depends on several factors such as the ionic association strength, the type
of lithium salt anion, and salt concentration.'>! The ionic conductivity for 1m and
2m LiTDI, LiPDI, and LiHDI increases, and viscosity decreases with temperature.
The conductivity values are lower for 2m compared to the 1 m salt concentration
due to increased viscosity and ion pairing in 2m. The LiTDI-based electrolyte ex-
hibits the highest conductivity and lowest viscosity, followed by LiPDI and LiHDI
in the temperature range investigated in this work. The differences in ionic conduc-
tivity of different salts are slightly more pronounced at 2m salt concentration and
correlate well with viscosity results. The ionic conductivity trend agrees with the
previous work on similar electrolytes which showed that LiTDI has slightly higher
ionic conductivity compared to LiPDI in triglyme solvents.!?!

4.2.3 Electrochemical performance

Due to the higher amount of free solvent at 0.3 and 0.6 m salt concentrations, the
electrochemical performance of the Hiickel salt-based electrolytes for Li-S batteries
was performed for 1 m and 2 m lithium salt concentrations. We reported the dis-
charge capacity of Li-S batteries for the first 50 cycles in Chapter 3 (Figure 3.5)
for the LiTDI in DOL:DME electrolytes. The LiTDI-based electrolytes had out-
performed LiTFSI-based electrolytes in their capacity and coulombic efficiency. In
this work our aim was to check if the LiPDI and LiHDI-based electrolytes behaved
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Figure 4.5: Tonic conductivity and viscosity of a) 1 m and b) 2m LiTDI, LiPDI and
LiHDI: the solid line represents ionic conductivity and the dashed line represents
viscosity.

similar to LiTDI.

The discharge capacity of electrolytes based on 2m lithium salt was higher than
the 1m due to low PS solubilities. Here, we compare the first charge-discharge
behaviour of Li-S using 2m LiTDI, LiPDI, and LiHDI (Figure 4.6). The initial
capacities of LiPDI and LiHDI were only slightly lower than that of LiTDI, with
no significant overpotential observed at 2m salt concentration. An improvement in
electrochemical performance was observed when the concentration increases from
1m to 2m and we compare the cycling performance and coulombic efficiency for the
first 10 cycles (Figure 4.7a). The discharge capacities remained relatively consistent
for all electrolytes, ranging from 350 to 400 mAh/g. The coulombic efficiency im-
proved significantly with an increase in concentration from 1 m to 2 m (Figure A.6)
but remained between 60-85%. The addition of LiNO, additive further enhances an-
ode stability, resulting in nearly 100% coulombic efficiency (Figure 4.7b), suggesting
that both LiPDI and LiHDI are good candidates for Li-S batteries.
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Figure 4.6: Comparison of first charge-discharge capacity of 2m LiTDI, LiPDI and
LiHDL
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Figure 4.7: Cycling behavior at C/10 for 2 m LiTDI, LiPDI, and LiHDI in
DOL:DME solvent mixture. a) Cycle 1 with C-rate = C/30 b) Discharge capac-
ity and coulombic efficiency of 2 m LiTDI, LiPDI, and LiHDI for the first 10 cycles
c¢) Discharge capacity and coulombic efficiency of LiHDI for the first 10 cycles after
the addition of 0.2 m LiNO,.

4.2.4 Polysulfide solubility and modelling

Low PS solubility is an important parameter for enhanced Li-S battery performance,
and here, we evaluate the LiySg solubility of LiTDI, LiPDI and LiHDI electrolytes
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using COSMO-RS combined with a supervised machine learning approach. This
approach is explained in detail in Chapter 5.

Table 4.1: Predicted Li,Sg solubility of LiTDI, LiPDI, and LiHDI in DOL:DME.

Electrolytes Li,Sg solubility logl0[s]
1 m LiTDI in DOL:DME | 2.4

2 m LiTDI in DOL:DME | 2.1

1 m LiPDI in DOL:DME | 2.3

2 m LiPDI in DOL:DME | 2

1 m LiHDI in DOL:DME | 2.3

1 m LiHDI in DOL:DME | 1.9

The table lists the Li,Sq solubility values, expressed as log;,[s], for 1 m and 2m
concentrations of LiTDI, LiPDI, and LiHDI in DOL:DME solvent mixture. For
all three electrolytes, increasing the salt concentration from 1m to 2m decreases
the Li,Sg¢ solubility. The solubility of Li,Sg also decreases as the chain length of
salt increases from LiTDI to LiHDI. This indicates that LiHDI may have lower PS
solubility due to the larger anion size and reduced mobility due to higher viscosity.

4.3 Conclusions and outlook

In summary, we prepared and characterised a series of concentrated electrolytes
based on Hiickel anion salts with different alkyl chains for Li-S batteries. Raman and
FTIR spectroscopy provided valuable insights into the local structure and the local
structure correlates with ion transport properties and electrochemical performance.
The increase in ion-pairs and aggregates, less free solvent and the increase in viscosity
improved the capacity at 2m salt concentration. The LiTDI, LiPDI and LiHDI-
based electrolytes showed similar electrochemical performance, though the Li,Sg
decreases as the alkyl chain length increases from LiTDI to LiHDI. The addition
of LiNOs;, additive, further improved the coulombic efficiency, making them strong
candidates for future Li-S batteries.

To further explore the PS solubility and diffusion mechanism in Hiickel anion
salts, operando Raman studies are performed as described in Chapter 6.
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Chapter 5

Machine learning approaches for PS
solubility prediction

5.1 Background

In Chapter 1, we discussed that one of the major challenges in Li-S batteries is
the dissolution of PSs. This issue arises when elemental sulfur in the carbon-sulfur
cathode dissolves into the electrolyte during Li-S battery operation and converts
into various PSs. Long chain PSs, such as Li,Sg, are more soluble in the electrolyte
compared to shorter chain PSs.'?*12 Predicting and controlling the concentration of
these PSs in the electrolyte remains a significant unresolved problem, and there are
several attempts under development.!”!?* It is often very time-consuming to prepare
LiPS based on different stoichiometries and analyse them using IR, UV spectroscopy,
and other experimental techniques.'!3 The COSMO-RS approach is well-suited for
assessing PS solubility in electrolytes, as it provides multiple molecular descriptors
with physical significance related to molecular interactions. Quantitative structure-
activity /property relationship (QSAR/QSPR) involves combining experimental data
and computed molecular descriptors to explain interactions and predict the activity
or properties of chemical compounds based on their molecular structures.

In the current work, we describe a method that combines different supervised
machine-learning approaches with COSMO-RS descriptors to build a regression
model for PS solubility. We use this model to predict the Li,Sg concentration in
Hiickel anion-based electrolytes.

5.2 Results and discussion

The method used to predict the Li,Sg solubility is briefly explained in Figure 5.1.
Initially, the molecular structures were built and optimised as described in Section
2.6. Using COSMO-RS, we obtained the o-potential, u(c) or molecular descrip-
tors of electrolytes at different salt concentrations. The experimental Li,Sg solubil-
ity values for 12 electrolytes were used to create a dataset, and the corresponding
molecular descriptors were calculated from COSMO-RS. We then screened 127 po-
tential combinations of these descriptors and statistically assessed the models using
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the correlation coefficient (R?). The coefficients with the least mean squared errors
were used to predict the Li,Sg solubility of the Hiickel anion-based electrolytes.
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Figure 5.1: Workflow for COSMO-RS to obtain molecular descriptors followed by
PS solubility for the Hiickel salt-based electrolytes.

5.2.1 Chemical potential as a molecular descriptor

For developing the QSPR/QSAR model, the most useful molecular descriptor, the
o-potential (u(o)) of the electrolytes was obtained from the COSMO-RS model.
These descriptors were displayed as a sigma profile, that provides the probability
(p(0)) of finding a molecular surface segment with a screening charge o on the
surface of a molecule. The computed o-potentials contained 61 data points ranging
between +0.03eA .

From the Figure 5.1b, the o-potentials of the Hiickel anion-based electrolytes
were nearly identical between 0 and j:0.02eA_2, which corresponded to the o-profile
of the S3~ anion. Consequently, the ability of the electrolyte to interact with Li"
determined the Li,Sg solubility. The (o) was a valuable descriptor for quantifying
the ability of electrolytes to solubilise polysulfides.

Among the data points between i0.03eA_2, many data points were similar to
each other, leading to the reduction of the p(o) descriptors to 7 data points, i.e.,

o = +0.03, £0.02, £0.01, and 0.0eA 7.

5.2.2 Data collection

To predict the Li,Sg solubility for new electrolyte systems, we created a dataset
with known Li,Sg solubilities based on previous experiments.?>!1125 The dataset
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Table 5.1: Descriptor values and Li,Sg solubility-experimental and predicted.

Solvent wu(—0.02) | 11(0.01) | Exp log;o(s) | Pred logio(s)
DOL:DME, 1:1 (v:v)[113] 0.147 | 0.077 2.88 2.02
1 m LiTFSI DOL:DME|23] -0.109 0.079 2.70 2.40
THF!3 -0.285 0.087 3.00 291
1 m LiTFSI G4,_5[126] 0.169 | 0.081 2.88 2.65
[Li(THF),]TFSI x 2 THF[125, 127] | -0.143 | 0.086 2.24 1.90
Li(G4,_5),]BETI[111] 0.105 | 0.081 0.30 0.50
[Ll(G2)4/3]TFSI[125, 127] 0.077 | 0.082 0.90 0.61
Li(G4,_s )] TFSI[125, 127] 0.089 | 0.079 0.90 0.85
[Li(G3,_4)1| TFSI|125, 127| 0.086 | 0.081 0.60 0.65
Li(G3, )1 ]OTH111] 0.159 | 0.077 3.11 3.01
Li(G1),] TFSI,G1[125, 127] 0.136 | 0.086 1.40 1.85

includes 12 electrolytes containing binary and ternary solvent mixtures and vari-
ous Li salts. The experimental Li,Sq solubility values were collected from previous
reports (Table 5.1).

5.2.3 Regression model development and validation

Using one to seven p(o)-descriptors (o = 4+0.03, £0.02, £0.01, and 0.0 eA_2), we
screened 127 potential combinations of the descriptors to generate MLR-X models of
increasing complexity X: X = 1-7; specifically, X = 1 : 7 combinations, X = 2 : 21,
X =3:35,X=4:35,X=5:21,X =6:7 and X = 7 : 1.112 Each
MLR regression model using a different complexity X and a combination of u(o)-
descriptors was built and compared. The models were evaluated using mean squared
error (MSE) and the correlation coefficient (R?). A 70/30 split between training
and test datasets was employed and this was repeated 30 times to ensure accuracy.
Additionally, the difference between training and test MSE was used to assess model.

The MSE for the test datasets showed that MLR models with higher complexity
initially decreased MSE, indicating a better fit. However, models with too many
descriptors (MLR-6 and MLR-7) exhibited overfitting, while simpler models (MLR-~
1 and MLR-3) were underfitted. We found that the optimal model was MLR-2, as
it balanced bias and variance effectively. The coefficients for these descriptors were
determined, and the linear Equation 5.1 was obtained. The Equation 5.1 used for
predicting the Li,Sg solubility is:

log ;o (Spredicted) = 7.84 - ;1(—0.02) — 109.25 - 1(0.01) 4+ 10.17 (5.1)

Using the Equation 5.1 and the chemical potential values at (—0.02) and £(0.01)
the solubility of Li,Sg was calculated for the Hiickel anion based electrolytes. (Chap-
ter 4, Table 4.1).
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Figure 5.2: Learning curves and predicted Li,Sg solubility using linear regression
MLR-2

5.2.4 Multiple linear regression model building

The open-source Scikit-learn toolkit (v0.22.1) for the Python programming lan-
guage was utilised to implement supervised machine learning methods for model
building.!?®* A QSAR/QSPR model was developed using an ordinary least squares
approach within the MLR technique to make predictions. Ordinary least squares
regression is a widely used method for estimating the coefficients of linear regression
equations, which describes the relationship between one or more independent quan-
titative variables and a dependent variable. This method enables the correlation
of the computed p(o) of the COSMO-RS with the log;, of the experimental Li,Sg
solubility s (in mM).

We tested 127 MLR regression models, each with unique complexity X and sets
of molecular descriptors were constructed and compared. The models were validated
using a cross-validation approach across 20 randomly selected datasets. The dataset
was divided into training and test sets in a 70/30 ratio. The p-value analysis was
conducted using the Python module statsmodels (v0.11.0).1*? The fitted models were
statistically assessed using the correlation coefficient (R?) and the corresponding
mean-square error as described in Equation 5.2. This equation calculates the mean
squared error between the calculated and experimental solubility values:

N
MSE = % Z (logyo(Scatc) — IOglo(SeXD))2 (5.2)

i=1
In Equation 5.2, MSE is the difference between the predicted (calculated) and
experimental values. Here, IV represents the total number of data points or observa-
tions. The variables scyc and sexp, denote the solubility values calculated using and
the experimentally measured solubility values, respectively. The base-10 logarithm
function, log,,, is applied to these solubility values to compare them on a logarith-
mic scale. The summation operator, Zfil, sums the squared differences between
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the logarithms of the predicted and experimental values for all N data points, and
the average of these squared differences is the MSE.

5.3 Conclusions

Our study successfully shows that supervised machine learning, particularly MLR
models with carefully selected descriptors, can effectively predict Li2S8 solubility in
Hiickel anion-based electrolytes. The optimal MLR model, utilising two descriptors,
achieved high predictive accuracy with R? = 0.91. The predicted Li,Sq solubility
values show excellent agreement with experimental data, validating the robustness
of this approach. In summary, the MLR approaches hold the potential for predictive
modelling of PS solubility, which is crucial for electrolyte design and optimisation
for Li-S batteries.
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Chapter 6

Insights to PS dissolution and
diffusion by operando Raman
spectroscopy

6.1 Background

In Li-S batteries, PSs inherently solvate in liquid electrolytes and thereby contribute
to loss of / unstable cathode capacity and short cell life-spans. Despite attempts to
address this issue through various electrolyte formulations, challenges persist due
to our incomplete understanding of PS dissolution and diffusion, particularly across
different cell state-of-charge and electrolytes. In this study, we semi-quantify the
impact of electrolyte salt concentration on the solubility and diffusion behaviour
of PSs using in situ/operando Raman spectroscopy, assisted by modelling efforts
- DFT + COSMO-RS, modelling shown viable in the past to address differently
concentrated electrolytes.!'? Specifically, we have here chosen a family of Hiickel
anion-based lithium salts, which differ only in their perfluoroalkyl chain, dissolved in
the standard solvent mixture of DOL:DME (1:1, v/v) to prepare 0.3-2 m electrolytes.

By Raman spectroscopy we determined the local structure and found that more
ion-pairs and aggregates decrease the PS solubility and mobility in the more salt
concentrated electrolytes, and this finding was further supported by COSMO-RS
modelling. This chapter will contribute to the understanding of the intricate PS
solvation in liquid electrolytes for future Li-S battery development.

6.2 Results and discussion

All Li-S cells using Hiickel anion-based lithium salt (LiTDI/LiPDI/LiHDI) elec-
trolytes were after assembling charged to stable open circuit voltages (OCVs); up to
2.4 V for LiTDI (1-2 m) and up to 3.0 V for LiPDI (0.3-2 m) and LiHDI (1-2 m).
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spectroscopy

6.2.1 Raman spectra at open circuit voltage

The Raman spectra of the electrolytes in the Li-S cells at OCV are quite comparable
to the spectra of the pure electrolytes (Figure. 6.1). In the Li-S cells using 1 and

DME DME | DOL
Li-S 1 m LiHDI -
IS - S - O, _,__/k."."-._,/' '-|| \‘"-—"_d_/':
1 m LiHDI d
| Li-S 1 m LiPDI - .

I, S W A, S

TmLPDI T ]

Li-S 1 m LiTDI

L ST NN | GPT SN

-1 m LiTD

Intensity (arbitrary units)

DME:DOL (1:1 v/v) ! i
200 400 600 800 1000

Wavenumber (cm™)

Figure 6.1: Comparison of Raman spectra of 1 m LiTDI, LiPDI and LiHDI in
DOL:DME electrolytes in glass vials (blue spectra) and in Li-S cells at OCV (red
spectra). The spectrum of the DOL:DME (1:1 v/v ) solvent mixture is shown in
black, and the asterisk marks the presence of the S3~ radical peak.

2 m LiTDI, the tri-sulfur S5~ radical®®'?® was detected at ~ 530 cm~! when at
the high voltage plateau (2.4-2.3 V), despite the ambiguous detection of its parent
long-chain S}~ species. Whereas the OCV of the Li-S cells using the LiPDI and
LiHDI electrolytes is stable at 3.0 V, no Raman signals of sulfur species can be
detected, at least at the Li anode side even though the sulfur is soluble in DOL:DME
solvent®! and can react with Li anode without any potential gradient. This indicates
that the solubility and diffusion of dissolved sulfur is limited in the LiPDI and
LiHDI electrolytes compared to LiTDI electrolytes, in agreement with our Li,Sg
solubility calculations using COSMO-RS combined MLR model (Chapter 5). In all,
this further confirms that among the Hiickel salts LiTDI-based electrolytes have
slightly higher S / PS solubility.

6.2.2 Raman spectra during galvanostatic cycling

During galvanostatic discharge of the Li-S cells using the 1-2 m LiTDI electrolytes
(Figure. 6.2a,A.1), a set of new bands arises at ~ 400 and ~ 441 cm™! corresponding
to Sz~ and S7~ 8869129 respectively, when at the 2.4 V plateau and the 2.4-2.1 V
slope. In addition, the S~ radical band at 530 cm™! continuously grew in intensity as
function of depth-of-discharge, in agreement with a previous study using 1 m LiTFSI
in DOL:DME (1:1 v/v).'* Strong photoluminescence (PL) background (A.2) was
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Figure 6.2: Operando Raman spectra of the first discharge of Li-S cells using the
(a) 1 m LiTDI, (b) 1 m LiPDI, and (c¢) 1 m LiHDI electrolytes. Backgrounds were
corrected for using polynomial functions, and the spectral response of the electrolytes
at OCV was subtracted to enhance interpretation and readability.

present during the galvanostatic discharge, and overlaps with the Raman signals
when entering the charge. Although electrochemical data for a few cycles in the
operando Raman cell were comparable with those from the coin cell, we can only
unambiguously analyse the Raman spectra from the first discharge cycle.

For the Li-S cells using 1-2 m LiPDI (Figure. 6.2b, A.2) and LiHDI (Figure. 6.2c,
A.2), we observed the same collection of Raman bands of S5~ (400 cm™'), ST~ (441
ecm™!) and S5 (530 cm™!), at the first discharge at 2.4 V plateau and 2.4-2.1 V slope.
The 1 m LiPDI electrolyte spectra, less affected by PL (A.2) shows systematic growth
and disappearance of PS species during cycling, in accordance with the literature.®®

6.2.3 Concentration-dependent PS solubility and diffusion

To provide insight also on the electrolyte salt concentration-dependent PS solubility
and diffusion, we analyzed the intensities of the Sz~ (400 cm™'), S~ (441 cm™!)
and S5~ (530 cm~!')Raman bands. To minimise negative contributions of spectral
noise, all intensity profiles (Figure. 6.3) were obtained by Gaussian fitting.

For the 1 m LiTDI electrolyte (Figure 6.3a), the intensity profiles reveal that
the Sg~ peaks appear before the S5~ radical peaks when coming to 2.3-2.1V slope,
even though the latter peak is present first during the OCV part. Subsequently, the
populations of both these species decrease and finally disappear when the reduction
progresses below 2V, where the long-chain polysulfides are reduced to insoluble PSs:
Li,S and Li,S,. For the higher salt concentration (2m LiTDI), S~ and S}~ appear
and reach their maxima in a manner similar to that of the 1 m LiTDI electrolyte.
Notably, the maximum population of Sg_ in 2m appears slightly later than in 1 m,
likely due to a slower reduction reaction during the initial 2.3 V plateau. While the
concentration of S;~ detected at the Li anode side is comparable for the 1m and
2m LiTDI electrolytes, the S5~ appears in lower concentrations in the latter.

A similar behaviour is observed for the growth and the disappearance of S3~ and
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spectroscopy
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Figure 6.3: Gaussian intensity profiles of PS species produced during the first dis-
charge of Li-S cells using variation of electrolytes concentrations. (a) 1-2 m LiTDI,
(b) 0.3-2 m LiPDI and (c) 1-2 m LiHDI in DOL:DME. The intensities were nor-
malised to the intensity of DOL at 950 cm~! at OCV.

S3~ for both the 1m and 2m LiPDI electrolytes (Figure. 6.3c) as well as the 1m
and the 2m LiHDI electrolytes (Figure. 6.3d), with only some minor differences.
Specifically, the S3~ population is similar in the 1 m and 2m LiPDI electrolytes, but
is lower in the 2 m LiHDI electrolyte than in the 1 m LiHDI electrolyte. Additionally,
the 2m LiHDI electrolyte appears to slow down the mobility of Sé_ as its population
at the Li anode reaches its maximum ca. 60 minutes later than for the 1 m LiHDI.
The voltage profile shows a relatively stable voltage plateau at 2.1 V associated with
the reduction of Li,S, to Li,S, as well as the deeper le” reduction to Li,S.%®

To clarify the behaviour of the S3~ PS at very low electrolyte salt concentrations
and to isolate the impact of high salt concentration on PS solubility and diffusion,
we conducted additional experiments with 0.3 m electrolytes of LiTDI, LiPDI, and
LiHDI. The 0.3 m LiPDI electrolyte (Figure. 6.3b,e,i) revealed the populations of
both S3~ and S3~ at the Li anode to be ca. four times higher than for the 1 m and
2 m electrolytes, suggesting that increased solubility and diffusion.

6.3 Conclusions and outlook

By in situ/operando Raman spectroscopy, we have successfully semi-quantified the
impact of the LiTDI, LiPDI and LiHDI salt concentrations (0.3-2m) on the solubil-
ity and diffusion behaviour of PSs in Li-S cells. The Raman spectra reveal fewer PS
species at the Li metal anode side of the cell in the more concentrated electrolytes.
This suggests either a decrease in PS solubility or a slower PS migration. Addition-
ally, our COSMO-RS modelling supports that the PS solubility decreases moving
from the 1m to the 2m electrolytes. Our study thus, contributes to the under-
standing of the intricate PS solvation in liquid electrolytes for future Li-S battery
development.
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Further studies could be undertaken to directly compare these Hiickel salts with
the more conventional X m LiTFSI electrolytes to provide valuable insights into the
relative performance and efficiency of these electrolytes in Li-S batteries. Addition-
ally, investigating the concentration of PS species present at the sulfur cathode side
would be crucial for a comprehensive understanding of the electrolyte-sulfur inter-
actions, paving the way to improve strategies to manage PS shuttling and thereby
enhance overall Li-S cell performance.
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Chapter 7

Summary and outlook

Enhancing the performance of Li-S batteries is a critical area of research, as in
principle, the high energy density and cost-effectiveness of these batteries may of-
fer significant advantages over conventional lithium-ion batteries. One promising
approach to improve Li-S battery performance involves using HCEs to mitigate
polysulfide solubility, which is a major challenge for the stability and efficiency of
these batteries. In this thesis, we explored different lithium salts for Li-S batteries.
In particular, we investigated LiTFSI, LiTf, LiTDI, LiPDI, and LiHDI, at various
concentrations in a DOL:DME solvent mixture. The characteristic local coordina-
tion structure with no free solvent, unusual ion transport, improved capacity, and
poor PS solubility demonstrate that HCEs can overcome most of the technical lim-
itations associated with dilute electrolytes.

Though HCEs show significant promise in enhancing Li-S battery performance
as they reduce PS solubility, the specific impact of the salt anion on these improve-
ments is not fully understood. In this work, we explored the conventional LiTFSI
and LiTf along with LiTDI, a relatively new candidate for Li-S battery (Chapter
3). LiTDI-based electrolytes outperform the widely used LiTFSI and LiTf due to
their lower PS solubility. This can be attributed to a higher concentration of ion-
pairs and aggregates compared to LiTFSI and a less free solvent compared to LiTT.
We further explored other Hiickel anion-based electrolytes, including LiPDI and Li-
HDI. The ionic associates based on the local structure and speciation reveal more
ion-pairs and aggregates for the long chain Hiickel salts, which is reflected in their
lower ionic conductivity and higher viscosity. The higher viscosity contributes to
lower PS solubility. In contrast, the discharge capacity remained very similar for
all three salts. The coulombic efficiency of the Hiickel anion-based electrolytes was
further improved using the addition of LiNO4 (Chapter 4). The lower PS solubility
obtained from our modelling results (Chapter 5) aligns with our in situ / operando
investigations of these electrolytes in Li-S cells (Chapter 6).

The current work provides a solid foundation for understanding the effect of an-
ion on HCEs. The immediate next step would be transitioning from the Li-S coin
cells used herein to larger prototype pouch cells under lean electrolyte conditions
for practical applications. Future studies can be done to investigate the Li metal
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anode surface and SEI layer stability using concentrated electrolytes and C/S com-
posite cathodes with alternative formulations. A direct comparison of PS formation
in Hiickel salts versus conventional LiTFSI using in situ / operando Raman spec-
troscopy is yet to be conducted. One of the challenges of using HCEs in this work is
their high viscosity. The viscosity can be decreased by the addition of inert solvents
or localized highly concentrated electrolytes.
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A

A.1 Operando Raman spectra during first charge-
discharge

Operando Raman experiments of the first galvanostatic cycle on (a,b) 1m LiTDI,
LiPDI and LiHDI and (c,d) 2m LiTDI, LiPDI, LiHDI. (a,c) Raman spectra and
(b,d) their corresponding voltage profiles
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Figure A.1: Operando Raman experiments of the first galvanostatic cycle on (a,b)
Im LiTDI and (c¢,d) 2m LiTDI. (a,c) Raman spectra and (b,d) their corresponding
voltage profiles
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Figure A.2: Operando Raman experiments of the first galvanostatic cycle on (a,b)
1 m LiPDI and (c¢,d) 2m LiPDI. (a,c) Raman spectra and (b,d) their corresponding
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Figure A.4: Raw spectral data of the operando Raman experiments on 1m LiTDI
showing the growth of background photoluminescence over the first discharge (DC1)
and charge (C1) cycles.

69



A.2 Deconvolution results and electrolyte proper-

ties

Table A.1: The estimated amount of “Free” anions, ion-pairs, aggregates for the
LiTFSI, LiTf, and LiTDI in DOL:DME (1:1, v/v) electrolytes after deconvolution.

Bands & systems | “Free” anions % | Ion-pairs % | Aggregates %
ds(SNS) 739 cm™! 745 cm ™! 747 cm™!
1 m LiTFSI 91 9

2 m LiTFSI 78 22

3 m LiTFSI 57 43

4 m LiTFSI 19 30 51

5 m LiTFSI 13 19 68

6 m LiTFSI 7 45 48

7 m LiTFSI 4 22 74

vs(CN) 2227 cm ™! 2233 cm ™! 2245 cm ™1
1 m LiTDI 80 11 8

2 m LiTDI 63 23 14
4s(CF5) 757 cm ! 760 cm ™! 763 cm !
1 m LiTf 74 14 13

2 m LiTf 30 24 46

3 m LiTf 30 19 50

4 m LiTf 16 17 66

5 m LiTf 14 5 81

Table A.2: Solvent to salt mole ratio, viscosity, density at 30°C, and Li,Sg solubility
using COSMO-RS[112] and the corresponding experimental solubility|23| for LiTFSI
(1-7m), LiTDI (1-2m), and LiTf (1-5m) in DOL:DME (1:1, v/v) electrolytes.

. | Viscosity | Density Li,S; solubility

Electrolytes | Mole ratio (mPa.s) | (g cm™®) | MLR-4 loél%[s] Exp. logl0]s]
1 m LiTFSI 11.9 1.15 1.12 2.70 2.70

2 m LiTFSI 5.9 2.42 1.22 2.46 -

3 m LiTFSI 3.9 4.35 1.3 2.01 -

5 m LiTFSI 2.4 20.3 1.42 1.62 -

7 m LiTFSI 1.7 225 1.2 1.25 -

1 m LiTDI 11.9 1.08 1.04 1.9 1.92

2 m LiTDI 5.9 2.52 1.1 - -

1 m LiTf 11.9 0.93 1.07 - -

2 m LiTf 5.9 1.74 1.14 - -

3 m LiTf 3.9 3.58 1.19 - -

5m LiTf 2.4 16.4 1.28 - -
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B.1 Relation between solubility and chemical po-
tential

The relation between solubility and chemical potential can be derived from the
first and second laws of thermodynamics and by combining them with Raoult’s law
(Physical Chemistry, 3rd Edition, Castellan).

Gibbs free energy for a system is:

G=H-TS (B.1)
Where:
e (57 is the Gibbs free energy.
e H is the enthalpy of the system.
e T is the absolute temperature of the system (in Kelvin, K).
e S is the entropy of the system (in joules per Kelvin, J/K).

The enthalpy (H) of a system is given by H = U + pV, and Equation B.1
becomes:

G=U+PV-TS (B.2)

First Law of Thermodynamics: The first law of thermodynamics states that
“Energy can neither be created nor destroyed”. For a closed system, it can be

expressed as:
dU = dq + dw (B.3)

Where:
e dU is the change in internal energy of the system.
e dq is the heat added to the system.

e dw is the work done by the system.
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The differential work done by the system at constant temperature and pressure
is given by:
dw = —-PdV (B.4)

Equation B.3 becomes:
dU =dq — PdV (B.5)

Second Law of Thermodynamics: The second law of thermodynamics states
that for a spontaneous process, the entropy of the universe increases. The differential
form of the second law of thermodynamics for a reversible process can be expressed
as:

dgrey
dsS = B.
5= (B.6)

Where:

e dS is the differential change in entropy of the system.
e dq.., is the differential heat added to the system in a reversible process.
e T is the temperature of the system in Kelvin.
Combining Equations B.5 and B.6, we get:

dU =1TdS — PdV (B.7)
Taking the total differential of Equation B.2:

dG = dU + pdV + Vdp — TdS — SdT (B.8)

Combining this with Equation B.7 gives:

dG = —=SdT'+ Vdp (B.9)

At constant temperature, dG = Vdp. Integrating this equation:

P P
/ dG = / Vdp
Po Po

e dG is the differential change in Gibbs free energy.

Where:

e V is the volume.

e py and p are the initial and final pressures, respectively.

Integrating the differential form dG = V dp from py to p with V' = % (Ideal
gas law) gives:

C%%%zMHb(ﬁ) (B.10)
0

Dividing both sides by n gives:

G_GOZRTm(£>

n Do

74



Rewriting in terms of chemical potentials p and pg yields:

w— po = RT In (p%) (B.11)

Where:
e 1 and pp are the chemical potentials at pressures p and py, respectively.
e (G and (G are the Gibbs free energies at pressures p and pg, respectively.
e n is the number of moles.
e R is the universal gas constant (R = 8.314 J/mol-K).
e T is the absolute temperature (in Kelvin, K).
For gases, the equation becomes:
1= po+ RI'np (B.12)

Chemical potential and solubility of a solid in a liquid

Consider the equilibrium between a solid and its saturated solution in a liquid.
The chemical potential of the solid (usonq) is equal to the chemical potential of the
solute in the liquid phase (ps01) at equilibrium:

Hsolid = Msol <B13)
For the solute in the liquid phase, the chemical potential is given by:

fsot = pl; + RT In ag (B.14)
Where:
e 10 is the standard chemical potential of the solute in the liquid phase.
e ay, is the activity of the solute in the liquid phase.
At equilibrium, combining this with Equation B.13 gives:
[solid = fioy + BT In agy (B.15)

If the solution is ideal, the activity as, can be approximated by the mole fraction
ZTso Of the solute:
Qsol = Tsol <B16)

Substituting into Equation B.15:
fhsolid = Moy + RT In 24 (B.17)

Solving for x4, we get the relation between the solubility of the solid (in terms
of its mole fraction) and the chemical potentials:

0
Tsol = €XP (%) (B.18)

Where:
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Zso1 18 the mole fraction solubility of the solid in the liquid.

sonia 1S the chemical potential of the pure solid.

pl is the standard chemical potential of the solute in the liquid phase.

R is the universal gas constant (R = 8.314 J/mol-K).
e T is the absolute temperature (in Kelvin, K).

Equation B.18 gives the relationship between the chemical potential and the
solubility of a solid in a liquid mixture.
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